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Foreword

In recent years smart materials have found new and promising applications as
drug carriers for delivery of new therapeutic agents. At a time when present
uses of drug delivery have become rather difficult to launch commercially
because of the pressure from generic drug delivery systems, smart materials
provide new applications, especially in the treatment of diseases where present
formulations have not found good use. Indeed, intelligent biomaterial carriers
have attracted significant interest because of the promise to respond to
physiological conditions of the body, but also to respond to elevated quantities
of analytes responsible for a particular disease.

The present book is a welcome addition to the field of smart polymers and
comes to fill a major need in the use of smart materials as carriers for drug
delivery. As we read the various chapters it becomes apparent that the editors,
Professors Carmen Alvarez-Lorenzo and Angel Concheiro of the University of
Santiago de Compostela, have set specific goals for this book and have spent
numerous days trying to edit the chapters and balance the book. Their goals are
to highlight the design, characterization and investigation of the next
generation of ‘‘intelligent’’ or smart polymeric structures and biohybrids that
can be used for drug delivery and can ‘‘communicate’’ with their surrounding
environment.

The use of smart polymer carriers is a natural approach to the solution of
many delivery problems as the discovery and delivery of drugs to cure chronic
diseases have been achieved by a combination of intelligent material design and
advances in nanotechnology. In particular, there has been considerable work in
preparing nanostructured biomaterials for various applications, such as
carriers for controlled and targeted drug delivery, micropatterned devices,
systems for biological recognition, and others. Since many drugs act as
protagonists or antagonists to different chemicals in the body, a delivery system
that can respond to the concentrations of certain molecules in the body is
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invaluable. For this purpose, intelligent therapeutics or ‘‘smart drug delivery’’
call for the design of the next generation of responsive devices and materials,
both from purely synthetic materials as well as through combination of natural
and biological molecules with synthetic materials.

In other advanced pharmaceutical applications, biomimetic materials,
especially polymeric networks, capable of biological recognition can be
prepared by designing interactions between the building blocks of biocom-
patible networks and the desired specific ligands and by stabilizing these
interactions by a three-dimensional structure. In addition, biomimetic methods
are now used to build biohybrid systems or even biomimetic materials
(mimicking biological recognition) for drug targeting and tissue engineering
devices. Additionally, micro- and nanofabrication techniques have enabled the
development of novel biomedical systems, sensors and delivery devices that can
improve the therapeutic effect of drugs, such as micro- and nanoscale needles,
pumps, valves, and implantable drug delivery devices. These advances are
expertly presented in this book.

Why do we observe such an explosion in research in this field now? The
development of nanoparticulate systems for biological applications has taken a
level of sophistication never before seen in the field of biomedicine. Using
intelligent polymers, it is now possible to design new devices for intelligent
diagnostics, therapeutics, molecular communication, etc. Such systems can be
employed for auto-feedback action, whereby the biomaterial can be designed to
rapidly respond to changes in the external biological conditions. This idea may
be used to study biological communication and develop novel biological
machines. This book presents new molecular techniques which are used to
design new biomaterials based on star polymers, symmetric structures of
inorganic and organic materials, dendrimers, self-assembled monolayers and
biological/synthetic constructs.

In view of the growing need in biological, biomolecular and biomedical
engineering for scientists with a broad, but strong, background in materials
engineering and biological sciences, this book will promote the investigation
and utilization of novel macromolecular structures, biohybrid systems and
biopolymers with ability to interact with or recognize external phenomena
associated with biological or physiological solutions. The book incorporates
educational and research components with emphasis on the synthesis, design,
development and analysis of novel structures useful in the biomedical,
biochemical, cellular and related fields.

Nanostructured materials have thus created great excitement in research and
industrial circles because of numerous and diverse applications in electronic
devices, automobile engines, industrial catalysts, and cosmetics. To date, and
despite their great promise, applications of nanophase materials in the
biomedical field (other than in drug delivery) have been close to nonexistent.
Undoubtedly, the capability of synthesizing and processing nanomaterials with
tailored structures and enhanced properties provides tremendous opportunities
for designing novel biomaterials of exceptional promise for biomedical
applications.

vi Foreword
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Finally, the book addresses some of the novel applications of intelligent
materials which can be used in electronic devices. This raises exciting possi-
bilities for combining microelectronics and biotechnology to develop new
technologies with unprecedented power and versatility. Thus, in recent years we
have seen an explosion in the field of novel microfabricated and nanofabricated
devices for drug delivery.

This book covers all the areas addressed above in a most thorough way.
Various mechanisms of triggering drug delivery are addressed in a number of
chapters. After a careful introduction of the importance of intelligent polymers
in drug delivery by the editors Carmen Alvarez-Lorenzo and Angel Concheiro,
expert reviews of temperature and pH-sensitive liposomes are presented by
David Needham of Duke University and S. P. Vyas and associates of Dr.
Harisingh Gour University. The corresponding behavior of temperature and
pH-sensitive micelles is addressed by C. Kojima of Osaka Prefecture
University. William Pitt and associates of the University of Utah address
interesting and important applications of ultrasound-triggered release from
micelles.

Polymersomes are a relatively new class of important intelligent polymer
structures that can be used in drug delivery. This subject is expertly addressed
by Giuseppe Battaglia of the University of Sheffield. Two important aspects of
intelligent systems utilize reduction-sensitive nanosystems mostly for intra-
cellular drug delivery, as carefully presented by R. Cheng, F. Meng, C. Deng
and Z. Zhong of Soochow University, and enzyme-responsive drug delivery
systems, as described by P. F. Caponi and R. V. Ulijn of the University of
Strathclyde.

In subsequent chapters, the editors have tried to present important biological
applications of all these smart materials. For example, Cameron Alexander and
associates from the University of Nottingham address the use of bioresponsive
polyplexes and micelleplexes, while the editors give a detailed analysis of our
latest knowledge on UV and near-IR triggered release from nanoparticles.
Another important triggering mechanism is heating via remote irradiation of
gold nanoparticles-based systems, which is addressed by E. K. Lim and
associates of Yonsei University. Finally, magnetic-responsive nanoparticles for
drug delivery are expertly presented by Ting-Yu Liu of the National Taiwan
University and associates.

Recent advances in nanoscale systems based on inorganic materials that are
finding applications in drug delivery are presented by Maria Vallet-Regi of the
Complutense University (silica nanoparticles) and Gerard Tobias and
Emmanuel Flahaut of CMAB-CSIC, Barcelona, Spain and the University Paul
Sabatier (smart carbon nanotubes). The use of smart layer-by-layer films is a
powerful new method with important applications in drug delivery and is
expertly discussed by S. Sukhishvili and S. Pavlukhina of Stevens Institute of
Technology.

In the next few chapters, the editors have elected to present new applications
of intelligent hydrogels, a subject of major interest to the medical and phar-
maceutical fields. Thus, Francesco Puoci and Manuela Curcio of the University

Foreword vii
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of Calabria discuss temperature- and pH-responsive hydrogels, Jose Carlos
Rodriguez-Cabello and associates of the University of Valladolid address
elastin-like hydrogels and self-assembled nanostructures, while Mario and
Ilaria Casolaro discuss multiple stimuli-responsive hydrogels. The editors
Carmen Alvarez-Lorenzo and Angel Concheiro offer an expert presentation of
molecularly-imprinted hydrogels and associated techniques. These materials
appear to have great promise for a variety of applications. Finally, T. Miyata of
Kansai University discusses the latest advances in biomolecule-sensitive
hydrogels.

In the development of smart biomaterials, it is often desired to attain spatial
control of cells and related biological organisms. Numerous surface micro-
and/or nanofabrication techniques have been developed in order to create a
material for regulating cell functions for application in tissue engineering,
microbiosensors, and other applications requiring a desired pattern of response
from the cells. Teruo Okano and H. Takahashi of the Tokyo Women’s Medical
University present a thorough review of the latest research on intelligent
surfaces for cell and tissue delivery. The book ends with another chapter
written by the editors Carmen Alvarez-Lorenzo and Angel Concheiro that
addresses an important area for current and future applications, that of
drug/medical device combination products. Often these combination products
are designed with possible stimuli-responsive eluting surfaces and promise to
exhibit recognitive characteristics.

I think that all researchers in the field of drug delivery will find this new book
a very valuable addition in the field and will use it for many years to come.
I know I will.

Nicholas A. Peppas, ScD, NAE, IOM, FBSE
The University of Texas at Austin

Austin, Texas, USA

viii Foreword
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Preface

Writing a book is an adventure, in words of Winston Churchill. Editing a book
is not lesser adventure. It is both a challenging and a rewarding task. We put a
foot in this adventure when Prof. Hans-Jörg Schneider encouraged us to think
about a book project for the RSC Series on Smart Materials with a focus on
Drug Delivery; the second foot was put when the RSC Publications Committee
approved our proposal. The design and application of stimuli-responsive
materials is a growing field that benefits from contributions of people from
diverse backgrounds all around the world. Numerous drug delivery systems
with advanced performances based on the features of smart materials have
come up in the last years. A wide range of materials with diverse structure, their
processing for creating carriers of varied architecture, and the responsiveness to
physiological variables, to illness markers or to external stimuli useful for
triggering or switching on/off drug release are addressed in the present book. In
addition to small synthetic drugs, other classes of therapeutic molecules or even
cells are covered. A balance between novelty and clinical possibilities was the
criterion followed to choose the contents, which were organized as a function of
the carrier architecture and the stimulus that activates the release. Drug-device
combination products were also taken into account. An effort has been made to
not be lost in the particular details, but to prioritize the general concepts that
are behind the design and functioning of intelligent drug delivery systems.

It was truly rewarding when the invited contributors answered very positively
to the book project. We are in debt with all of them for their efforts on writing
comprehensive as well as educational chapters, covering in detail the state-
of-the-art in each assigned topic. Our acknowledgement goes also to Prof.
Nicholas Peppas for his always encouraging comments and the kind foreword,
and to the people of the RSC editorial office, particularly Mrs. Alice Toby-
Brant, for providing an invaluable help with formal and not so formal aspects.
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We finally would like to thank the readers of this book, from who we will be
very happy to receive comments and feedback. Working in the interface
between stimuli responsiveness and drug delivery is itself a tricky and long
adventure, but along the path outstanding advances for therapeutics are
already becoming a reality. We hope that this text would serve as a guide for the
beginners in the field and as a multidisciplinary meeting point for researchers
involved in quite diverse areas.

Carmen Alvarez-Lorenzo
Angel Concheiro

Department of Pharmacy and Pharmaceutical Technology
Faculty of Pharmacy, University of Santiago de Compostela

15782-Santiago de Compostela (Spain)
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CHAPTER 1

From Drug Dosage Forms to
Intelligent Drug-delivery
Systems: a Change of Paradigm

C. ALVAREZ-LORENZO* AND A. CONCHEIRO

Departamento de Farmacia y Tecnologı́a Farmacéutica, Facultad de
Farmacia, Universidad de Santiago de Compostela, 15782-Santiago de
Compostela, Spain
*Email: carmen.alvarez.lorenzo@usc.es

1.1 Evolution of Drug Dosage Forms

Drug delivery has experienced unprecedented, outstanding progress in the last
decades.1,2 Dosage forms are almost as old as humanity, since the first human
beings tried to find the best way to take and apply the available natural
remedies that could ameliorate wounds and diseases. Although rudimentarily,
the first civilizations realized that those remedies could not be used in a direct
way and they required, for example, previous boiling in water (the seed of the
liquid dosage forms) or mixing with components (e.g. fats) that enabled
prolonged permanence on the application site (the first cataplasms or
ointments) or an easier swallow (a solid preparation). Thus, together with the
remedy containing the ‘‘active pharmaceutical ingredient’’, other substances
named ‘‘excipients’’ (derived from the Latin verb excipere, which literally
means to mix) should be incorporated into the medicines in order to make their
administration easier but also to maintain their stability. Preparation of natural
remedies with the poorly developed technology available up to the 1800s was a
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highly time-consuming task. Mortar, already mentioned in the Holy Scripts,
was still in that epoch among the most advanced apparatus for preparing
medicines. The industrial revolution was a milestone for the large-scale
production of improved dosage forms and for the wide access of the population
to medicines.3 Advances in pharmacology and physiology, the birth of
biopharmacy and the evolution development of pharmacokinetics, in the
mid-twentieth century, made pharmacists and clinicians realize that the drug
release rate from dosage forms is a key feature to achieve therapeutic benefits
with minor collateral effects.4 Although traditional dosage forms were expected
to release the drug quite fast, this feature was barely taken into account.
In fact, the requirement of a drug dissolution test for solid dosage forms was
established for the first time in 1970.5

The first generation of controlled release systems (rate-programmed drug
release) materialized in the 1970s with the aim of prolonging drug release as
much as possible, in such a way that this process is the limiting step of the
access of the drug to the systemic circulation.3,5 Therefore, these drug dosage
forms should release the drug according to a rate established by design, in a
predictable way and disregarding the status of the patient, in order to achieve
constant drug levels for a while, minimizing the number of intakes. To face to
these demands, novel excipients appeared on the scene, mostly coming from the
evolution of polymer science, with the commitment of regulating the release by
dissolution, diffusion, erosion or osmotic mechanisms. Maintenance of drug
levels in a therapeutically desirable range with lower dose per day improved
treatment with short half-life drugs and patient compliance and also decreased
the incidence of adverse events.6 Through searching for controlling not only the
time spent in the release but also the site at which the process should occur, a
second generation of controlled release systems (activation-modulated drug
release) appeared. The need to protect labile drugs from harsh environments in
the body and to prevent side effects in regions where the drug is not intended to
act or to be absorbed, led to devices capable of releasing the drug in specific
regions of the body, first at specific sites of the gastrointestinal tract.7 The
release is activated by some physical, chemical or biochemical processes.
Examples of excipients suitable for this purpose are polymers with pH-
dependent solubility or time-dependent swelling, or that undergo enzymatic
degradation at certain regions of the gastrointestinal tract.8 The methodology
and the acceptance criteria for extended-release and delayed-release products
appeared in the United States Pharmacopoeia (USP) 21-National Formulary
(NF) 16 of 1985,5 and both first and second generations of controlled release
systems are already well implanted in the current therapeutic arsenal.9 Third-
generation controlled release systems (feedback-regulated drug release) are
envisioned as efficient couriers capable of delivering the drug at the best
possible conditions to the target site modulating absorption, distribution and
clearance, with the ability to feedback regulated drug release, which fits the
physio-/pathological conditions of the body, particularly the progression of the
illness.10–15 The mechanisms behind the three generations of controlled release
systems are schematically depicted in Figure 1.1.
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Compared to the previous generations of controlled delivery systems, the
third one involves a change of paradigm regarding the design criteria of drug-
delivery systems (DDSs) and demands the availability of ‘‘active’’ excipients
instead of the former ‘‘passive’’ ones of rigidly predicted behavior. The purpose
is to regulate drug release rate as a function of the intensity/concentration of a
triggering agent, such as the concentration of a biochemical substance that may
serve as an index of the pathological state. When the triggering agent is above a
certain level, release is activated. This induces a decrease in the concentration of
the triggering agent and, finally, drug release is stopped. Thus, advanced
excipients should now act as sensors and actuators, imitating the recognition
role of enzymes, membrane receptors and antibodies in living organisms for
regulation of chemical reactions and for maintenance of the homeostatic
equilibrium.16 Nanotechnology is also an important pillar of this third
generation of DDSs, since in many cases performance as couriers is only
possible if the components are integrated in nano-sized structures able to
displace through the different compartments of the body to arrive at the target
receptor.17–20 PEGylation (polyethylene glycol conjugation of drugs or drug
carriers), enhanced permeability and retention effect (EPR)-driven passive
targeting and ligands-driven active targeting represent three key technologies
that stimulate the development of nanocarriers.1,21 From a therapeutic point of
view, a discontinuous release as a function of specific signals is profitable in

Figure 1.1 The three major approaches to control release from drug-delivery
systems.
Reproduced from reference 8 with permission fromAdis International Ltd.
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many situations, particularly when the drug is: i) very unstable in the biological
medium and a premature release before reaching the site of action may lead to
degradation (as in the case of peptides and therapeutic proteins); ii) highly toxic
and it should accumulate only in the site of action with minimal exposure of the
other organs or cells (e.g. cancer chemotherapeutics); iii) intended to reach
specific cells or cellular structures that are not easily accessible from the general
circulation (e.g. gene therapy); or iv) intended to be released at the right time
mimicking circadian rhythms (e.g. hormones and drugs for heart rhythm
disorders or asthma).22–24 Thus, advanced DDSs are not only valuable for
problematic new drug candidates and sophisticated biopharmaceuticals, which
usually exhibit deficient biopharmaceutic and stability properties,25,26 but also
they may improve and give added value to drugs already in use in order to
exploit fully their therapeutic potential.27,28

1.2 Advanced Excipients

The evolution from primitive dosage forms to advanced delivery systems is
intimately linked to the development of suitable excipients of more and more
sophisticated performance.29,30 Pharmaceutical excipients are defined in the
USP 33 as ‘‘substances other than the active pharmaceutical ingredient (API)
that have been appropriately evaluated for safety and intentionally included in a
drug-delivery system’’. Under such a wide definition, materials of very different
chemical composition and functionality are covered. Traditional excipients are
substances intended to facilitate the preparation of medicines, e.g. making easier
some technological steps and providing a sufficient mass to handle each dosage
unit, and to ensure stability during storage and fast release of the drug
when administered.30 However, as the physico-chemical features of new drugs
become more complex and the therapeutic requirements in terms of site of
delivery and release rate are more demanding, novel excipients are required.

The fact that excipients were not considered important for the phar-
macological activity of the drug caused them to be largely underestimated until
a few decades ago.30 The modern evolution of excipients runs in parallel with
that of biomaterials as a whole (i.e. ‘‘any material intended to interface with
biological systems to evaluate, treat, augment or replace any tissue, organ or
function of the body’’)31 and hence it is also affected by advances in the joint
efforts carried out by people working in different disciplines.32 In the second
half of the twentieth century, the integration of materials science and engin-
eering principles enabled an enormous advance in materials suitable to be in
contact with tissues, cells and biological substances for a prolonged time
without causing harm. Such a first generation of biomaterials (bioinert
materials) was the result of a change of paradigm in the understanding
of the materials as entities not to be separately studied as a function of
their nature (metals, ceramics, polymers), but to be evaluated regarding the
processing–structure–property inter-relationships.33 The interaction among
disciplines initially quite far from each other opened novel ways to face to new
challenges regarding functionality of the materials (Figure 1.2). For example,
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availability of bioinert materials prompted the development of medical devices
suitable to be inserted/implanted in the body for replacing or interfacing with
damaged tissues or functions, through a passive interaction with the biological
system. The improvements provided by these materials in diagnosis of
pathologies, treatment of degenerative and accidental injuries and management
of patients at critical conditions have been outstanding. Later on, the joining of
biology and biomedical principles encouraged the development of biomaterials
that react favorably with the body, making the implant successfully resemble
the tissue or function that it is replacing and, for certain applications, enabling
the implant to vanish from the body at a rate that fits that of the regeneration
of the tissue. The design of this so-called second generation of biomaterials was
possible not only due to the notable gain in knowledge about the body’s
components and their performances, but also because of the new way to look at
the biological systems as engineering structures.34

The performance of Nature-designed materials is surprisingly outstanding
and still hard to mimic if one considers the weakness of the construction
elements.35 The key point is the way the components are combined to create
complex structures. Thus, the processing–structure–property paradigm has to

Synthesis
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Properties

Function
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Molecules
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Figure 1.2 Schematic view of how the integration of knowledge from the materials
science and engineering fields enabled the design of the first bioinert (not
harmful) biomaterials. Later, integration of biology and biomedical
sciences improved the performance of the biomaterials, endowing them
with the ability to interact effectively with the body’s components, to
perceive their alterations and to respond in a suitable way. The hierarchical
structure of such biomaterials is represented by the increasing length scale
from atoms to materials and to supramolecular systems; the hierarchy can
be achieved through the assembly of the components to obtain structures of
increasing complexity (bottom-up approach) or through the fragmentation
of greater structures (top-down approach).
Adapted from reference 33 with kind permission from Springer Science and
Business Media.
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be modified to include the hierarchical structure and the adaptative
performance of the natural materials (Figure 1.2). Moreover, this task requires
an intense collaboration of people with a background in diverse fields, since no
single discipline covers the broad demand of knowledge required for the
development of high-performance biomaterials.33

Polymers have played a pivotal role in this evolution process.36 Since
Hermann Staundinger set the basis of their structure at the beginning of the
twentieth century,37 there has been an intense breakthrough in the development
of polymeric materials destined for a great variety of sanitary applications.38,39

The confluence of polymer science with biomedical sciences became
unavoidable as the design of polymers benefits from knowledge of the
conformation and functionality of natural biomacromolecules, with the
advantage that the synthetic structures are more stable and can be prepared
applying versatile, less-expensive procedures, which can finely control their
physico-chemical features and, consequently, their functionality.2,40,41 The
current level of the procedures of synthesis and of the analytical techniques
enables the preparation of a well-characterized variety of polymers with a wide
range of architectures (multi-block, hyperbranched, cross-linked, hybrid),
which can carry out functions that a few years ago were difficult to
imagine.15,42–44 This is not a finished process and, as a consequence, the concept
of ‘‘biomaterial’’ is also evolving from homogeneous monoliths towards
hybrids and composites, ideally with biomimetic hierarchical and multi-
functional structures.31 Strictly speaking, cells may also be considered as
biomaterials, since they have many properties similar to classical materials, for
example viscoelasticity, and may be referred to as advanced stimuli-responsive
polymeric systems.45 As recently stated by D.F. Williams, ‘‘the function of a
biomaterial must be to direct the course of the medical treatment, be that in
diagnosis or therapy, and it must do so by specifically controlling the interactions
with biological components of the patient being treated ’’.31 In the particular case
of excipients, the performance after administration (role as a biomaterial) has
to be combined with suitable features during fabrication and storage of the
drug dosage forms or delivery systems. Excipients can now be considered as
materials able to overcome constraints that prevent the drug from reaching the
optimum therapeutic plasma/tissue level.30 The current trend is to combine
excipients that have specific functionality-related characteristics, namely,
certain properties to improve the manufacture, the quality and the performance
of the drug product.46 Thus, excipients are categorized regarding functionality
into three large groups: those that influence manufacturability, those that
influence stability and those that influence drug release and phar-
macokinetics.30 Excipients able to perform at least two of these functions are
designed as high-functionality or multi-functional ones.47 Most of those
excipients are polymers and they are expected to fulfill a large list of
requirements for being useful not only in oral dosage forms, but also for
parenteral drug applications (Figure 1.3).2

The third generation of biomaterials is intended to interact proactively with
the biological functions, being able to perceive certain signals from the body
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that are processed and transmitted in order to modify the behavior and
function of the material (Figure 1.4). This avant-garde generation is also the
seed for the development of stimuli-responsive drug carriers that modify their
conformation to regulate drug release, and also of theranostic systems that
combine diagnosis and drug-delivery capabilities in a single entity. Just as
natural materials modulate their conformation and performance as a function
of the conditions (stimuli) of the surrounding environment, high-performance
components of DDSs should be able to tune the release as a function of the
physio-/pathological state of the body, ideally as a function of the illness
progression. These evolution issues compelled regulatory agencies to approve
‘‘new excipients’’, defined as ‘‘any inactive ingredients that are intentionally
added to therapeutic and diagnostic products, but that: (1) are not intended to
exert therapeutic effects at the intended dosage, although they may act to improve
product delivery (e.g., enhance absorption or control release of the drug
substance); and (2) are not fully qualified by existing safety data with respect to
the currently proposed level of exposure, duration of exposure, or route of
administration’’.48,49

Approval of new excipients (mainly of a polymeric nature and, less
frequently, lipids and hybrids), although it may take less time than new drugs,
requires safety and excretion/elimination assessments,50,51 and thus additional
groups of subjects have to be added in the clinical tests of the drug formulation
for receiving the new excipients as placebo.49 During the time of market
exclusivity for the innovator, the new excipient will only be available from a
single company, usually at a relatively high price. Furthermore, the use of the

Figure 1.3 Features to be taken into account when a polymer is intended to be used in
a drug-delivery system.
Reproduced from reference 2 with permission of Wiley-VCH Verlag
GmbH.
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new excipients may be initially restricted to a certain concentration range and
route of administration and may require additional environmental and safety
considerations due to the limited information available. Thus, the innovator
company has to solidly convince potential customers of the benefits of the new
excipient.49 Compared to the large number of materials for DDSs described in
scientific papers, only a minor proportion has been tested in clinical trials, not
all of which have proved to be safe.2 In many cases, the likelihood of an adverse
reaction to an excipient depends not only on its concentration, but also on the
route, frequency and duration of the administration and on the by-products
that may remain after purification.2 The nanometric size of some advanced
DDSs is also a concern, since the properties of a material dramatically change
in the nanoscale (particularly the reactivity at the surface), compared to the

Figure 1.4 Processing–structure–function relationships in biomaterials showing, in
parentheses, the parallelism with biological systems. The adaptive features
of biological systems are mimicked in the biomaterials as the ability to
respond to stimuli.
Reproduced from reference 33 with kind permission from Springer Science
and Business Media.
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micro- and macroscales, and the nanodevices can attain body sites that the
conventional carriers have been not reached before.20 Cytotoxicity, geno-
toxicity and antigenicity are major issues to be elucidated, and differential
aspects of the patients, particularly the age (e.g. newborns and infants are not
small adults) and the health conditions, should also be taken into account.52–54

It should also be noticed that unexpected events may appear not in the first
administration, but after prolonged use of a certain excipient. For example, an
accelerated blood clearance (ABC) phenomenon has been observed for
PEGylated nanocarriers; namely, a second dose injected few days later does not
behave as ‘‘stealth’’, but rapidly disappears from the bloodstream. Although
the origin is still controversial, it seems that PEG activates the immunological
response, and the anti-PEG IgMs created are responsible for recognizing the
second dose.55 The lipid dose, the payloads and the way PEG is anchored in
PEGylated liposomes seem to play a critical role in the induction of anti-PEG
IgM production and, thus, the ABC phenomenon, as addressed in Chapter 3 of
this book. Therefore, further studies are required to optimize PEGylated
nanocarriers for treating diseases that require repeated administrations.

On the other hand, some excipients can exert certain biological activity by
themselves that may have repercussions on the overall pharmacological activity
of the system, making the boundaries between excipients and active
pharmaceutical ingredients less clear.41 Some polymers have shown intrinsic
therapeutic functionality, particularly as sequestering agents in the gastroin-
testinal tract.56,57 In the particular case of the DDSs, some excipients facilitate the
cell uptake of the drug, enhancing the membrane permeability not only through
physical perturbation of the bilayer, but also by inhibition of efflux pumps
through participation in complex cascades inside the cells. One of the more clear
examples is that of the poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO)
block copolymers that can block P-glycoproteins.58,59 Polymeric micelles of
these copolymers are endowedwith a number of unique beneficial features: i) core-
shell structure able to host hydrophobic drugs, raising the apparent solubility in
aqueous medium; ii) size adequate for systemic administration and for a prefer-
ential accumulation (passive targeting) within tumors through the EPR effect;
iii) surface suitable for binding of targeting moieties; and iv) unimers that modulate
the activity of efflux pumps involved in multi-drug resistance (MDR).60–62

1.3 Stimuli-responsive Components

As introduced above, differently from the intrinsically inert components of the
traditional drug dosage forms, which dissolve, erode or swell in the physi-
ological environment according to a pre-established pattern, the stimuli-
responsive networks, also termed ‘‘smart’’, ‘‘intelligent’’ or ‘‘environmentally
sensitive’’ systems, can act as sensors of certain physical or chemical variables
of the environment, and behave as actuators undergoing specific changes
(as the living systems do).63,64 In the biomedical field, the responsiveness has to
be predictable, reproducible, proportional to the intensity of the signal and,
ideally, reversible.11,65,66
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The DDSs that detect certain changes that take place in the biological
medium (for example, in pH, temperature or concentration of some
substances), activating or modulating the release rate, are named closed-loop or
self-regulated systems. By contrast, the DDSs that switch drug release on/off as
a function of specific external stimuli are considered to work in open circuit,
and they can provide pulsed drug release when externally activated. Sensitivity
to internal (e.g. pH, temperature, biomolecules) or external (e.g. light, electric
or magnetic field) signals of the body is typically achieved by means of
semisynthetic or synthetic materials (mostly polymers) that bear functional
groups that modify their properties proportionally to the intensity of the signal
and that enable transduction into changes in the material features.63,67,68 The
changes can have different levels of complexity; for example, i) a modification
of the solubility, the shape or the state of aggregation of single components (e.g.
assembly/disassembly of micelle unimers or sol-gel transition), ii) a reversible
change in conformation of chemically cross-linked networks that lead to phase
volume transitions and modifications in affinity towards other chemical groups
or molecular entities, or iii) a reversible stretching/shrinking of surface-
immobilized chains or networks on inert substrates (Figure 1.5).2,39,69,70
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Figure 1.5 Some materials and stimuli suitable for development of stimuli-responsive
drug-delivery systems.
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1.3.1 Phase Transitions

Polymers are the most widely used components of stimuli-responsive systems
since they can be prepared with an unequalled richness of structures that enable
many phase transitions to occur, leading to different states of conformation and
association. Historically, the elucidation of the transitions began in 1940 when
Flory71 and Huggins72 paid attention to the phase separations in polymer
solutions caused by changes in the polymer–solvent or polymer–polymer
interactions. These transitions are of first order except when near the critical
point, where they can be of higher order. Later, the study of more complex
systems and the evaluation of polypeptides and biological macromolecules
attracted the interest of many researchers, who have notably contributed to
identify more transitions and to elucidate their thermodynamics and kinetics.
Detailed historical reviews on the understanding of the phase transitions can be
consulted elsewhere.73 Up to now ten transitions have been discovered, more
than half being exclusive to polymers. The phase transitions are mainly of first
order or second order. In the first case, the extensive thermodynamic quantities
of volume, energy, entropy or number of moles of the macromolecules show a
discontinuity as a function of the intensive quantities of pressure, temperature,
chemical potential, etc. In the second-order case, no discontinuity is evident,
but it appears when the derivatives of the extensive thermodynamic quantities
are plotted. Mainly, to be useful as a stimuli-sensitive component for drug
delivery, the polymer has to respond to the appearance/disappearance of the
stimulus undergoing a first-order phase transition, accompanied by a change in
the specific volume of the polymer.74,75

The transitions can be classified as a function of the number of macro-
molecules involved in the process, as follows:73

A) Transitions within one molecule, which occur because the sequential
connectivity of the monomers along the polymer chain makes the
monomers distinguishable from each other, differently from what
happens when the monomers are free in a solution that behave similarly.
This set of transitions comprises:
i) Polymer threading a membrane, which occurs when a membrane that

separates two solutions has holes that enable the passage of single
polymer chains. Instead of completely diffuse from one solution to
other, the chains remain in the holes attaching/detaching their ends to
each side of the membrane. The transition is of first order.

ii) Helix to random coil transitions, typical of single-stranded poly-
peptides, double-stranded DNA and triple-stranded collagen.
A change in temperature or chemical potential alters the intra- and
inter-strands hydrogen bonds and triggers diffuse, first-order and
second-order transitions in the polypeptides, collagen and DNA,
respectively. It should be noted that the first-order transitions of
collagen are responsible for their role as the main structural protein in
animals, since they confer elasticity. Furthermore, DNA in the cells
does not pack alone, but with other molecules to undergo first-order
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transitions and to be more packed, since a second-order transition of
naked DNA would lead to a random coil conformation with
dimensions larger than those of the cells.36

iii) Adsorption of an isolated polymer, which refers to polymers that
interact with surfaces being partially adsorbed forming trains and
loops.76 If one end of the polymer is attached to the surface, the other
end remains free, and the monomers do not have attraction for the
surface, so the number of contacts with the surface is limited to 1.
Above the transition temperature, the number of contacts increases
proportionally to the molecular weight of the polymer. In this case,
the transition is of second order.

iv) Equilibrium polymerization/1D crystallization, as occurs when polymer
chains are immersed in a solution of monomers. The chains are far
apart from each other and grow (decrease) by means of the addition
(deletion) of monomers at one end. The addition of the monomers
alters the energy of the polymer and thus, for a certain value, the chain
length changes from finite to infinite, experiencing a first-order tran-
sition. If the polymer chains interact with each other the scenario is
more complicated and second-order transitions may be observed.77

v) Collapse transition, which refers to the competition between the
attractive interactions among monomers that drive the self-collapse
of the polymer, and the entropy of the polymer chains (rubber elas-
ticity) that tries to expand the polymer.78,79 Since each monomer
occupies a certain volume in the polymer and the monomers cannot
penetrate each other, there is repulsion at short distances. Such
repulsion prevails in a good solvent and thus the polymer coils
swell.80 A change in the environmental conditions, such as
temperature, pH or solvent composition, can modify the balance
between the free energy of the internal (polymer–polymer and
polymer–solvent) interactions and the elasticity component. If the
attractive interactions between monomers become strong enough, a
coil–globule transition occurs at a condition called y point.36 This is
what occurs when the polymer chains are cross-linked forming a
three-dimensional network (hydrogel). In a good solvent, the chains
confined between two adjacent cross-linking points tend to behave as
polymer coils. If the solvent conditions change towards the y point,
each subchain undergoes a coil-globule transition and, as a result, the
network as a whole shrinks. Namely, a volume phase transition
occurs, as proved experimentally for first time by T. Tanaka in
1978.81 Hydrogel collapse can be driven by any one of the four basic
types of inter-molecular interactions operational in water solutions
and in biological systems, namely, by hydrogen bonds and van der
Waals, hydrophobic and Coulomb interactions.82 The theoretical
basis of the critical phenomena in cross-linked networks can be
consulted in detail elsewhere.64,81,83 The enormous number of papers
about this transition, compared to the others, is mainly related to the
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wide scope of applications that the swelling–collapse phenomenon
may have, since the volume phase transition can occur under physio-
logical conditions and notably modifies the flow of fluids through
the network and also the diffusion of solutes, such as drugs.84

The five transitions described above have in common that they are
attributable to the fact that the monomers are connected into flexible long
chains and, therefore, small changes in the intensive thermodynamic variables
(namely, temperature, pressure, chemical potential) lead to drastic changes in
the polymer conformation.

B) Transitions within collections of molecules
i) Liquid crystals/plastic crystals. It has been shown that, above a

certain concentration, a dispersion of rigid rods changes from
isotropic (random) to nematic (parallel alignment) phase; namely, the
rigid rods cannot freely orient. In the isotropic phase, the centre of the
mass is liquid and the rods can adopt any orientation. By contrast, in
the nematic phase the freedom of the rods to orientate is restricted,
although the centre of the mass still has liquid-like freedom (namely,
the translational degrees of freedom are maintained). The ordered
alignment enables maximum packaging (entropy driven process) and
the side groups of the rods to stabilize the nematic phase through
favorable interactions between each other. If the system is cooled
down, the centre of the mass loses its translational degrees of freedom
and a crystal is formed.

ii) Glass transitions/sol-gel transitions are due to a drastic decrease in the
configurational entropy. As the temperature of a polymer goes down,
the small mobile rods that form each chain and make the polymer
flexible (rubber phase) become fewer and larger and therefore more
difficult to pack. At a certain temperature, close to the conditions of
zero configurational entropy, the rigid rods become stuck in a
randomly ordered structure, because each rigid portion cannot
accommodate the energetic preferences of all its neighbors simul-
taneously. This second-order transition leads to the formation of a
glass phase. This phenomenon is similar to the situation in which
more cross-linking points are introduced among the chains of a
polymer dispersed in a solvent and a sol-gel transition is triggered.

iii) Crystallization. Diluted polymer solutions crystallize when the
constituent rods align to form ordered, lamellar structures, instead of
the disordered ones reported above.85

iv) Liquid–liquid transitions/polymer blends. Phase separation
phenomena in randomly mixed polymers are dictated by the fact that
each polymer prefers to interact with itself and only the entropy
favors the mixing. The entropy of mixing is quite large for short
polymers, but becomes negligible for large polymers. Thus, in the
latter case, the enthalpy component is predominant and triggers the
separation of the polymers into nearly pure phases of each one.
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v) Block copolymers/membranes-micelles-vesicles. Incompatible polymers
can be attached together in the form of block copolymers to prevent
each of them moving far away. Nevertheless, the tendency to phase
separate persists and it leads to microphase separation, namely, a
pattern of microdomains, each containing mainly one of the blocks,
separated by thin inter-phase regions.36 Depending on the relative
length of each block, the microdomains can take different shapes,
forming lamellar, cylindrical or spherical phases. Free-standing
membranes, micelles and vesicles can be considered as block
copolymer-based phase systems, to which enough solvent has been
added to maintain individualized the layers, the cylinders or the
spheres.

In addition to the ten classes of transitions described above, it might occur
that a material suddenly changes its chemical nature (e.g. rupture of certain
bonds by hydrolysis or oxidation/reduction) and transforms into another
material with different groups. Obviously, thermodynamic transitions can
accompany such chemical transformation. Furthermore, it should be taken
into account that one transition does not exclude the occurrence of others.
Conversely, the transitions are frequently coupled and there are many examples
in Nature of such couplings; some of those that refer to natural macromolecules
are the cause of detrimental effects on human health (e.g. sickle-cell anemia, phi
cell body cancers, scleroderma, etc.).73 In fact, it could be stated that organic
polymers that can undergo phase transitions are essential for all evolved life-
forms, since they are the only material that can fulfill the three main
requirements of living systems: i) minimal complexity to form and function,
ii) ability to produce different structures in a reproducible way and iii) ability to
transmit all information necessary to the forms and functions.

1.3.2 Memorization of the Conformation. Molecular Imprinting

and Recognition

The interest in responsive polymers, especially in the biomedical field, can be
remarkably increased if the recognition capacity of certain biomacromolecules
(e.g. receptors, enzymes, antibodies) could be mimicked. Some unique details of
the native state of proteins, such as shape and charge distribution, enable them
to recognize and interact with specific molecules. Proteins find their desired
conformation out of a nearly infinite number. By contrast, as known from
recent theoretical developments, a polymer with a randomly made sequence
does not fold in just one way.86–88 Therefore, the ability of a polymer (or
polymer hydrogel) always to fold back into the same conformation after being
stretched and unfolded, i.e. to thermodynamically memorize a conformation,
should be related to properly selected or designed non-random sequences. To
obtain, under proper conditions, synthetic polymeric systems with sequences
able to adopt conformations with useful functions, molecular imprinting
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technology has been applied.89–91 Hydrogels can recognize a substance if they
are synthesized in the presence of such a substance (which acts as a template) in
a conformation that corresponds to the global minimum energy. The ‘‘mem-
orization’’ of this conformation, after the swelling of the network and the
washing of the template, will only be possible if the network is able always to
fold into the conformation upon synthesis that can carry out its designated
function (Figure 1.6).36,92 This revolutionary idea is the basis of new
approaches to design imprinted hydrogels and has been developed at different
levels, as explained in Chapters 21 and 22. In the particular case of drug
delivery, molecularly imprinted networks enable the control of drug release
through a new mechanism: the affinity between the drug and the network.93–96

Moreover, stimuli-responsive imprinted DDSs can display different affinities
for the drug molecules as a function of the nature or intensity of the stimuli,
leading to a double regulation of release process by means of stimulus-tunable
affinity-controlled release.97–99

1.4 Intelligent Drug-delivery Systems

Intelligent DDSs may be defined as a particular type of delivery system that
integrates stimuli-responsive excipients able to trigger or switch drug release on

Figure 1.6 Schematic view of the conformational imprinting effect.
Reproduced from reference 92. Copyright 2001 American Chemical
Society.
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and off when they perceive changes in internal or external factors. The overall
purpose is to achieve disease-responsive drug delivery, namely, the drug is
intended to be targeted and released only in cells of diseased tissues and/or at a
rate that depends on the evolution of the pathological process.100

The stimuli that can be a priori useful to regulate drug release are quite
diverse (Figure 1.5) and they can induce phase transitions in the responsive
components without altering their chemical composition (e.g. assembly/
disassembly, collapse/swelling) but, in some situations, they can alter chemical
groups or bonds (e.g. through enzymatic or redox reactions) and modify the
conformation, solubility or integrity of the delivery system.67,101,102 In the first
case, when only phase transitions are involved, the changes induced by the
stimulus are mostly reversible when the stimulus disappears, enabling repeated
pulsate release. In the second one, when the chemical groups are also altered,
the delivery system is mainly conceived to avoid premature leakage of the drug
until the stimulus appears and, if this has enough intensity, the complete
discharge of drug may be triggered. The information already available from
in vitro and, although still incipient, in vivo tests demonstrates the suitability of
responsive lipids, polymers and polymer/inorganic or metal hybrid structures
as components of quite diverse stimuli-responsive delivery systems, like
liposomes, micelles, polymersomes, layer-by-layer assemblies, nanoparticles or
hydrogels, and also the possibilities of developing drug–medical device
combination products.13,103 The most common internal and external stimuli
and the responsive materials used to prepare smart DDSs are summarized in
Tables 1.1 and 1.2, with a reference to the chapters in this book in which they
are described in detail. In the following paragraphs, a general overview of each
stimulus and the mechanisms behind the responsiveness is provided.

1.4.1 pH- and/or Ion-responsive DDSs

The pH gradients existing in the body under healthy and pathological
conditions are one of the more explored inner variables as a stimulus to trigger
drug release. In fact, the characteristic changes in pH along the gastrointestinal
tract have been largely exploited to achieve site-specific oral delivery.104

Although enteric dosage forms do not fully fit in the category of intelligent
DDSs (since, in most cases, it is only a question of site-specific solubility), the
basic responsiveness of the polyelectrolytes incorporated in many enteric
dosage forms has been transferred to DDSs that can fully exploit such
responsiveness under situations in which the pH changes are more tiny and
occur inside the tissues or even in the cells. For example, the extra-cellular pH
of tumor tissues (6.5–7.0) is slightly lower than that of the blood and healthy
tissues (7.4).105 Inside cells, the differences of pH among the cytosol (7.4), Golgi
apparatus (6.4), endosome (5.5–6.0) and lysosome (5.0) are considerable.106

Inflamed tissues andwounds are also characterized by a decrease in pH to 5.4–7.2,
and non-healingwounds can achieve relevant alkaline pH values, up to 8.9.107 The
growth ofmicroorganisms can itself notably alter the pH of the affected tissue, but
also can induce the release of body enzymes (e.g. metalloenzymes) that cause
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Table 1.1 Examples of materials responsive to internal stimuli that can be integrated in intelligent DDSs and some potential
applications.2 The chapters of this book in which they are reviewed are indicated in the last column.

Stimulus Mechanism Material Application in DDSs
Chapter
number

pH Change in the protonation degree
that modifies solubility,
viscosity, swelling

Poly(acrylic acid) (PAA)
Poly(methacrylic acid) (PMAA)
Poly(diethylaminoethyl methacrylate)
(PDEAEMA)

Poly(dimethylaminoethyl
methacrylate) (PDMAEMA)

Poly(hydroxyethyl aspartamide-
g-maleic anhydride)

Alginate, chitosan

Site-specific oral release
Tumor targeting
Lysosomotropic agents in gene
delivery

Infection-induced release

3, 5, 15, 17,
18, 20, 24

Ions/ionic
strength

Change in ions nature or
concentrations

Poly(acrylic acid) (PAA)
Poly(NIPAAm-co-vinylimidazole)
Poly(a-amino acid)s

Intra-tumoral delivery
Injectable implants

17, 20

Enzymes Enzymatic conversion that leads
to rupture of chains or
cross-linking points

Polysaccharides
Acrylic networks with azoaromatic
bonds

Polyesters
Peptides as cross-linkers
Substrates of metalloproteases
Oligonucleotides

Inflamed tissues
Tumor targeting
Infection (bacteria)-triggered release

9

Biochemicals
(glucose,
antigens)

Conversion of the biochemical by
an enzyme immobilized in the
material

Induced sol-to-gel transition
Competitive binding to antibody
coupled polymers

Networks with glucose oxidase
Concanavalin-coated polymers
Copolymers with coupled antigens
and antibodies

Molecularly imprinted networks

Feed-back regulated hormone
(insulin) release

Antigen-triggered release
Theragnostic systems

10, 22

Glutathione Redox conversion Macromolecules with disulfide bonds Cytoplasmatic delivery 8
Temperaturea Competition between

hydrophobic and hydrophilic
interactions between
components and
component-water, that modifies
aggregation state or swelling

Poly(N-isopropyl acrylamide)
(PNIPAAm)

Poly(ethylene oxide)-poly(propylene
oxide) (PEO-PPO) copolymers

Elastin-like polymers

Fever-triggered release
Tumor, inflammation targeting
Injectable implants
External switch drug release on/off
Delivery of cells for regeneration of
tissue structure or function

2, 4, 5, 17,
18, 20, 23,
24

aChanges in temperature can be also triggered through external sources of energy.

F
ro
m

D
ru
g
D
o
sa
g
e
F
o
rm

s
to

In
tellig

en
t
D
ru
g
-d
elivery

S
y
stem

s
1
7

D
ow

nl
oa

de
d 

on
 0

1/
09

/2
01

3 
10

:2
5:

46
. 

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
49

73
68

00
-0

00
01

View Online

http://dx.doi.org/10.1039/9781849736800-00001


furthermodifications in pHalong the healing time. The pHof awound can evenbe
used as an index of its likelihood to recover completely.108 Semen has also been
shown to induce notable changes in vaginal pH.109

As mentioned above, a suitable way to exploit these changes in pH to
regulate drug delivery is with the use of lipids and, mostly, polymers that
behave as weak acids or bases with pKas that enable sharp changes in the
ionization state at the pH of interest. Carboxylic, sulfonate and primary and
tertiary amino groups can modify the degree of ionization due to pH modifi-
cations in the physiological range. Nevertheless, it should be noted that the
pKas of repeated chemical groups in a long chain may be notably different from
those of the individualized components in solution, and that the copoly-
merization with hydrophobic monomers (bearing long alkyl groups) shifts the
pKa to higher values.110–113 The change from neutral to ionized state
dramatically alters the conformation and the affinity of the chains for the
solvent as well as the interactions among them. The neutralization of the
charges makes water become a poor solvent. Thus, the change in the degree of
ionization may be translated in the disassembly of weakly bonded components
or the swelling/shrinking of covalent networks. For example, networks bearing
acid groups swell at alkaline pH but collapse at low pH, while those bearing
bases swell in acid medium and shrink when pH rises. Polyampholyte systems
containing both types of monomers show the maximum swelling at neutral pH,
i.e. when both acids and bases are partially ionized.114 It should also be noted
that ionic strength in general, but certain ions in particular (especially di- or
multi-valence ones), can notably affect the pH-responsiveness and also the
conformation of the polymer chains, altering the affinity for water and the
swelling, and even inducing self-associations triggering sol-gel transitions.115,116

For example, hydrogels carrying moieties of L-valine, L-leucine, L-phenyl-
alanine or L-histidine have been shown to be sensitive to both pH and ions.117

Therefore, choosing suitable components it is possible to develop systems
responsive to almost any situation in the body that involves a change in pH or
in the concentration of ions that can form a complex with the ionizable
groups.63,118 Remarkable examples of pH-responsive DDSs are nanogels for
tumor-targeting delivery, lysosomotropic micelles and liposomes designed for
gene delivery, vaginal gel networks for semen-induced or microorganism-
induced release and in situ gelling intra-ocular depots.

1.4.2 Enzyme-responsive DDSs

Enzymes in the body are useful both to fix together polymer chains, leading to
formation of self-assembled or covalently bonded networks, or to break certain
bonds causing disassembly or rupture of the networks.119 As a consequence,
enzymes in healthy bodies may directly act on sensitive drug carriers, notably
altering the drug release rate. Furthermore, the disregulation, namely, hypo-/
hyperexpression, of the enzymes can lead to the development of a range of
disease states and thus such disregulation could be exploited to trigger release in
the affected tissues or sites of the body.120,121
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Thus, an enzyme-responsive DDS requires at least an enzyme-sensitive
component that is a substrate of the enzyme, and the drug can be chemically or
physically entrapped in the system. To be effective, the DDS has to be able to
reach the enzyme and to expose the sensitive groups to it. This is particularly
critical when the enzymatic activity is associated to a particular tissue or the
enzyme is found at higher concentrations at a certain site. Thus, a detailed
knowledge about the extra-cellular barriers or, in the case that the enzyme is
located intra-cellularly, about the impediments to enter in the cells is required
to attain enzyme-responsive release. The most evaluated enzymes for triggering
drug release are hydrolases, which can break covalent bonds that keep together
certain components or can modify certain chemical groups altering the balance
of electrostatic, hydrophobic, steric or p-p interactions, van der Waals forces or
hydrogen bonding.120,122 For example, proteases can trigger the release of
drugs linked to the carrier by a peptide or when the carrier is stabilized by
peptide links that are substrates of the enzyme; glycosidases can induce the
release from polysaccharide-based carriers; lipases can trigger drug delivery
when they hydrolyze the phospholipid building blocks of liposomes; and
certain hydrolases can control the assembly or disassembly of inorganic
nanoparticles and mostly the degradation of the gatekeepers of the pores in
which the drug molecules are hosted.121 Kinases and phosphatases can be used
for reversible rupture of the bonds and, thus, to obtain pulsate drug release.123

Oxidoreductases have been exploited in a different way, which is commented on
in detail in the next section.

So far enzyme-responsive DDSs have been designed in the form of supra-
molecular assemblies (mainly micelles and liposomes), chemically cross-linked
gels and nanocontainers and porous silica nanoparticles with responsive gate-
keepers.120,121,124 They have been shown to be useful for specific release in
inflammation sites and tumor cells, and for microorganism-triggered release of
antimicrobial agents.125–128 This latter application, still scarcely explored, is
intended to avoid prophylactic and prolonged use of antimicrobials that can
lead to toxicity effects in patients and also favor the apparition of resistant
variants. For example, the high levels of thrombin-like activity found in
wounds infected with S. aureus have inspired the development of conjugates of
gentamicin with poly(vinyl alcohol) through a thrombin-sensitive peptide
linker. The conjugate released gentamicin when it was incubated with thrombin
and leucine aminopeptidase together, but not with one enzyme alone.
Gentamicin was successfully released upon incubation with S. aureus wound
fluid, strongly reducing the bacterial number in an animal model of
infection.129

1.4.3 Biochemical-responsive DDSs

Molecule-responsive systems enable feed-back regulation of the drug delivery
rate as a function of the concentration of a specific substance in the body, which
may serve as an index of the evolution of a pathological state.130,131 These
systems try to imitate the physiological self-regulating mechanisms by
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integrating both biomolecular recognition and responsive behavior in a single
structure.130 These functionalities can be achieved using one of the following
two approaches:

i) a specific sensor of the triggering molecule (for example, an enzyme) is
attached to a network that also presents ionizable groups; the target
biomolecule acts as substrate of the enzyme and it is decomposed in
products that alter the pH.132–134 Some oxidoreductases, particularly
glucose oxidase, have been used for this purpose since they can act as
sensor in the detection of glucose.135 Furthermore, oxidoreductases play a
central role in oxidative stress, which is related to pathological processes
such as Alzheimer’s disease and cancer and may open novel
applications.136,137 For example, glucose-responsive nanocarriers have
been prepared encapsulating glucose oxidase in PEG-poly(propylene
sulfide)-PEG micelles. When glucose permeates in the micelles, glucose
oxidase transforms it to gluconolactone and also generates hydrogen
peroxide as a side product, which in turn oxidizes the thioethers
of poly(propylene sulfide) into sulfoxides and sulfones. This causes the
copolymer to become hydrophilic and the micelles to disassembe.138

Glucose oxidase, catalase and insulin have been trapped together inside
poly(2-hydroxyethylmethacrylate-co-N,N-dimethylaminoethyl methacrylate)
hydrogels. Simulating in vivo conditions, glucose oxidase converts the
glucose in gluconic acid, causing the ionization of the amino groups in the
copolymer and thus the swelling of the network and the release of insulin.
Catalase was included to provide oxygen to the oxidation reaction. A nice
correlation between glucose concentration and release rate of insulin was
found.135 More examples on the potential use of glucose oxidase in the
development of glucose-regulated insulin DDSs can be found in the
literature.139,140

ii) a competitive mechanism, based on links in the network in which a
binding agent (lectin, antigen) is involved. In the absence of target
biomolecules, the binding agent interacts with a complementary
component in the formulation. When the biomolecule appears or reaches
a certain concentration, it competes with the complementary component
for interacting with the binding agent. This process causes the rupture of
the network and triggers the release of the entrapped drugs.141–145 Lectins
are carbohydrate-binding proteins present at the cell’s surface that have
been explored for preparing DDSs able to interact with glycoproteins and
glycolipids. Concanavalin A, a lectin that possesses four binding points,
has been shown to be useful in immobilizing glycosylated insulin in
particles and membranes. In glucose-free medium, no release happens. By
contrast, in the presence of glucose, insulin is easily displaced from the
binding to concanavalin A and can be released.141,145 Instead of lectins,
phenylboronic derivatives can also be used to bind saccharides according
to a similar mechanism but using totally synthetic platforms, namely,
without using proteins.146 Drug release induced by a competitive
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mechanism can also occur by placing antibodies in DDSs that can
recognize specific antigens in the body. These DDSs integrate antibodies
and antigens that act as cross-linking points. This high specific interaction
is broken only when free antigens appear in the medium at a concen-
tration high enough to compete with the antigens that form part of the
DDS.143 As explained in detail in Chapters 21 and 22, totally synthetic
molecule-responsive networks can also be obtained by applying the
molecular imprinting technology to the synthesis of biochemical-
responsive polymers.98

1.4.4 Glutathione-responsive DDSs

Glutathione (GSH)-triggered release can be exploited to obtain intra-cellular
specific release, namely, in the cytoplasm and/or the nucleus.147 The intra-
cellular compartments (cytosol, mitochondria and nucleus) contain GSH
tripeptide at a concentration 2–10 mM, which is 2 to 3 orders higher than that
achieved in the extra-cellular fluids (2–20 mM).148 Furthermore, tumor tissues
may achieve 4-fold greater concentrations of GSH over normal tissues.149

Block copolymers, polymer networks and cross-linking agents bearing disulfide
(-S-S-) bonds are thus suitable to undergo reduction reactions in the presence of
GSH, leading to the rupture of the bond to form –SH end groups.147 As a
consequence of the redox process, the nanostructure swells or disassembles and
the drug is released. The bond rupture is a priori reversible, although this is not
a foreseeable situation inside the cells. The therapeutic potential of the
glutathione-responsive DDSs has already been demonstrated in animal models,
using micelles and polymersomes loaded with anticancer drugs.150–152

1.4.5 Temperature-responsive DDSs

Temperature is a widely investigated stimulus for modulation of drug delivery,
since it can benefit from pathological states that cause local or systemic increase
in temperature (tumors, inflammations, infections, etc.) and also from external
sources of energy that directly or indirectly may lead to a very precisely
localized heating.

Temperature-sensitive polymers used to prepare intelligent systems are
usually hydrophilic below their critical temperature of dissolution (LCST).
When the temperature is above LCST, the polymer becomes hydrophobic
and its conformation changes from expanded (soluble) to globular
(insoluble) state.153 The changes in solubility regulate the assembly into
micelles or layer-by-layer structures of temperature-responsive components. If
the polymers form part of chemically cross-linked networks, the shrinking
of the network causes the squeezing of the drug molecules, usually with a
strong initial burst.154 Polymers with upper critical solution temperature
(UCST) may also be useful for preparing self-assembled structures that disas-
semble in environments of temperature beyond the UCST. Lists of polymers
having a critical solubility temperature (CST) can be found elsewhere
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and comprise synthetic polymers such as poly-N-isopropylacrylamide
(PNIPAAm), poly-N,N-diethylacrylamide, poly(methyl vinyl ether) (PMVE),
poly-N-vinylcaprolactam (PVCL) and poly(ethylene oxide)-poly(propylene
oxide) (PEO-PPO) block copolymers, natural polysaccharides like certain
cellulose ethers and elastin-like polypeptides.155–157 To be useful for drug
delivery, the LCST or the UCST should be close to the triggering temperature,
namely, a few degrees above/below the normal body temperature. To match
that requirement, the temperature responsive polymers can be copolymerized
with hydrophobic or hydrophilic monomers in order to tune the critical
temperature down and up, respectively.

External modulation of drug release, without interference of physiological
temperature changes, can be achieved using temperature-sensitive polymeric
micelles and nanogels that contain, among other components, gold nanopar-
ticles. When irradiated with infrared light, gold absorbs the radiation and the
temperature in the surrounding environment rises, with the subsequent desta-
bilization/collapse of the micelles or the nanogels.158 Similarly, alternating
magnetic fields can also cause moderate increase in the temperature of the local
environment of superparamagnetic particles, as will be explained below.

Table 1.2 Examples of materials responsive to external stimuli that can be
integrated in intelligent drug-delivery systems.2

Stimulus Mechanism Material Application in DDSs
Chapter
number

Ultrasound Temperature
increase

Cavitation
Enhanced cell
permeability

Self-assembled polymers
or lipids

Tumor therapy 6, 17

UV/Vis light,
NIR

Changes in the
conformation of
chemical groups

Heating of gold
nanoparticles

Photoresponsive groups
like azobenzene,
cinnamoyl and
spirobenzopyran

Gold-nanorods
embedded in
temperature-
responsive materials

Ocular/subcutaneous
triggered release

Tumor therapy

12, 13,
17

Magnetic
field

Movement and
heating of
superparamagnetic
particles under the
magnetic field

Particles containing
magnetic cores
(Fe3O4)

Guided targeting
Externally triggered
drug release

Thermo-ablation of
tumor cells

14

Electric field Changes in charge
distribution

Polyelectrolytes
Intrinsically conducting
polymers (ICPs), like
polypyrrole (PPy),
polyanaline (PANI)
and poly(3,4-
ethylenedioxy
thiophene) (PEDOT)

Local release of
growth factors,
anti-inflammatory
drugs and
antiproliferative
substances
incorporated in
electrodes or
microchips

11
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1.4.6 Ultrasound-responsive DDSs

Ultrasound can be applied to the body using conventional physiotherapeutic
equipment. The waves cause local increase in temperature and bubble cavi-
tation, facilitating the penetration of nanostructures into specific regions and
the triggering of drug release.159 Compared to other external stimuli,
ultrasound has the advantage of being able to propagate into deep tissues and
to be focused directly on the target tissue.160

Most tests carried out to activate drug release with ultrasound have been
performed with polymeric micelles and more recently with layer-by-layer
assemblies, which can be reversibly destabilized due to bubble cavitation. The
amount of drug released can be modulated through the control of the
frequency, power density, pulse length and inter-pulse intervals.161 This
approach has mainly been tested for treatment of tumors in animal models
applying low-frequency ultrasound. When the antitumor formulation is
systemically administered, ultrasound should be applied when most micelles
have reached the target tissue. This may take several hours for an optimal
accumulation of the carrier in the tumor by means of the EPR effect. Appli-
cation of ultrasound enables a pulsate drug delivery.162,163 The in vivo
antitumor effectiveness of this approach is also promoted by the cell membrane
perturbation caused by ultrasound (sonoporation), which enhances the intra-
cellular uptake of micelles, drugs and genes.164,165

1.4.7 Light-responsive DDSs

The use of light as a triggering agent enables localized drug release in very well-
delimited regions of the body, reducing the affection of adjacent tissues to a
minimum. There are currently available equipments that can apply innocuous
electromagnetic radiation of very specific wavelengths in the range from 2500 to
380 nm to switch drug release on and off. Ultraviolet light or blue light can
serve as a triggering agent for topical treatments applied to the eyes, skin or
mucous, as is normally used in photodynamic therapy. Radiation of greater
wavelengths (infrared) can penetrate deeper in the tissues.166,167 Near-infrared
radiation (NIR) is innocuous and does not cause a significant heating in the
area of its application. As light-responsive components, two groups of
materials can be distinguished: i) metal particles, mainly gold nanoparticles that
absorb the light and transform it in local heating; if the gold particle is
incorporated in a temperature-sensitive carrier, the increase in temperature can
trigger drug release;168–170 and ii) organic materials (polymer nanostructures
or liposomes) that bear functional groups that change their conformation and,
thus, certain features (particularly the hydrophilicity or the position as gate-
keeper) when irradiated; this is the case of azobenzene, pyrene, nitrobenzene,
cinnamoyl and spirobenzopyran, among others.171,172 Some light-responsive
DDSs are intended for a single use (i.e. the light triggers an irreversible
structural change that provokes the delivery of the entire dose), while others are
able to undergo reversible structural changes when cycles of light/dark are
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applied, behaving as multi-switchable carriers that release the drug in a pulsate
manner.171,172

1.4.8 Magnetic-responsive DDSs

Magnetite (Fe3O4) and maghemite (g-Fe2O3) are currently the only non-toxic
paramagnetic materials acceptable for biomedical applications.173 To be
administered to the body, superparamagnetic nanoparticles can be coated with
or encapsulated into polymeric structures such as micelles and particles or
placed inside microporous inorganic carriers, as described in detail in
Chapter 14.

Magnetic drug carriers containing temperature-responsive polymers possess
three unique features: i) visualization of the drug carrier into the body by means
of magnetic resonance imaging; ii) tissue distribution controlled through an
external magnetic field, which may be helped if decorated with cell ligands; and
iii) triggering of drug release due to a local increase in temperature when an
alternating magnetic field is applied.174,175 The drug is released while the
magnetic field is on, leading to site-specific treatment.176 The increase in
temperature can be modulated by the frequency of oscillation and the time of
application of the magnetic field; a small increase triggers reversible pulsate
drug squeezing as the temperature-responsive network shrinks, while a strong
increase may lead to the rupture of the carrier followed by a burst drug release
and a simultaneous thermal ablation of the surrounding tissues.177 It should be
noted that cancer cells are destroyed at temperatures close to 43 1C, while
normal cells can stand such temperature.178

1.4.9 Electric Field-responsive DDSs

Electrical stimuli can be generated using devices suitable for transdermal
delivery such as those used for iontophoresis and electroporation, which
enables precise control of the intensity, the amount of current, the duration of
the pulses and the intervals between successive pulses.179 DDSs responsive to
electric fields can be made using polyelectrolytes with a high density in ionizable
groups, as those suitable for pH-responsive delivery, in the form of sheets,
microparticles or in situ gelling injectable systems for subcutaneous implan-
tation.179 An electric field can be applied through an electro-conducting patch
placed on the skin over the polyelectrolyte network. The potential between the
electrodes causes a movement of ions that lead to local changes in pH, which
cause the cross-linked polyelectrolytes to shrink or swell, modifying drug-
release rate. Alternate shrinking and swelling can easily be achieved by applying
pulses of electricity, and this can serve to control the release rate. This approach
has been tested for the pulsate delivery of insulin using subcutaneously
implanted poly(dimethylaminopropyl acrylamide) microgels180 and for the
transdermal delivery of diclofenac from hydrogels of sodium alginate, carbopol
and their blends.181
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An alternative to the polyelectrolytes is the use of intrinsically conducting
polymers (ICP), also called synthetic metals because they possess the electrical,
electronic, magnetic and optical properties of a metal.182 Examples of ICPs
suitable for DDSs are polypyrrole (PPy), polyanaline (PANI) and
poly(3,4-ethylenedioxythiophene) (PEDOT). The electrical conductivity of the
ICPs is due to the uninterrupted and ordered p-conjugated backbone.183 The
ICPs are usually formed on an electrode and can be used in such a way after
being loaded with the drug. The electrical signals alter the redox state of the
ICP modifying the polymer charge and volume.184 The drug entrapped in the
ICP layer is released when an electrical stimulus is applied, using step potential
or cyclic voltammetry. ICP-based DDSs have already been tested for triggering
local release of paclitaxel from stents,185 growth factors from implants,186

neurotrophins from electrodes implanted in cochlear neurons187 and drugs and
hormones from implanted microchips.188

1.5 Conclusions and Future Aspects

The growing number of biocompatible materials that are sensitive to physio-
logical and external stimuli, as well as the versatility of current approaches to
integrate them into DDSs, offer unprecedented possibilities for regulating the
spatiotemporal release profile of the drugs. Stimuli-responsive DDSs make the
delivery of drugs that have serious biopharmaceutical/toxicity constraints
possible, and are expected to improve remarkably the therapeutic efficiency of
old and new active substances. However, intelligent DDSs may have to face up
to safety concerns and in vivo management of the responsiveness. The use of
macromolecules (i.e. enzymes, antibodies or even synthetic polymers) with
motifs that can be recognized by the immune system may lead to unexpected
reactions in the body after successive administrations and may compromise the
performance of the DDS and the health of the patient. Moreover, nano-sized
entities produce additional safety concerns, and there is still a paucity of
regulations about the assessment of the nanocarriers’ fate in vivo. Regarding
applicability, intelligent DDSs have to fit the switching on/off of the release to
the appearance/disappearance of the stimulus in order to avoid delays in the
responsiveness.2 On the other hand, advances in portable trigger devices to
activate externally DDSs that can be pre-programmed by nursing staff and/or
are easy to use by the patients may improve the cost-effectiveness of the
treatments.16

Overall, the positive and reliable information on the efficiency of intelligent
DDSs coming from in vitro and cell culture assays is a valuable support to
intensify the translation to animal models and even to clinical studies.189 Such
clinical translation should provide a better understanding of the behavior of the
drugs formulated in intelligent DDSs and on how the body responds to the
novel materials and therapy protocols. It can be foreseen that the information
gathered under in vivo conditions serves as feedback for optimizing the features
of the responsive materials and the design of more efficient DDSs.
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J. Soto, P. Amorós and E. Pérez-Payá, Angew. Chem. Int. Ed., 2011,
50, 2138.

129. M. Tanihara, Y. Suzuki, Y. Nishimura, K. Suzuki, Y. Kakimaru and
Y. Fukunisi, J. Pharm. Sci., 1999, 88, 510.

130. T. Miyata, T. Uragami and K. Nakamae, Adv. Drug Delivery Rev., 2002,
54, 79.

131. T. Miyata, in Biomedical Applications of Hydrogels Handbook, ed.
R. M. Ottenbrite, K. Park and T. Okano, Springer, New York, 2010,
Part 1, p. 65.

132. X. Cao, S. Lai and L. J. Lee, Biomed. Microdevices, 2001, 3, 109.
133. N. A. Peppas, J. Drug Del. Sci. Technol., 2004, 14, 247.
134. C. S. Satish and H. G. Shivakumar, J. Macromol. Sci. A, 2007, 44, 379.
135. T. Traitel, Y. Cohen and J. Kost, Biomaterials, 2001, 21, 1679.
136. D. A. Butterfield, S. S. Hardas and M. L. B. Lange, J. Alzheimers Dis.,

2010, 20, 369.
137. J. K. Kundu and Y. J. Surh, Pharm. Res., 2010, 6, 999.
138. A. Napoli, M. J. Boerakker, N. Tirelli, R. J. M. Nolte, N. A. J. M.

Sommerdijk and J. A. Hubbell, Langmuir, 2004, 20, 3487.
139. C. M. Hassan, F. J. Doyle III and N. A. Peppas, Macromolecules, 1997,

30, 6166.
140. W. Zhao, H. Zhang, Q. He, Y. Li, J. Gu, L. Li, H. Li and J. Shi, Chem.

Comm., 2011, 47, 9459.
141. S. Tanna, T. S. Sahota, K. Sawicka and M. J. Taylor, Biomaterials, 2006,

27, 4498.
142. S. Y. Cheng, I. Constantinidis and A. Sambanis, Biotechnol. Bioeng.,

2006, 93, 1079.
143. T. Miyata, N. Asami and T. Uragami, Nature, 1999, 399, 766.
144. Y. Ishihara, H. S. Bazzi, V. Toader, F. Godin and H. F. Sleiman, Chem.

Eur. J., 2007, 13, 4560.
145. K. Makino, E. J. Mack, T. Okano and S. W. Kim, J. Control. Release,

1990, 12, 235.

30 Chapter 1

D
ow

nl
oa

de
d 

on
 0

1/
09

/2
01

3 
10

:2
5:

46
. 

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
49

73
68

00
-0

00
01

View Online

http://dx.doi.org/10.1039/9781849736800-00001


146. K. Kataoka, H. Miyazaki, M. Bunya, T. Okano and Y. Sakurai, J. Am.
Chem. Soc., 1998, 120, 12694.

147. R. Cheng, F. Feng, F. Meng, C. Deng, J. Feijen and Z. Zhong, J. Control.
Release, 2011, 152, 2.

148. F. Q. Schafer and G. R. Buettner, Free Radic. Biol. Med., 2001, 30, 1191.
149. P. Kuppusamy, H. Li, G. Ilangovan, A. J. Cardounel, J. L. Zweier,

K. Yamada, M. C. Krishna and J. B. Mitchell, Cancer Res., 2002, 62, 307.
150. H. L. Sun, B. N. Guo, X. Q. Li, R. Cheng, F. H. Meng, H. Y. Liu and

Z. Y. Zhong, Biomacromolecules, 2010, 11, 848.
151. Y. Li, K. Xiao, J. Luo, W. Xiao, J. S. Lee, A. M. Gonik, J. Kato,

T. A. Dong and K. S. Lam, Biomaterials, 2011, 32, 6633.
152. J. Li, M. Huo, J. Wang, J. Zhou, J. M. Mohammad, Y. Zhang, Q. Zhu,

A. Y. Waddad and Q. Zhang, Biomaterials, 2012, 33, 2310.
153. T. Tanaka, Phys. Rev. A, 1978, 17, 763.
154. A. Hatefi and B. Amsden, J. Control. Release, 2002, 80, 9.
155. T. Y. Liu, S. H. Hu, D. M. Liu, S. Y. Chen and I. W. Chen, Nano Today,

2009, 4, 52.
156. M. Bikram and J. L. West, Expert Opin. Drug Del., 2008, 5, 1077.
157. L. Martin, M. Alonso, A. Girotti, F. J. Arias and J. C. Rodriguez-Cabello,

Biomacromolecules, 2009, 10, 3015.
158. S. R. Sershen, S. L. Westcott, N. J. Hallas and J. L. West, J. Biomed.

Mater. Res., 2000, 5, 293.
159. T. J. Mason, Ultrason. Sonochem., 2011, 18, SI 847.
160. H. Zhang, H. Xia, J. Wang and Y. Li, J. Control. Release, 2009,

139, 31.
161. G. A. Husseini, G. D. Myrup, W. G. Pitt, D. A. Christensen and

N. Y. Rapoport, J. Control. Release, 2000, 69, 43.
162. N. Rapoport, in Smart Nanoparticles in Nanomedicine, ed. R. Arshady

and K. Kono, Kentus Books, London, 2006, p. 305.
163. B. J. Staples, W. G. Pitt, B. L. Roeder, G. A. Husseini, D. Rajeev and

G. B. Schaalje, J. Pharm. Sci., 2010, 99, 3122.
164. P. Kamev and N. Rapoport, Am. J. Phys., 2006, 829, 543.
165. N. Rapoport, in Nanotechnology for Cancer Therapy, ed. M. Amighi,

CRC Press, Boca Raton, Florida, 2006, p. 417.
166. T. Nagasaki and S. Shinkai, J. Incl. Phenom. Macro., 2007, 58, 205.
167. R. H. Bisby, C. Mead and C. G. Morgan, Biochem. Biophys. Res.

Commun., 2000, 276, 169.
168. G. B. Braun, A. Pallaoro, G. Wu, D. Missirlis, J. A. Zasadzinski,

M. Tirrell and N. O. Reich, ACS Nano, 2009, 3, 2007.
169. J. L. Vivero-Escoto, I. I. Slowing, C. W. Wu and V. S. Y. Lin, J. Am.

Chem. Soc., 2009, 131, 3462.
170. J. Chen, M. Yang, Q. Zhang, E. C. Cho, C. M. Cobley, C. Kim, C. Glaus,

L. V. Wang, M. J. Welch and Y. Xia, Adv. Funct. Mater., 2010, 20, 3684.
171. C. Alvarez-Lorenzo, L. Bromberg and A. Concheiro, Photochem.

Photobiol., 2009, 85, 848.
172. S. Sortino, J. Mater. Chem., 2012, 22, 301.

From Drug Dosage Forms to Intelligent Drug-delivery Systems 31

D
ow

nl
oa

de
d 

on
 0

1/
09

/2
01

3 
10

:2
5:

46
. 

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
49

73
68

00
-0

00
01

View Online

http://dx.doi.org/10.1039/9781849736800-00001


173. R. Müller, H. Steinmetz, R. Hiergeist and W. Gawalek, J. Magn. Magn.
Mater., 2004, 276, 272.

174. M. Arruebo, R. Fernández-Pacheco, M. R. Ibarra and J. Santamarı́a,
Nano Today, 2007, 2, 22.

175. C. S. S. R. Kumar and F. Mohammad, Adv. Drug Deliver. Rev., 2011,
63, 789.

176. C. Alexiou, R. J. Schmidt, R. Jourgons, M. Kremer, G. Wanner,
C. Bergemann, E. Huenges, T. Nawroth, W. Arnold and F. P. Parak, Eur.
Biophys. J., 2006, 35, 446.

177. T. Y. Liu, S. H. Hu, D. M. Liu, S. Y. Chen and I. W. Chen., Nano Today,
2009, 4, 52.

178. U. O. Hafeli, Int. J. Pharm., 2004, 277, 19.
179. S. Murdan, J. Control. Release, 2003, 92, 1.
180. S. Kagatani, T. Shinoda, Y. Konno, M. Fukui, T. Ohmura and Y. Osada,

J. Pharm. Sci., 1997, 86, 1273.
181. S. A. Agnihotri, R. V. Kulkarni, N. N. Mallikarjuna, P. V. Kulkarni and

T. M. Aminabhavi, J. Appl. Polym. Sci., 2005, 96, 301.
182. A. G. MacDiarmid, Angew. Chem. Int. Ed., 2001, 40, 2581.
183. D. Svirskis, J. Travas-Sejdic, A. Rodgers and S. Garg, J. Control. Release,

2010, 146, 6.
184. D. Svirskis, B. E. Wright, J. Travas-Sejdic, A. Rodgers and S. Garg,

Electroanal., 2010, 22, 439.
185. R. Okner, M. Oron, N. Tal, D. Mandler and A. J. Domb, Mater. Sci.

Eng. C., 2007, 27, 510.
186. Y. Cho, R. Shi, A. Ivanisevic and R. B. Borgens, Nanotechnology, 2009,

20, 275102.
187. R. T. Richardson, A. K. Wise, B. C. Thompson, B. O. Flynn,

P. J. Atkinson, N. J. Fretwell, J. B. Fallon, G. G. Wallace, R. K. Shepherd,
G. M. Clark and S. J. O’Leary, Biomaterials, 2009, 30, 2614.

188. D. Ge, X. Tian, R. Qi, S. Huang, J. Mu, S. Hong, S. Ye, X. Zhang, D. Li
and W. Shi, Electrochim. Acta, 2009, 55, 271.

189. H. Ghandehari, Adv. Drug Deliver. Rev., 2008, 60, 956.

32 Chapter 1

D
ow

nl
oa

de
d 

on
 0

1/
09

/2
01

3 
10

:2
5:

46
. 

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
49

73
68

00
-0

00
01

View Online

http://dx.doi.org/10.1039/9781849736800-00001


CHAPTER 2

Materials Science and Engineering
of the Low Temperature Sensitive
Liposome (LTSL): Composition-
Structure-Property Relationships
That Underlie its Design and
Performance

DAVID NEEDHAM*a AND MARK W. DEWHIRSTb

aDepartment of Mechanical Engineering and Material Science, Duke
University, Durham NC 27705, USA, and DNRF Niels Bohr Professor, and
HCA Academy Visiting Professor, University Southern Denmark, DK-5230
Odense M, Denmark; bGustavo S. Montana Professor, Director of Tumor
Microcirculation Laboratory, Department of Radiation Oncology, Duke
University Medical Center, Duke University, Durham, NC 27708, USA
*Email: d.needham@duke.edu

2.1 Introduction

2.1.1 Lipids as ‘‘Smart Materials’’

As is now commonly known, simply adding water to an otherwise dry lipid
sample generates ‘‘self-assembled’’ lamellar structures pretty much
immediately.1 When carried out under the right conditions (e.g. above the lipid
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solid-liquid phase transition temperature), and then extruded under positive
pressure through a 100-nm nanopore filter, a suspension of unilamellar
liposomes is produced, with diameters of B100 nm.2,3 This simple fabrication
process has become the basis for a range of drug-delivery systems based on the
biologically ubiquitous and compatible liposome, or small unilamellar vesicle
(SUV). Even by the late 1970s a huge number of compounds had been
encapsulated in liposomes,4 and new applications were being sought for this
potentially revolutionary drug-delivery system. One of the principal drugs at
the time, doxorubicin, was successfully encapsulated into conventional
liposomes and tested in vivo.5 As reviewed by Waterhouse et al.,6 the liposome
formulations were found to maintain the anticancer activity of free doxorubicin
in mice, while at the same time decreasing its associated cardiotoxicity. As
a result, two main liposomal formulations of doxorubicin, Doxils and
Myocett, have been developed and evaluated in clinical trials. Doxil is FDA
approved for several clinical indications, and Myocet is approved in Europe
and Canada for treatment of metastatic breast cancer in combination with
cyclophosphamide.

As listed by Maurer et al.,7 such a self-assembled nanocapsule is made up of
just 95,000 molecules of lipid and has an encapsulated volume of 3.8�10–19
liters. If a drug is encapsulated at 100mM, there will be 2.4�104 molecules of
drug per nanocapsule. While keeping the drug inside the liposome is a favorable
consequence that reduces toxicity8,9 (and references therein), one major
obstacle to a more effective use of liposomes as drug-delivery vehicles is actually
to get the drug out, perhaps in response to a local biological or other applied
trigger. This is particularly important for treating cancer, especially with the
more traditional, highly toxic, chemotherapeutics. Lipids can become ‘‘smart
materials’’ when they perform a desired function in response to an environ-
mental change.

Given that we want to use the encapsulating function of lipids as bilayers
to achieve some drug-delivery goal, we might immediately start to ask,
‘‘What makes the self-assembly process (that is also critical to encapsulating
every cell on the planet) form such ultrathin (5 nm), two-molecule-thick
structures?’’ and ‘‘How can they be made to have encapsulating and release
functions?’’ The basis for all materials design and innovation is a deep
and detailed understanding of the relationships between a material’s
composition, structure and properties (CSP; see Chapter 1 in this volume for
general concepts), and how these relationships influence processing and
performance of the material in service, in this case in the bloodstream or
other tissue-milieu in the body. We will get into much more detail in
subsequent sections of this chapter regarding lipids, lipid bilayers and
micelles, but to give an initial example of what we mean by CSP rela-
tionships, let’s look at one of the most common lipids that we have relied on
as a prototypical lipid bilayer material, 1-stearoyl-2-oleoyl-sn-glycero-
3-phosphocholine (SOPC).

As shown in Figure 2.1, SOPC is compositionally loaded with carbons and
hydrogens with an empirical formula of C44H86NO8P. Structurally, it is
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amphipathic comprising a hybrid structure of a glycerol backbone, a phos-
phocholine head-group and two hydrocarbon chains. While we will later be
concerned with the properties of its assembly as bilayers, this molecule also has
properties of its own, like its water solubility that is made up of the two
amphipathic parts. We see that while the hydrophilic, glycerylphosphoryl-
choline has a solubility S¼ 4.8M,10 the two hydrophobic hydrocarbon tails are
so relatively insoluble in water (stearoyloleoylglycerol S¼B5 nM (ALOGPS
predicted value)) that they largely determine the SOPC molecular solubility of
only B22 nM (ALOGPS predicted value). Thermodynamically, then, it is this
high head-group solubility and extremely low hydrocarbon chain solubility that
largely govern the self-assembly of the bilayer in water, i.e. an overriding
entropic exclusion of the hydrocarbon from water (the so-called hydrophobic
effect11) and a protection of the assembled hydrocarbon chains by a double
interface of the phosphocholine to form a bilayer.12

So now we have the basis for a membrane capsule. Beyond this global
hydrophobic effect though, there are subtleties that determine additional
composition-structure-property relationships that, in turn, underlie and direct
our ‘‘Smart Materials Design’’. Examples here include the response of the
bilayer material to one or more environmental cues, like pHy,13 enzymes,14 or,
in our case, temperature.15,16 This chapter will present and explore the material
relationships that went into the discovery, design and performance of the so-
called Low Temperature Sensitive Liposome (LTSL). Single Giant Unilamellar
Vesicle (GUV) experiments and data that we have carried out and reported
over the past 32 years will be presented and described in terms of classical
materials science and materials engineering design. These micropipet
experiments and analyses are unique to membrane mechanics and were literally
instrumental in arriving at the LTSL formulation. This particular LTSL lipid
composition has combined the benefits of lipid encapsulation (reduced drug

Composition Structure Property

C44H86NO8P Solubility = ~10 nM

Figure 2.1 Chemical composition (empirical formula), molecular structure (space
filling) and a property of solubility for a prototypical lipid bilayer material,
1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC).

ySee also Chapter 3. pH-sensitive Liposomes in Drug Delivery, Shivani Rai Paliwal, Rishi Paliwal,
and Suresh P Vyas.
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toxicity) together with mild hyperthermia (triggered drug release) to provide a
clinically attainable way to get a drug like doxorubicin out of the liposome and
into all cells of a tumor (neoplastic, stroma, pericytes and endothelia), in
unprecedented amounts.17

2.1.2 Micelles, Bilayers and Inverted Micelles

The best way to start thinking about how to design a ‘‘smart’’ liposome for any
application is to understand what makes a particular lipid molecule form a
bimolecular leaflet or lipid bilayer, and what makes it form other structures. It
would be the transition or transformation to these other structures with
different properties that creates the potential for an environment-sensitive
response. Israelachvili et al. treated the lipid-packing problem (what it takes to
form micelles, bilayers and inverted micelles) in terms of a chain packing
parameter.18 The chain packing parameter is defined relative to the area of the
lipid head-group at the lipid-water interface (A), the volume of the entire lipid
molecule (V) and its length (l). When V/AlB1, lamellar structures are formed,
whereas normal micelles and inverted curved structures are obtained for
V/Alo1 and V/Al41, respectively.

With this brief introductory background (see also the references section) let’s
now look at what these simple rules mean for bilayer composition-structure-
property relationships for a single lipid bilayer that, in the case of the LTSL,
contains a majority of di-chain phosphatidylcholine lipids (V/AlB1), and in
the same bilayer a minority of a mono-chain phosphatidylcholine (V/Alo1),
and a third component, also in low concentration, a distearoyl PEG lipid (also
V/Alo1). The goal is to understand in as much detail as possible how this
composition with bilayer, grain domain and other defect structures can have all
the properties needed for it to load, encapsulate and retain a drug, and trigger
the release of the encapsulated drug in response to just a few degrees rise in
temperature.

2.2 Reverse Engineering the LTSL

If done as a new product, design is a forward engineering process; if
analyzed in hindsight, this is a reverse engineering process. In principle both
involve: defining the function of the device; identifying components and
analyzing the component design and mechanism; materials choice and their
composition-structure-property relationships; production; and testing its
performance-in-service. Actually, design is never really totally original;
there will always be previous materials, designs and components that
have some bearing on the particular system under development. In that
sense, design, as a process, is continual, on-going and iterative. For this
LTSL that already exists, it is interesting and instructive then to look at this
process as a ‘‘reverse engineering’’ exercise; so let’s reverse engineer
the LTSL.

36 Chapter 2
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2.2.1 Define the Function

Whether reverse or forward engineering, any materials science and engineering
design requires us to create a careful, and as precise as possible, definition of the
functions that the design has to achieve. Functionally, what is required for this
particular thermal-sensitive ‘‘smart drug delivery’’ system is a lipid-based
capsule that can:

a) be loaded with a drug (e.g. doxorubicin),
b) retain the drug in processing and upon i.v. administration into the

bloodstream,
c) evade the body’s defenses (such as opsonization) that would normally

take it to the liver and spleen for removal by the reticulo endothelial
system, including the macrophage ‘‘Kupffer’’ cells of the liver sinusoids
and

d) be triggered to release its drug in the microvasculature of a warmed tumor
(by mild hyperthermia).

Functions a), b) and c) have been fairly well established in the liposome
literature. However, it was not until they had been fully tested in the clinic19

(a huge effort) that it was realized that still more effort needed to be
put into d) (the triggered release of drug). It was found that, for this
advanced pharmaceutical formulation to achieve its full potential in cancer
treatment, it is not enough to load and retain drug, and evade the body’s
defenses.

The design and performance issues centered around the following. It has
long been known that tumor vasculature can be hyperpermeable.20 Especially
in animal models, implanted tumors have been characterized to be leaky with
enlarged endothelial pores. This leakiness has been deemed critical for
allowing liposome-accumulation by the Enhanced Permeability and
Retention (EPR) effect.21,22 As depicted in Figure 2.2A this paradigm relies
on the difference in permeability between normal and tumor vasculature. If
the tumor vasculature is sufficiently leaky, then, when injected intravenously,
liposomes that can retain their drug and have long circulation half-lives
should be able to extravasate and accumulate within the tumor tissue; a form
of ‘‘passive targeting’’ based on this apparent quirk of rapidly growing
tumors.

Thus, in most of the original liposome strategies that were developed in the
40 or so years since liposomes were first explored as drug-delivery systems,23,24

the thinking was this: because tumor-vascular leakiness had been observed,
especially in animal tumor models, all that was needed was a long circulating
liposome that was loaded with, and retained, a drug (i.e. functions a), b)
and c)). Then, it would passively accumulate in the tumor interstitium, thereby
delivering drug to any tumor in the body. Because of their small but
(in biological terms) relatively large size of 100 nm diameter, the accumulation
of liposomes and their encapsulated drug depends exclusively on this EPR
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effect. However, we and others25 have demonstrated this apparent passive
leakiness in animal tumors models is locally heterogeneous,26 and can often be
minimal, or even absent, across both implanted tumor models17,27–29 and
especially spontaneous tumors (feline patients with soft tissue sarcomas).30

However, as is shown in Figure 2.2B, hyperthermia can result in a significant
increase in liposome accumulation in a tumor. Spontaneous tumors in
feline patients were found by SPECT imaging to increase their local perme-
ability to technetium-99m-labeled liposomes.30 There was a time-averaged
range of 2–13-fold increase in liposome accumulation in the tumor under
hyperthermic conditions (heated for 1 h at 42 1C) compared with normothermic
conditions. Effects of heat on tumor vasculature have actually been well
documented. Hyperthermia increases the size to the endothelial junctions,
which results in increased vascular permeability.31,32 In prior studies33 it was
determined that the endothelial pore sizes in heated tumor vessels are between
100 and 400 nm.

More importantly for treating human cancers, actually in humans, such poor
normothermic leakiness to 100 nm diameter and larger nanoparticle delivery is,
as yet, not conclusively proven clinically. Even if they do extravasate, as
pointed out by Chen et al.,34 their diameter is larger than or comparable to the
inter-fiber distance in the extra-cellular matrix (ECM) and so ‘‘stealth’’
liposomes can remain trapped in the peri-vasculature space for weeks.25 As a
result, even after extravasation from tumor microcirculation, liposomes can
accumulate only in perivascular regions and not necessarily release their anti-
cancer drug that quickly, relying perhaps on the dissipation of the liposomal
pH gradient and the degradation of lipids by endogenous tumor lipases. The
perivascular location may limit drug penetration as well. As drugs slowly leak
from these liposomes, they will diffuse along the most dominant concentration
gradient. The concentration in blood would be virtually zero, so much of the

A B C

Figure 2.2 The problem and the solution (at least for local tumors). Scheme of the
EPR effect that appears to provide only limited access of the relatively
large 100 nm diameter liposomes (A); hyperthermia can make the blood
vessels more leaky and help with interstitial transport of liposomes and
drugs (B); the Thermal Sensitive Liposome does not need to extravasate; it
can release its drug in the bloodstream of a warmed tumor and the drug
can readily diffuse throughout the neoplasm (C).
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drug might be reabsorbed into the tumor vasculature and carried away, as
opposed to penetrating into the tumor interstitium.

It is this limited access to tumor tissue that prompted our exploring
temperature-triggered drug release, where the LTSL would not need to
extravasate, but could be made to release its small-molecule drug (e.g. doxo-
rubicin) in the warmed microvasculature of the tumor. As is shown in
Figure 2.2C, it would now be this small drug that would diffuse into the tumor
interstitium, deeply penetrate the whole cancer tissue, cross cell membranes and
arrive at its target (the DNA and RNA of all cells in the tumor).17 Clearly,
because of the need for local heating, this strategy would not be applicable to
treating patients with widely metastatic disease. Nevertheless, local control of
tumors by such minimally invasive, and even non-invasive, methods could
represent a major advance in treating solid tumors that are: 1) not amenable to
surgical resection or 2) too large for surgery. In the latter case, treatment could
downstage (shrink) tumors, thereby permitting later surgical removal. At the
very least we might expect debulking of the tumor mass, and a concomitant
lessening of disfigurement, pain and suffering by the patient.

In the next section these functions are now evaluated in terms of a
component design, developing a mechanism of action. Each component is
analyzed in terms of choice of materials available and their CSP relationships
that can achieve the functions, given that component design.

2.2.2 LTSL Component Design

The component design of the LTSL concept is shown in Figure 2.3. It
comprises basically four components: 1) an encapsulating solid phase
membrane, capable of being taken through a solid-liquid phase transition at

A B

Figure 2.3 Component design of the 100 nm diameter LTSL, comprising: 1) an
encapsulating solid phase lipid bilayer; 2) a permeabilizing component;
3) an encapsulated drug; and 4) a protective PEG-layer (A).Mechanistically,
could nanopores be created at the grain boundaries? (B).
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just above body temperature; 2) a permeabilizing component embedded in the
bilayer; 3) an encapsulated drug, in this case doxorubicin, that crystallizes in the
liposome interior; and 4) a protective PEG-layer that would avoid opsonization
and ensure long circulation half-life. Mechanistically, it was already known
that solid phase membranes solidify with nanocrystalline domains with grain
boundaries, and that upon melting these grain boundaries seemed to be a site
for defects and enhanced permeability to at least ions.35–37 As will be discussed
later in ‘‘Performance’’ (Section 2.4), the earlier thermal-sensitive formulations
of Yatvin et al.38 only released drug slowly, and so we asked, ‘‘Could this
formulation be improved by including a permeabilizing component?’’ Given this
component design, the reverse engineering task is to evaluate the choice of
materials composition, review (or obtain de novo) structure and property data
for each of them and analyze if and to what extent each material can achieve the
functions required.

2.2.3 Materials Choice and CSP Relationships

With the four components of the design identified, we write out a simple
materials matrix, as shown in Table 2.1. It is a materials matrix that basically
starts the process of evaluating the materials for the design. This is where the
design really starts to take shape and very detailed data are required; shown
here are just a few of the data (empirical formulae, MWts, solubilities and some
of the lipid bilayer properties like transition temperatures, elasticity and
strength).

Table 2.1 Materials matrix of composition, structure and properties for each
component of the LTSL for doxorubicin delivery.

Components Composition Structure Properties

1. Solid membrane DPPC
C40H80NO8P

Bilayer grains and
grain boundaries

MWt: 734.6 g/mol
KAB2000mN/m
Tm ¼ 41.5 1C

2. Permeabilizing
component

MSPC
C26H54NO7P

Micellar (aq) MWt: 523.6 g/mol
Water solubility 1 mM
Bilayer soluble
B70mol%

3. Drug Doxorubicin
C27H29NO11

(citrate salt)

Crystalline MWt: 543.5 g/mol
pKa ¼ 8.3
Solubility: 20mM at
pH7.5 and 1.8mM
at pH4.0

4. Protective layer DSPE-polyethylene
glycol2000

C133H267N2O55P

Random helix
Mushroom-brush

MWt: 2805.5 g/mol
Steric repulsion
Water-soluble
Bilayer-soluble
Chloroform-soluble
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The LSTL formulationz (trade name ThermoDoxs)40,41 is composed of a
judicial combination of three component lipids, each with a specific function
and each affecting specific material properties, including a sharp thermal
transition and a rapid onset of membrane permeability to small ions, drugs and
small dextran polymers.42,43 This formulation has been designed to achieve the
desired result (functions) of retention of drug and relative stability in the
bloodstream yet ultrafast drug release in tumors when triggered by only mild
clinically attainable hyperthermia.44–48

As shown in Figure 2.4, the three components of the LTSL lipid
membrane are:

DiPalmitoylPhosphatidylCholine (DPPC), a diC16 lipid, which acts as the
host lipid that forms the bilayer and provides the main acyl chain melting
transition at B41.5 1C;

MonoStearoylPhosphatidylCholine (MSPC), a monoC18PC lipid, which is
the permeabilizing component that, when incorporated in the bilayer mem-
brane at several mol%, can induce thermally enhanced permeability to small
molecules and ions over and above that given by DPPC alone;1,46,49,50 and

DiStearoylPhosphatidylEthanolamine-PEG2000, a diC18PE lipid derivatized
with a poly(ethylene-glycol) chain of molecular weight 2000Da

Figure 2.4 The three components of the LTSL lipid membrane: DiPal-
mitoylPhosphatidylCholine (DPPC); MonoStearoylPhosphatidylCholine
(MSPC); DiStearoylPhosphatidylEthanolamine-Poly(ethylene-glycol)2000

(DSPE-PEG2000).

zThe name Low Temperature Sensitive Liposome (LTSL) is to contrast it with previous liposomes
by others: 38. M. B. Yatvin et al., Design of liposomes for enhanced local release of drugs by
hyperthermia, Science, 1978, 202, 1290–1293. 39. M. B. Yatvin et al., Selective delivery of
liposome-associated cis-dichlorodiammineplatinum(II) by heat and its influence on tumor drug
uptake and growth, Cancer Res, 1981, 41, 1602–1607.
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(DSPE-PEG2000), which was included for its interfacial stabilizing (stealth)
effect.51 However, as discussed later, it also appears to have a second function,
bringing additional steric stability to the lysolipid-induced membrane
permeabilization itself, and thus helping to facilitate ultrafast drug release.

Structurally, the dimensions of these lipids can be estimated from
measurements of bilayer and hydrocarbon region thickness and area, as
determined by simultaneous analysis of small-angle neutron and X-ray scat-
tering data.52 As liquid phase bilayers, the acyl chain region of DPPC is 2.9 nm
long, and MSPC and DSPE are B3.2 nm. The head-groups are B1 nm in
length. PEG2000 is expected to extend a distance of B3.5 nm from the bilayer
interface as determined by X-ray diffraction.53 Molecular areas are largely
determined by the projected areas of the acyl chains, and these change as a
function of temperature. In the solid phase the all-trans acyl chain confir-
mations give smaller areas per molecule, while in the liquid phase more
gauche kinks are introduced and the areas are slightly larger. Shown are
estimates of the areas in the liquid La phase: DPPC is 0.63 nm2;52 MSPC is
expected to be just over half this value having only one acyl chain;54 and while
the phosphatidylethanolamine head-group itself is expected to be smaller in
area due to the lack of the three methyl groups (on the PCs), the PEG part of
DSPE-PEG projects an area of almost 10 nm2 at the bilayer interface as
‘‘mushrooms’’.53

With regard to their expected self-assembled structures, DPPC has a
V/AlB1, and so forms lamellar structures, and provides the bilayer ‘‘solvent’’
in which the other two components are dissolved. With the same phospho-
choline head-group, but only one C18 lipid chain, MSPC has a V/Alo1 and so,
when hydrated in water, forms micelles with a critical micelle concentration
(cmc) ofB1 mM. Similarly, even though DSPE-PEG2000 has two acyl chains
and a quite water-soluble phosphatidylethanolanine head-group, its 2000Da,
very water-soluble, polyethylene glycol (CH2CH2O) 47-mer polymer confers a
larger area per molecule at an interface with water, and therefore also has a
V/Alo1; in water it too forms micelles with a similarB1 mM cmc. Despite the
fact that both of these molecules can actually be classified as detergents and do
not form bilayers on their own, when mixed in low concentration with the host
bilayer lipid (DPPC), they integrate quite well. Even more, since the acyl chains
are similar (di C16, mono C18, di C18) they mix ideally in the solid phase, and
do not really broaden the phase transition of the bilayer. The compositional key,
then, to creating a stable bilayer structure is a host bilayer lipid that is a good
solvent for any additional components. Namely, keeping the head-group and
acyl chain compositions very similar ensures ideal mixing.

2.2.4 Composition-Structure-Properties of Each Component

Each component will now be discussed in the context of the CSP relationships
that go into the LTSL design. In choosing the materials we draw on a wealth of
literature on liposomes, and try to place the liposomal composition in terms of
required material properties.

42 Chapter 2
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In order to establish relationships between composition-structure and actual
membrane properties, we need a technique that can manipulate individual lipid
bilayers, preferably as vesicles that can be viewed in an optical microscope.
These lipid vesicles must therefore be tens of microns in size, must represent the
membranes of the liposome, and we must be able to apply well-defined stresses
and measure accurately any resulting area, bending or shear strain, and be able
to control and/or keep track of vesicle volume. Such a technique is micropipet
manipulation developed for studying so-called Giant Unilamellar Vesicles
(GUVs) by Evans and Needham.55 Initiated by Rand and Burton,56 for almost
50 years these micropipet techniques have provided a unique ability to apply
well-defined stresses for basic modes of membrane and cellular deformation,
and simultaneously to measure the strain, and rates of strain, resulting from
these applied stresses.57 It was then this ability to measure directly these stress
and strain parameters that allowed the characterization of the material
behavior of individual erythrocytes,58 leukocytes,59 and cancer cells60 in terms
of elastic moduli and viscous coefficients as well as inter-surface interactions.61

Starting in the 1980s the technique was adapted and developed by Evans and
Kwok62,63 and then Evans and Needham64 to study the simple lipid bilayer
membrane as GUVs. In this section, several of these and subsequent
experiments that characterized the properties of a series of lipid compositions,
leading ultimately to the new concept for rapid permeabilization of the LTSL at
its phase transition temperature, are reviewed. It is in these experiments and
their results that Functions are related directly to Composition, Structure and
Property, and hopefully provide the Performance necessary for more effective
treatments of, in this case, cancer. Thus, many of the lipid bilayer properties
(mechanical, thermal, molecular-exchange and their colloidal interactions) that
have gone into this LTSL design (and in fact can explain the functions and
properties of other liposomes) come largely from our own micropipet
experiments on GUV.

2.2.4.1 The Solid Phase Encapsulating Membrane

The encapsulating membrane provides the first two functions: to allow loading
of a drug (e.g. doxorubicin), and to retain the drug in processing and upon i.v.
administration into the bloodstream. The properties that allow or relate to
these functions are the Elastic Area Expansivity of the membrane (KA), its
mechanical tensile strength (ts) and its internal dielectric constant (of B2) that,
together with the expansivity, limits the permeability of polar molecules and
ions, but can let neutral doxorubicin through. (How this influences drug
loading will be discussed in Section 2.2.4.3.)

Compositionally, the encapsulating membrane is composed of DiPal-
mitoylPhosphatidylCholine (DPPC). Similar to SOPC, it contains a high
proportion of carbons and hydrogens, in an empirical formula of C40H80NO8P
(2 CH2s less than SOPC), which structurally form two C16 acyl chains. Both
acyl chains are saturated, meaning they do not contain any C¼C double bonds.
These saturated chains can exert maximum van der Waals attraction on each
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other in the solid phase, especially as C–C bond rotation is reduced at low
relative temperatures giving a more all-trans conformational structure.

Structurally, the solid bilayer is made up of crystalline grains with grain
boundaries, as shown in Figure 2.5.

The grain structure of the liposome bilayer is evident from the faceted
structure shown in Figure 2.5A, a Transmission Electron Microscope (TEM)
image of the LTSL itself.65,66 Also shown in Figure 2.5B are Scanning Electron
Microscope (SEM) images of DSPC-PEG-Stearate monolayers on gas micro-
particles,67 and in Figure 2.5C is a fluorescent image of a 20-micron diameter
gas microparticle monolayer where a fluorescent lipid (BODIPY FL PE) was
included in the bilayers and segregated to the grain boundaries because it was
not soluble-compatible with the solid grains of DSPC. It is interesting to see
that the same micron-sized grains exhibited by the larger solid-lipid monolayers
are still preserved as faceted structure even in the 100 nm diameter LTSL
liposome, just scaled down with overall domain size.67

Property-wise, how strong might we expect this solid bilayer actually to be?
And how might we actually measure it? Using the micropipet technique,
suction pressures in the milli atmosphere range can be applied to a single
vesicle, and the membrane can be made to expand and eventually fail.55,68

In this experiment, shown in Figure 2.6A, a single GUV is aspirated by a
micropipet, and a controlled suction pressure is applied to expand the single
bilayer membrane into the pipet. As is also shown in Figure 2.6B, by measuring
the length of the membrane projection DL in the pipet, along with the external
diameter of the vesicle (2Rv), and diameter of the pipet (2Rp) as a function of
suction pressure DP, constitutive mechanical relations57 provide a direct
measure of the membrane tension and the resulting area change, i.e. membrane
tensile stress t and membrane area change DA used to evaluate the stress/strain
and the elastic area expansivity modulus KA.

Experiments like this have been carried out on many lipids and lipid
mixtures.55,67–72 As shown by Needham and Nunn68 and reviewed by Kim and

A B C

Figure 2.5 Microstructure. Transmission Electron Microscope (TEM) image of a
single 100 nm diameter LTSL containing doxorubicin (A); Scanning
Electron Microscope (SEM) images of an 8micron diameter gas micro-
particle stabilized by a monolayer of DSPC : PEG-Stearate 9 : 1, and a
higher magnification image of the grains and grain boundaries (B); and
larger micro-gas-bubble monolayer (B20mM), where the lipid monolayer
shells incorporate a fluorescent lipid that segregates to the grain
boundaries, viewed under epifluorescence (C).
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Needham,69 when taken to the limits of composition, i.e. 50mol% cholesterol
in a bilayer composed of a long (diC20) saturated chain phospholipid,
membrane elastic moduli can reach several thousand mN/m and tensile
strength can be 40mN/m, which is equivalent to the compressibility and
strength of bulk hydrocarbons and polyethylene.

Mechanically, the compressibility and the tensile strength have not
been measured for DPPC, but we can show the effect of solidification of a
bilayer on its mechanical properties by looking at the lower temperature
transition of diC14 (dimyristoylphosphatidylcholine, DMPC) lipid that has
been measured.73 This lipid (Tm¼ 24.5 1C), its liquid and solid phases, including
the area change at its pre- and main-transitions, was studied extensively by
Needham et al.73 For this discussion, results showed that while the liquid La
phase bilayer (at 29 1C, i.e. 4.5 1C above its main transition) had an elastic area
dilation modulus (KA) of 145mN/m, the solid Lb phase at 8 1C was much stiffer
and stronger at 855mN/m. Between 11 1C and 24.5 1C DMPC has a rippled Pb0

phase pre-transition region; namely, a low-enthalpy transition below the chain-
melting transition linked to the formation of periodic ripples. Although
ostensibly ‘‘solid’’, in this region the bilayer is still relatively soft (KA¼ 318
mN/m–228mN/m measured at temperatures 20 1C and 14.5 1C, respectively).
For DPPC, the pre-transition region extends from 41.5 1C down to 35.5 1C.74

Thus, when extrapolated to DPPC, what these DMPC data show is that the
DPPC bilayers as liposomes in the bloodstream at 37 1C are likely to be solid
but still relatively soft, and only reach a relatively higher modulus, perhaps
1000mN/m, at temperatures around, say, room temperature during processing.
Since membrane compressibility is directly related to its permeability,75 the
nature of these mechanical states could be very important for determining the

A B

Figure 2.6 Vesicle Area Dilation Experiment. Giant Unilamellar Vesicle (GUV)
(25micron diameter) aspirated into the micropipet (8micron diameter)
ready for the expansion experiment, showing the measureable dimensions,
external vesicle diameter Dv, pipet diameter Dp and membrane projection
length in the pipet, Lp (the vesicle has a sucrose solution inside and a salt
solution outside, creating a refractive index for better visualization) (A);
and constitutive equations for determining membrane tension t from pipet
suction pressure DP, and radii of vesicle and pipet, and the change in
vesicle membrane area DA from the radii of pipet and vesicle, and the
projection length DL (B).

Materials Science and Engineering of the Low Temperature Sensitive Liposome 45

 o
n 

01
/0

9/
20

13
 1

0:
25

:4
6.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
00

33
View Online

http://dx.doi.org/10.1039/9781849736800-00033


ability of the liposome to retain the drug, and indeed the H1 ions that maintain
its cationic nature. In the performance of the design then, we might expect
compromised permeability in the bloodstream; later we will see if this is a
concern. But, if an inherent leakiness might be the case, then why not make the
membrane stronger? In other micromechanical experiments we have shown that
the inclusion of cholesterol is the single biggest factor in increasing the elastic
modulus of a lipid bilayer.68 For example, KA of SOPC and SOPC :Cholesterol
1 : 1 is B200mN/m and 1200mN/m, respectively. For DPPC :Cholesterol 1 : 1
the modulus is 2500mN/m, and so liposomes made from these membranes would
be expected not only to retain drug better, but also remain in the bloodstream
longer, because of their high resistance to expansion.76 As shown in Figure 2.7,
when the reticuloendothelial system is functional (i.e. not saturated with other
lipids), liposomes circulate for longer, the higher their elastic modulus, indicating
that less compressible interfaces resist opsonization.76 In fact, this strategy has
been used to great effect for a vincristine liposome formulation. Sphingo-
myelin : cholesterol 1 : 1 bilayers are very incompressible (KA¼ 1800mN/m) and
strong (ts¼ 23mN/m),68,69 are extremely impermeable to water,75 and actually
circulate in the bloodstream for extended periods of time, forming the basis for a
vincristine liposome that is required to release (leak) small amounts of drug very
slowly during its circulation time.77 However, it has been shown by several
techniques (deuterium NMR and Differential Scanning Calorimetry78 and small-
angle X-ray diffraction79) that the addition of cholesterol to DPPC bilayers
totally abolishes the phase transition beyond 25mol% cholesterol. Thus, by
attempting to strengthen the membrane potentially to improve drug retention we
defeat our object of creating a thermally responsive liposome.

Given the inherent encapsulation properties of lipid bilayers, if we are
designing for thermal sensitivity and treatments for cancer, then the actual

Figure 2.7 Blood circulation half-life as a function of the membrane elastic modulus
for conventional liposomes (non-PEGylated); data for unsaturated reti-
culoendothelial system (RES).
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value of the transition temperature has to be the most important property. The
choice of DPPC is governed by its transition temperature of 41.5 1C,74 only a
few degrees above body temperature (37 1C). Could other lipids suffice? Not as
saturated PCs. The effect of � 2 CH2s per chain on the fully hydrated bilayer
transition temperature can be seen by comparing Tm of DPPC with that of the
diC14 (24.5 1C) and diC18 (55 1C) lipids in the same homologous series, i.e. the
next one down has a phase transition that is too low, and the next one up is
much too high for hyperthermia treatment as the trigger. Mixing the lipids only
serves to broaden the transition.74 Introducing a double bond in one of the acyl
chains can lower the transition temperature because it influences chain-chain
packing. However, these effects are too large. For example, the DSPC tran-
sition (55 1C) is reduced by 50 1C to 5 1C by just introducing one double bond in
the 9 position of one of the C18 chains, i.e. as SOPC.

With further regard to lipid mixtures and their effect on Tm and drug release,
in 1978 Yatvin et al.38 developed the first temperature-sensitive liposome based
on the lipid DiPalmitoylPhosphatidylCholine (DPPC). As mentioned earlier,
the reason was one of property, since it has a transition temperature of 41.5 1C,
just above body temperature (37 1C). However, Yatvin et al.’s formulation also
contained the longer chain lipid DiStearoylPhosphatidylCholine, (DSPC) in a
7 : 1 DPPC :DSPC ratio. The addition of DSPC to the formulation raised the
transition temperature of the ideal solid solution bilayer80 such that the
liposome maximally released its encapsulated material in the temperature range
of 43–45 1C39,40,46 Drug release rate was found to be slightly enhanced over
non-transitioning bilayers,46 but was still too slow for therapeutic use. Also the
hyperthermic temperatures required were slightly higher than the clinically
attainable range.81 As a consequence, further work and development of this
thermal sensitive formulation all but ceased.81

In summary, while DPPC seems to be an ideal host lipid with a transition
temperature just above body temperature, where the lipid bilayer can become
transiently more permeable, its enhanced permeability at the phase transition is
not much above a liquid phase lipid at the same temperature.46 Attempts to
increase drug retention by making the bilayer stronger and less compressible,
by, say, mixing in cholesterol, only serves to abolish the transition altogether,
and including a longer acyl chain lipid like DSPC raises the Tm beyond the
attainable mild hyperthermia limit (of B42 1C) and slightly broadens it, again
producing undesirable properties. The answer to this materials choice dilemma
was to include a permeabilizing component, i.e. a non-bilayer lysolipid.17

2.2.4.2 The Permeabilizing Component

The idea for including lysolipid into the DPPC bilayers came from molecular-
exchange studies we carried out in the early 1990s. Using three micropipets
positioned around the microscope stage (Figure 2.8) one pipet holds the vesicle
(right), and two deliver test and bathing solutions (left). The test vesicle is
exposed to a solution of lysolipid from the upper flow pipet (Figure 2.8A)
creating a change in vesicle membrane area, measured from the change in
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projection length in the micropipet.82,83 The maximum area change under
lysolipid flow (1 mM) is shown in Figure 2.8B. Under bathing solution flow
(Figure 2.8C), the lysolipid is washed out from the membrane and a reduction
in projection length is recorded. This experiment showed how a water-soluble
lysolipid (i.e. monooleoylphosphatidylcholine, MOPC) would partition into a
liquid lipid bilayer membrane (SOPC) and expand it. The membrane expansion
(at constant holding suction pressure) is readily measured by the micropipet
and vesicle geometry.

For MOPC at its cmc of 1 micromolar, the initial maximum area change was
B3% and this occurred in B200 seconds. Importantly, when the lower flow
pipet is repositioned again to deliver the bathing solution (Figure 2.8C) the
lysolipid is readily washed out as the surrounding solution is exchanged for a
lysolipid-free media. When this change in area is converted to mol% lysolipid,
from the known areas per molecule of MOPC (35 Å2) and SOPC (67 Å2), this
experiment shows that lysolipid saturates the outer monolayer at B6mol%
MOPC. At higher lysolipid solution concentration, the membrane rapidly takes
up the lysolipid and fails atB16mol%MOPC largely accumulated in the outer
monolayer of the bilayer.82 Having seen these data, the idea was that if lysolipid
could be incorporated in a solid phase bilayer, at, say, 10mol%, where it might
remain trapped because of the higher elastic modulus of the solid phase, then
when the bilayer temperature was raised to the transition temperature and lipid

A   Initiate Lysolipid Solution 

flow pipet

B   maximum area change

under lysolipid solution flow

C   re-establish bathing

solution flow

Figure 2.8 Molecular Exchange of a bilayer with lysolipid. A) Vesicle exposed to
a solution of lysolipid; B) maximum area change under lysolipid flow
(1 mM); C) re-establish bathing solution flow and wash out the lysolipid
from the membrane.
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started to melt, it might leave or form defects at grain boundaries and so release
encapsulated drug. As described in Section 2.4.1, this idea worked, and the drug
was indeed released much faster from a DPPC liposome that contained the
lysolipid, compared to one composed of DPPC alone.

This is a good example of a compositional choice, which included a normally
non-bilayer lipid in a bilayer that might form nanopores and so release drug
(see Section 2.4.1). That is, lysolipid normally forms highly curved micelles and
so could initiate such pore formation at the transition, especially at the grain
boundaries. This ‘‘smart material’’ design took years of understanding the
mechanical, thermal and exchange properties of lipid bilayer membranes. This
information helped to create a new invention,84,85 prompted by actually seeing,
on video, a membrane take up a soluble lysolipid and, more importantly, seeing
it leave the bilayer in seconds upon wash out.82,83

2.2.4.3 The Drug

With a potentially new thermal-sensitive formulation in the offing, the question
was which drug to encapsulate and release? Doxorubicin (also named
adriamycin) was one of the first choices of drug to encapsulate in liposomes to
be tested against cancer. Doxorubicin intercalates with DNA, stabilizes the
topoisomerase II complex after it has broken the DNA chain for replication,
preventing the DNA double helix from being resealed, and stopping the process
of replication (Figure 2.9).86

Doxorubicin forms complexes in pH7.3 aqueous solution at 37 1C with:
DNA-derived bases, nucleosides and nucleotides; amino acids such as tryp-
tophan; proteins such as human serum albumin and hemoglobin; and a broad
range of biologically active compounds such as NAD, propanthelline, caffeine,
chloroquine, imipramine and propranolol.87 When released into the tumor, it
can basically ‘‘stick to everything’’. It therefore has to be delivered not just into
the bloodstream, not just to the tumor tissue and not just into the tumor
interstitium, but has to cross the membranes of the actual cells of the tumor so
that it can exert its action on the DNA in the cell nucleus.

Figure 2.9 Doxorubicin (adriamycin) structure (A) and intercalation into DNA (B).
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When administered as free drug, the therapy-limiting toxicity for doxo-
rubicin is cardiomyopathy, which may lead to congestive heart failure and
death.88 It also causes significant gastrointestinal toxicity, with nausea,
vomiting and diarrhea (soon after therapy) and stomatitis (within 7 to 10 days
of administration). As discussed above, the act of encapsulating it in a
liposome reduces this toxicity,7 but problems still exist in getting the drug out.
From a large amount of literature,y and experience in vitro and in vivo
with encapsulated doxorubicin, including its FDA approval in commercial
formulations, we chose to encapsulate doxorubicin and determine if and to
what extent the thermal-sensitive formulation could improve its delivery and
efficacy in cancer.

Doxorubicin is a small molecular weight (543.5 g/mol) drug, has a pKa of
8.3 and so has varying solubility depending on pH (and protonation of the
molecule from Dox to DoxH1) (Table 2.1). Cullis et al.89 took advantage of this
weak base property and developed a very successful loading method for this and
other drugs into liposomes.89 What they established was that a pH gradient of
three units (pH7.2 outside, pH4.0 inside) could generate interior concentrations
of l000-fold higher than exterior concentrations, with excellent drug retention
properties. From the materials science and engineering perspective, this loading
method relied on the solubility of the neutral form of a drug and the low
dielectric constant interior of the bilayer, in order to be actively transported to
the interior, where it crystallized at lower pH as the citrate salt. In this design,
then, drug properties and bilayer properties work together. Moreover, the
ionized DoxH1-citrate salt was far less permeable than Dox through the bilayer,
and so it was very effectively trapped and prevented from escaping back out of
the liposome, hence achieving the functions: (a) load and (b) retain.

2.2.4.4 The Protective Layer

Initially developed in the late 1980s to create the so-called stealth liposomes51

and incorporated in the LTSL for this very purpose, DSPE-PEG2000 was found
to have an additional function in the LTSL. As discussed in more detail in
Section 2.4.1.4, it appears to be necessary to keep the lysolipid formed pores
open. As a molecule though, DSPE-PEG2000 is a fairly large molecule
(2805.5 g/mol), with most of this molecular mass being in the PEG. PEG itself is
extremely hygroscopic, infinitely soluble in water (as a helical structure) and
infinitely transferable to chloroform (as a random coil), gaining entropy in the
process. Whether realized or not in its initial development, attaching this very
water-soluble molecule to a di-chain lipid in order to provide a steric barrier to
the hydrated liposome interface meant that, from a processing standpoint, it
was possible to dissolve the PEG-lipid in the usual solvents like chloroform and
ensure good mixing of lipid components before rehydration to form the
liposomes; a very fortuitous use of PEGs solubility properties.

y‘‘Liposome’’ generated 43,029 hits on PubMed, Aug 8th 2012.
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As is now well established, the presence of just a few mol% PEG-lipid in a
bilayer confers a steric repulsion due to the extension of PEG from the bilayer
surface. The structure of the PEG molecule at the interface depends on its
surface density, as was well described by several theoretical and experimental
studies53,90,91 Basically, the surface density of the DSPE-PEG2000 in a lipid
bilayer would need to be B5mol% relative to the host lipid in order to form a
complete coverage of touching ‘‘mushrooms’’. Higher surface densities would
extend the PEG out in a brush conformation and beyond 10–15mol%, the
system starts to form a mixed phase of micelles and bilayers,53,90 compromising
any hope of drug retention.

2.3 Production

Techniques involved in generating liposomal-drug systems in a manner
compatible with clinical demands are now very well established.89 As discussed
and reviewed by Cullis et al.89 extrusion procedures rapidly and reproducibly
generate liposomes. Also, efficient and stable entrapment of drugs at high
drug/lipid ratios are obtained by freeze-thaw protocols, which can allow drug-
trapping efficiencies approaching 90%. Active trapping procedures,
particularly suitable for doxorubicin and other weak base cations, utilize drug
uptake in response to ion gradients, resulting in extremely high drug/lipid ratios
and trapping efficiencies approaching 100%. These and other advances have
essentially ensured that the manufacture of liposomal drug systems for phar-
maceutical applications is now a relatively straightforward process. Doxo-
rubicin can be easily loaded into the LTSL by the pH-gradient method
developed by Mayer et al.,92 involving manufacturing the liposomes in a low-
pH buffer (e.g. sodium citrate, pH¼ 4.0) and subsequently adjusting the
external pH to 7 or higher (Figure 2.10). This can be accomplished directly by
the addition of base to the liposome solution (Figure 2.10A).43 Uptake of the
lipophilic (Dox) species is then simply achieved by addition of doxorubicin and
a short incubation. As shown in Figure 2.10B,43 doxorubicin is in equilibrium
with H1 ion at each pH as Dox and DoxH1. At pH 7.2 there is B6% Dox,
which is membrane soluble and so can pass through the membrane into the
interior. Once in the interior the low pH shifts this equilibrium to just 0.003%
Dox, with the conversion of the majority of doxorubicin to the charged and
citrate-complexed (crystallized) form as DoxH1.93 Hence it is not lipophilic
and stays entrapped in the liposome.

For doxorubicin, drug uptake levels as high as 0.29 to 1 (drug to lipid, wt/wt)
can be achieved in combination with trapping efficiencies of 98% or higher.
Traditionally this is done at B60 1C. However, adapting these methods of
active (pH gradient) loading of doxorubicin for the LTSL, we found that
loading could in fact be readily carried out in a matter of minutes below the
transition temperature, despite the membrane being in the solid phase of the
LTSL lipid mixture at 35 1C (Figure 2.11).43 The negative controls (NC4 and
7.4) showed that no drug is loaded if there is no pH gradient.
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A B

Figure 2.10 Loading LTSL with doxorubicin: addition of doxorubicin to pre-
prepared liposomes containing pH4 citrate buffer inside and suspended
in a pH7.2 buffer (A), and scheme of the acid base equilibria both
outside and inside the liposomes during loading (B).

Figure 2.11 Percent Dox loading as a function of membrane MSPC composition at
35 1C at a drug/lipid weight ratio of 0.05 : 1. Negative control NC4 was
hydrated and titrated with pH4.0 citrate buffer. Negative control NC7.4
was hydrated and titrated with pH7.4 buffer.
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2.4 Performance-in-Service

With the doxorubicin successfully loaded into the LTSL formulation, this
section summarizes the in vitro characterization and the in vivo preclinical and
clinical trials that have demonstrated the unique ability of this formulation not
only to release the drug in the bloodstream of a warmed tumor, but also for the
freed drug to penetrate deeply into the tumor and reach its intended molecular
target, the DNA of every cancer cell.17

2.4.1 Performance-in-Service: in vitro

The LTSL has been characterized in vitro through a series of experiments
including: a) carboxyfluoroscene release; b) dithionite permeability; and
c) doxorubicin release as a function of LTSL composition and temperature.
Basically, these experiments have shown that the low-temperature, thermally
sensitive liposome retains small drug molecules like doxorubicin at 37 1C, and
rapidly releases doxorubicin in less than 20 s in response to applied heating
equivalent to mild hyperthermia (HT) in the range of 40–42 1C.

Each of these in vitro experiments will now be reviewed.

2.4.1.1 Carboxyfluoroscene Release

Initial studies demonstrated the concept of temperature-triggered release from
the LTSL by using the common dye CarboxyFluoroscene (CF).15 When
entrapped in a liposome at high concentration (50mM), its fluorescence is
largely quenched. However, it develops intense fluorescence when released from
a liposome and diluted into the surrounding media. In an experiment that used
the first LTSL formulation (containing 4mol%MPPC rather than the eventual
MSPC, see later), we measured the percent of encapsulated CF released vs. time
for a series of physiologically important temperatures (37 1C, 38 1C, 39 1C,
39.5 1C and 40 1C). Very little CF was released at body temperature of 37 1C,
but as the transition region for the bilayer composition was approached (lower
onset temperature 39.5 1C, midpoint 41.3 1C), the rate and amount of CF that
was released increased dramatically (Figure 2.12A).

The release was then examined for a series of MPPC compositions from
0mol%–20mol% as a function of temperature (at the 5min. incubation time
point) into saline phosphate buffer. The ‘‘DPPC alone’’ composition
(containingB4mol% DSPE-PEG) became permeable to CF at the lower onset
of the transition enthalpy, that is B1–2 1C lower than the mid point of the
bilayer transition temperature (of 41.5 1C) (Figure 2.12B).15 As expected from
earlier studies and theory,35–37 the rate and amounts released at 5min. from the
DPPC liposome for each temperature are relatively low. The presence of only a
few mol% of MPPC contained in the liposome bilayers significantly increased
the rate and amount of CF released, and in accordance with its ability to
slightly lower the phase transition temperature of the lipid mixture, shifted this
release to slightly lower temperatures. Since MPPC caused a slight instability in
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processing and the drug was not as well retained as needed, MPPC was replaced
for MSPC, a similar lysolipid but with two additional CH2s per acyl chain. This
compositional change was successful and so the remaining studies and the
commercial product contain MSPC, along with the DPPC and DSPE-PEG2000.

2.4.1.2 Dithionite Permeability

Fundamental questions about this release mechanism were still not understood:
‘‘Did the approach to the transition, and bilayer melting, really cause the
lysolipid to desorb and leave defects as was suggested by the lysolipid-exchange
experiments on the GUVs?’’ or ‘‘Did the melting induce the lysolipid to form
more permanent pores, as might be expected from the shape hypothesis for its
highly curved micelles?’’

Additional studies were therefore carried out with a dithionite assay that
quenches the fluorescence and absorbance of fluorescent lipids incorporated in
the bilayer.49 If the permeability was due to pores, then a longer lasting
exchange might be expected. The dithionite experiments showed that the
permeability developed by including lysolipid was long lasting and reversible,
giving the first indication of equilibrium structures (possibly pores) in the
bilayer.46 The raw data for this experiment are shown in Figure 2.13. Upon
addition of dithionite ion, the NBD lipid absorbance at 465 nm is rapidly
quenched for all the outside lipids in the liposome bilayers.46

When carried out at 30 1C, where all membranes are relatively impermeable
to the dithionite ion, just over half the total signal is quenched, consistent with
the difference in curvature between the outside and inside of a 100 nm liposome.
Then, as the transition temperature is approached, the membranes become
permeable to the ion and the inner monolayer is quenched. The difference in
permeability for each membrane is apparent; the presence of 10mol% MSPC

A B

Figure 2.12 Percent of CarboxyFluoroscene (CF) released from LTSL (DPPC :
MPPC :DSPE-PEG2000, 86 : 10 : 4) (A), and effect of MPPC concen-
tration in LTSL bilayers on the percent of encapsulated CF released vs.
temperature measured after 5min incubation time at each temperature
(B). Note DPPC was traded for MPPC and all compositions contained
B4mol% DSPE-PEG.
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(Figure 2.13B) dramatically increases the permeability and even shows an
apparent peak at the transition midpoint; namely, the rate of quenching is
faster for 42 1C than for 40 1C or 43 1C, which is above Tm. This is more evident
in Figure 2.14, which shows a compilation of dithionite ion permeability rates
for DPPC, DPPC :MPPC(10%), DPPC :MSPC(10%) and POPC (all
containing 4mol% DSPE-PEG) over the temperature range studied.

A B

Figure 2.13 Relative absorbance at 465 nm vs. time for dithionite permeability
through DPPC :DSPE-PEG2000 (4%) membranes (A) and DPPC :
MSPC (10%) :DSPE-PEG2000 (4%) membranes (B) at five different
temperatures. Data points and error bars represent the mean and
standard deviation, respectively, of three separate experiments.

Figure 2.14 Compilation of dithionite ion permeability rate per minute for DPPC,
DPPC :MPPC (10%), DPPC :MSPC (10%) and POPC as a function of
temperature. Lines connecting the data are presented simply to aid the
eye.
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Thus, compared to DPPC, the inclusion in the bilayer of a lysolipid at 10mol%
increases the permeability rate at the transition midpoint by 5–6 times.
MPPC slightly lowers the bilayer transition temperature and this is reflected in
the slightly lower temperature for its maximum permeability to dithionite. The
MSPC formulation has a near clinically perfect peak in permeability rate at
between 40 1C and 41 1C, i.e. at a temperature that is readily achieved by mild
hyperthermia. Finally, the ‘‘enhanced’’ permeability rate measured by us and
others previously for DPPC is hardly that much above a simple lipid, Palmi-
toylOleoylPhosphatidylCholine (POPC), which does not have a transition in
this range, but is already in its liquid phase. Interestingly, and in accordance
with theory,36 the presence of lysolipid enhances the permeability rate for the
bilayer compared to liquid phase DPPC or POPC liposomes, even above the
phase transition region. This enhanced permeability effect will be important in
its in vivo clinical application, where heating is achieved by radio frequency
ablation, as discussed in Section 2.4.2.

2.4.1.3 Doxorubicin Release

Finally in this in vitro section, it was obviously necessary to test the release of
the actual drug, doxorubicin.43 Figure 2.15A shows just how fast doxorubicin is
released from the LTSL when the MSPC bilayer concentration is atB10mol%
or higher. Over 80% of the drug is released in the first minute and, for the
slightly higher MSPC of 12–15mol%, the drug comes out as fast as it can be
measured, with B90% released in the first 20 s (Figure 2.15B). As explained
below, this ultrafast release is essential for the liposome to achieve its function
of releasing drug in tumor vasculature so that the freed drug can diffuse into
and penetrate the tumor interstitium. Release time is faster than transit time of
liposomes through the tumor.

A B

Figure 2.15 Dox release at 41.3 1C from LTSL with increasing membrane fractions of
MSPC in the DPPC :MSPC :DSPE-PEG2000 liposomes (A). The plot on
the right (B) is a zoomed-in view of the red-boxed area in (A), showing
the ultrafast release of doxorubicin from the LTSL.
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2.4.1.4 Drug Release Mechanism

In understanding the drug release mechanism it is important to realize that each
of the components influences the material characteristics of mechanical
integrity and strength, interfacial steric stability, thermal melting and
membrane grain- and nanostructures. In turn, they are expected to control and
allow the manipulation of many of the desired pharmaceutic and clinical-
performance criteria of the liposomes, such as the rate of drug loading, circu-
lation half-life, drug retention and the temperature and rate of thermally
triggered drug release.

As shown above and in the several publications and reviews that have
chronicled its development and testing,15,16,94–97 compared to DPPC alone, the
MSPC-based formulation releases drug within seconds of being heated to its
main acyl melting phase transition, because each of these acyl-chain-compatible
components are stably (perhaps ideally) mixed in the gel phase of a lipid bilayer
and then create what appear to be membrane nanopores at the phase transition,
probably at grain boundaries in the melting lipid.98 It appears that the presence
of both MSPC and DSPE-PEG are important to the ultrafast permeability of
the LTSL formulation. Both Mills and Wright43,49 had shown that without
lysolipid, even with DSPE-PEG present, doxorubicin permeability was low.
In the absence of MSPC, a DPPC :DSPE-PEG2000 (increasing DSPE-PEG2000

from 2mol% to 20mol%) formulation only released o20% doxorubicin at the
lipid phase transition, which was probably due to membrane bound doxo-
rubicin (Figure 2.16A). For comparison, the release data for Dox-loaded
standard LTSL formulation are also presented in Figure 2.16A (open circles).

Then, in another experiment, where the membrane composition was
DPPC :MSPC (90 : 10), i.e. with 0% DSPE-PEG2000, significantly slower drug

A B

Figure 2.16 The unexpected role of DSPE-PEG2000. Percent Dox released into
20mM HBS at Tm (41.3 1C) as a function of DSPE-PEG2000 in the
absence of MSPC (A), and effect of inclusion of DSPE-PEG2000 on %
Dox release at 41.3 1C from LTSL with increasing membrane mol
percents of DSPE-PEG2000 in the presence of MSPC (B).
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release than the LTSL formulation was observed (Figure 2.16B). It is only with
the inclusion of just 1.3 mol% DSPEG-PEG2000 that the rate of drug release is
increased at the transition temperature.

Even though the DSPE-PEG2000 lipid has two acyl chains (Figure 2.3), it has
a shape factor similar to MSPC in that the head-group is much larger than the
tail-group due to the polyethylene glycol polymer. Thus, DSPE-PEG forms
micelles in aqueous solution having a cmc that is actually similar to MSPC of
around 1 ml.99 It could, in principle, support positive curvature in lipid
membranes. We therefore hypothesized that the molecular shape of DSPE-
PEG2000 might make it an important part of lysolipid pore stabilization, and
therefore help control, to some extent, the triggered-drug release from LTSL.

Thus, Dox release from DPPC :MSPC liposomes with 0mol% DSPE-
PEG2000 was significantly slower than from the LTSL formulation, suggesting
that PEG-lipid could be an important factor in stabilizing the postulated
permeabilizing pores. Indeed, incorporating only 1.3mol% of the PEG-lipid
increased the release rate and amount to values similar to the LTSL formu-
lation. So here was a situation where a component, DSPE-PEG2000, which was
originally included in order to enhance circulation time in the bloodstream, was
now providing a second and very important function of enhancing the
permeability of the lysolipid-containing bilayers. However, it does not appear
to enhance the phase transition permeability of DPPC or form putative
nanopores if it is the only included component.

As previously discussed in detail42 and summarized in Figure 2.17, we
therefore propose the following mechanism for drug retention, its possible
leakage during the blood-borne transport phase and its ultrafast release at the
solid-liquid transition of the LTSL membrane.

Drug Retention and Possible Leakage at 37 1C

Figure 2.17A shows the mixed-lipid bilayer in its solid phase at 37 1C. As
modeled by Mouritsen et al.36,100 the chain mismatches between solid, mostly
trans lipids do not line up exactly with the more liquid-like chains of the grain
boundary region. There is a pH gradient across bilayer, and doxorubicin is still
in the protonated-unprotonated equilibrium at pH5.5 (pH is known to rise
slightly from its initial value of 4.0 due to Dox loading). Consequently we might
expect good retention of the drug and a low doxorubicin permeability through
the bilayer matrix itself, and even through the grain boundary defects.
However, as discussed earlier, DPPC has a pre-transition around 35 1C, at
which point the bilayer, although still solid, enters a slightly less compressible
phase (Pb0). Thus, while the unprotonated form of doxorubicin itself is in low
concentration and doxorubicin is actually in crystal form, its retention in the
liposome both in vitro and in vivo could hinge critically on the ability of the
bilayer to retain hydrogen ions. Perhaps more significantly, then, any H1

permeability through defects or solid phase bilayer (blue arrows) would deplete
the hydrogen ion concentration inside the liposome, drive the equilibrium
towards more unprotonated doxorubicin and the now membrane-soluble
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doxorubicin could follow. This is what we think happens in the bloodstream,
where doxorubicin has been shown to leak out of the liposome over a period of
a few hours. The presence of some bilayer soluble doxorubicin (red ‘‘Dox’’) in
the bilayer would also account for the low-level release of doxorubicin in the
in vitro assays for drug leakage (Figures 2.15 and 2.16).

Rapid Release at 41.5 1C – Role of Nanopores

With MSPC and DSPE-PEG2000 in the bilayer, as depicted in Figure 2.17B, the
bilayer in the phase transition region acquires enhanced permeability through a
purported MSPC pore. As the transition temperature is approached and the
grain boundaries begin to melt, lateral lipid transport could well be increased
and could allow more lysolipid to assume its preferred curvature (i.e. as a
convex micelle), relaxing the planar bilayer structure by forming lysolipid-lined
nanopores. With a few mol% of DSPE-PEG2000 in the bilayer, this MSPC pore

B

A

Figure 2.17 Proposed mechanism for drug retention, leakage and thermally triggered
(smart) release. Retention and possible leakage at 37 1C (A) and release
at 41 1C (B).
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is stabilized by PEG-lipid. As a consequence, the hydrogen ion gradient rapidly
equalizes, DoxH1 comes out in seconds (large red arrow), as does any
remaining embedded Dox in the bilayer. From dextran permeability
measurements and other calculations,43 the size of these nanopores appears to
be B10 nm in diameter, more than large enough to allow the very rapid
transport seen for CF, dithionite and doxorubicin.

2.4.2 Performance-in-Service: in vivo (Preclinical)

Since 2000 we have tested the LTSL-doxorubicin formulation in growth delay
studies using an implanted flank tumor, and in window chamber studies,101

where the tumor is visualized in bright field, and imaging of doxorubicin and
lipid bilayer is accomplished by fluorescence. Doxorubicin is naturally
fluorescent, whereas the lipid is visualized by adding a small percentage of
fluorescently labeled lipid to the bilayer. Using intravital microscopy it is
possible to simultaneously image the location and relative concentration of
doxorubicin, the lipid and the microvasculature, in real time as the liposomes
are injected i.v., and the tumor is heated. These represent a large body of work
that is briefly reviewed in this section. The reader is referred to the papers that
are referenced for more information, figures and data.

2.4.2.1 First Preclinical Data

The first preclinical data for this LTSL-doxorubicin16,45 showed quite
amazingly that the LTSL formulation could totally abolish tumor regrowth
when administered i.v. to a mouse with a warmed implanted flank tumor
(FaDu, a squamous cell carcinoma). When given intravenously, as a bolus
injection, combined with local heating (42 1C) of a tumor-bearing leg for just
1 h, Dox LTSL induced greater growth delay compared to saline and free drug
controls and other liposomal formulations. All 11 out of 11 tumors were
completely regressed out to 60 days. Even though the HT plus LTSL ‘‘treat-
ment’’ was only for 1 hour, the LTSL was much more effective than free drug
plus HT, and even Doxilt plus HT. For LTSLs injected without any HT
application, time to tumor progression was 12 days, little better than for
normothermic free drug, demonstrating the absolute requirement for the
thermal trigger. It was this result that started to point the way to the notion that
rapid drug release was a crucial feature of the LTSL, and although Doxil might
extravasate in this model, its relatively slow leakage of drug would hamper its
potential efficacy. When measured in the same tumor model, tumor drug levels
were up to 30 times higher than those achievable with free drug administration,
and 3–5 times elevated compared to traditional non-thermal sensitive liposomes
that rely on extravasation.96,102 Moreover, Dox LTSLþHT resulted in half of
the doxorubicin being bound to DNA and RNA of tumor cells after only 1 h of
treatment, whereas the amount bound after free drugþHT or traditional non-
thermally sensitive (Doxil-like) liposomesþHTwas not detectable,45 underlying
the fact that in this first hour a Doxil-like liposome did not release any drug.
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2.4.2.2 MRI Contrast Data

The timing of liposome injection in relation to application of hyperthermia
using manganese as a released contrast agent was tested in a rat fibrosarcoma
model.103 When trapped inside the liposome, the Mn11 did not affect the MR
signal, because it was sequestered from the surrounding water; when it was
released, the MR signal increased profoundly as a result of the interaction of
Mn11 with the water surrounding the liposome. When Mn-LTSL was
injected into an animal with a preheated tumor, release was predominantly in
the peripheral tumor vasculature. Overall average tumor drug concentrations
were doubled compared with LTSL injection in a tumor that was heated after
drug administration; the time to progression (5� initial tumor volume) was
longer (34 days vs. 18.5 days, respectively). These results showed that attempts
to preload a tumor in the first hour via EPR, even with thermally triggered
drug-releasing liposomes, were inferior to a vascular release mechanism. One
reason is that when LTSL is first injected (as a bolus injection) and then the
tumor heated, it takes 15–20min. to reach thermal steady state with a passive
thermal conduction heating method. Over this time the plasma concentration
of Dox-LTSL does fall somewhat before the transition temperature in
the tumor is reached. This is even more reason to heat first, and inject the
LTSL while maintaining the required 42 1C hyperthermic temperature of
the tumor.

2.4.2.3 Effect of Drug Release on Tumor Vasculature

If drug was being released into the blood vessels of the tumor, what effects could
it be having, perhaps on the vasculature itself? In studies that measured the red
blood cell velocity using fluorescent red cells as ‘‘tracers’’,104 we found that tumor
blood flow can actually be shut down by Dox-LTSLþHT in FaDu tumors.
The average red blood cells (RBC) velocity was reduced from 0.428mm/s to
0.003mm/s and the microvascular density was reduced from 3.93mm/mm2 to
0.86mm/mm2 at 24h after just a 1 h treatment. In addition, blood flow stasis and
severe hemorrhage occurred immediately after treatment, and there was no blood
flow in micro-vessels in five out of six tumors at 6 h and 24h after the treatment.

To determine if the treatment had the same effects on tumor blood flow in
other tumors, Chen et al.34 treated 4T07 tumors with Dox-LTSL plus HT, and
concluded that tumor microvascular permeability to drug was more critical
than the sensitivity of tumor cells to doxorubicin in determining the anti-
vascular efficacy of Dox-LTSLþHT treatment.34

2.4.2.4 Other Tumors

Expanding the preclinical testing to a series of other tumors the efficacy of the
commercial formulation (ThermoDoxs) was re-examined in FaDu and
compared in HCT116, PC3, SKOV-3 and 4T07 cancer cell lines.102

Dox-LTSLþHT resulted in the best antitumor effect in each of the five
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tumor types. Interestingly, these variations in efficacy were most correlated to
in vitro cell doubling time.

2.4.2.5 Triggered, Intravascular Release to Improve Drug
Penetration into Tumors

The most compelling and dramatic evidence for not only release in the
bloodstream but also deeper penetration into a tumor than has ever been
achieved and measured before, is presented in a new paper by Manzoor et al.17

The traditional goal of nanoparticle-based chemotherapy has been to decrease
normal tissue toxicity by improving drug specificity to tumors and, as
mentioned earlier, the EPR effect can permit passive accumulation into tumor
interstitium in some subcutaneous animal tumors. However, only suboptimal
delivery is achieved, especially for 100 nm liposomes, because of heterogeneities
of vascular permeability and the density of the interstitial stroma, which limits
nanoparticle extravasation and penetration. Further, slow drug release from
non-thermally sensitive or environment insensitive liposomes limits bioavail-
ability of the encapsulated drug. We have demonstrated, quite categorically,
that the LTSLs release doxorubicin inside the tumor vasculature, but only
when the tumor is heated to 42 1C.17

As shown in Figure 2.18, real-time confocal imaging of doxorubicin delivery
to the FaDu xenograft in window chambers and histologic analysis of flank
tumors illustrates that intravascular drug release increases the amount of free
drug in the interstitial space. This increases both the time that tumor cells are
exposed to maximum drug levels and the drug penetration distance, compared
with free drug or traditional PEGylated liposomes (Figure 2.18).

Figure 2.18 Tumor uptake of doxorubicin as a function of time when free doxo-
rubicin (Free DoxþHT) or doxorubicin loaded LTSL
(Dox-LTSLþHT) were injected in the warmed tumor (42 1C). Time
sequence images of blood vessels (green) and doxorubin (red) for
pre-injection, and at time points 1, 5, 10 and 20min after injection. Scale
bar¼ 100 mm.
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Intravenous injection of free Dox, even with applied HT, results in the
appearance of drug in interstitial tissue within 1 minute that is quickly reab-
sorbed into the vasculature within five minutes, with few cells taking up any
drug. Heating the tumors with concurrent administration of the Dox-LTSL
results in continuous drug delivery to tissue, with uptake of doxorubicin by cells
far from vessels that continues to increase though the 20 minutes of obser-
vation. Importantly, drug is delivered without liposome extravasation. This
proves that the release mechanism occurs by intravascular release. Although
not shown here, when LTSL is injected without heating the tumor, there is very
little if any liposome extravasation and even less doxorubicin in the interstitial
tissue than for free drug administration.

The histologic assessment of drug concentration-penetration from vessels in
flank FaDu tumors is shown in Figure 2.19.17 Regarding the actual penetration
of drug into the tumor tissue, the Dox-LTSL plus HT regimen achieves much
greater concentrations of drug at the endothelial cells and far superior distances
from blood vessels into the tumor. Drug levels are expressed as median fluo-
rescence intensity at distances out to 100 mm from the nearest blood vessel for
heated tumors. As is clear, Dox-LTSL delivers much more total drug at all
distances from vessels compared to Doxilt and free doxorubicin, including 3.5
times more than free drug at the endothelial cells. Dox-LTSL actually shows
maximum delivery at 20 mm (several cell diameters) from blood vessels into the
tissue. At the distance at which Dox-LTSL levels start to fall, Doxilt drug
levels are less than half that of Dox-LTSL and have already fallen to
approximately one-third of their maximal concentration close to blood vessels.
Maximum measureable drug penetration from tumor vasculature vs. treatment
group shows drug delivered with Dox-LTSL penetrates twice as far as Doxilt
liposomes (78 mm vs. 34 mm). These huge improvements in drug bioavailability
establish the LTSL plus mild hyperthermia as a new paradigm in drug delivery:
rapidly triggered drug release in the tumor bloodstream and deep penetration
of drug into the tumor tissue.17 The average intervascular distance in human

Figure 2.19 Histological assessment of drug concentration-penetration from vessels
in flank tumors for Dox-LTSLþHT, DoxilþHT and free Dox�HT.
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esophageal and cervix cancer has been measured and estimated to be in the
range of 90–160 mm, respectively.105 Thus, Dox-LTSL can, on average, deliver
doxorubicin to nearly every tumor cell, since the penetration distance is over
70 mm and drug would be delivered from both sides of a tumor core.105 Of
course, these are average values and heterogeneity in delivery is not taken into
account. The important point is whether the drug reaches all tumor cells in a
concentration adequate to kill them. That is not yet known.

2.4.3 Performance-in-Service: in vivo (Canine and Human

Clinical Trials)

The big question now is: ‘‘How will Dox-LTSL (or ThermoDoxs as it is now
commercially called) perform in the clinic?’’ Taken in chronological order, here
is a brief presentation and discussion of the animal and human trials that have
evaluated, or are still evaluating, ThermoDoxs with hyperthermia. The
commercial doxorubicin-loaded version of the LTSL owes a tremendous
amount to the researchers and liposomes that came before it. A more general
overview of preclinical and clinical progress for liposomes and temperature-
sensitive liposomes including the LTSL is given in recent reviews.94,96,106

2.4.3.1 Phase I Studies: Canine

In a Phase I pet canine trial of doxorubicin-containing low temperature
sensitive liposomes in spontaneous tumors, of the 20 pet dogs that received 2
doses of Dox-LTSL, 12 had stable disease and 6 had a partial response to
treatment.107 Pharmacokinetic variables were more similar to those of free
doxorubicin than the liposomal product. Tumor drug concentrations at a dose
of 1.0mg/kg averaged 9.12� 6.17 ng/mg tissue. Taking the density of tissue to
beB1 gm/cm3, this tissue concentration converts toB9mg/L, which isB17mM
doxorubicin in the tissue sample. For comparison, the IC50 of doxorubicin,
measured in human neuroblastoma-derived cell lines IMR-32 and UKF-NB-4,
was found to be 0.02 mM–3.8 mM,108 and for human hepatoblastoma HepG2
cells was 1 mM,109 showing that the Dox-LTSL could deliver doxorubicin to
actual canine tumors to concentrations greater than needed for 50% kill
measured in cell culture. The conclusion from this work was that ‘‘LTSL-
doxorubicin offers a novel approach to improving drug delivery to solid tumors. It
was well tolerated and resulted in favorable response profiles in these patients.
Additional evaluation in human patients is warranted’’.

2.4.3.2 Phase I Studies: Human

The first Phase I human trials were in prostate cancer and hepatocellular
carcinoma. The prostate cancer trial110 was initiated in 2003 in order to
determine the maximum tolerated dose of doxorubicin released from
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ThermoDoxs via thermal microwave therapy in patients with adenocarcinoma
of the prostate. The trial was terminated in 2009 and data were not released.

The primary liver cancer Phase I trial111 was initiated in February 2007 and
completed accrual by December 2009. It has now advanced to a Phase III (see
below). Primary liver cancer is one of the most deadly forms of cancer and
ranks as the fifth most common solid tumor cancer. The incidence of primary
liver cancer today is approximately 26,000 cases per year in the United States,
approximately 40,000 cases per year in Europe and is rapidly growing
worldwide at approximately 750,000 cases per year, 55% of which are in China,
due to the high prevalence of Hepatitis B and C. The World Health Organ-
ization estimates that primary liver cancer may become the number one cancer
worldwide, surpassing lung cancer, by 2020. The standard first-line treatment
for liver cancer is surgical resection of the tumor; however, 90% of patients are
ineligible for surgery. Radio Frequency Ablation (RFA) has increasingly
become the standard of care for non-resectable liver tumors, but the treatment
cannot adequately ablate larger tumors. There are few non-surgical therapeutic
treatment options available, as radiation therapy and chemotherapy are largely
ineffective in the treatment of primary liver cancer.

While single-agent doxorubicin has been found to be effective, it has not
become a standard treatment for HepatoCellular Carcinoma (HCC) due to its
relatively high incidence of severe toxicity, including congestive heart failure
and neutropenia. Hence the new initiative to increase the HCC cure rate by
combining two approaches: ThermoDoxs with Radio Frequency Ablation
(RFA). The ThermoDoxs Phase I study111 was a multi-center, open label,
single dose, dose escalation study, to evaluate tolerability of ThermoDoxs in
patients with liver tumors undergoing Radio Frequency Ablation.113 Patients
with unresectable liver cancers underwent RFA with a 30-min. i.v. infusion of
ThermoDoxs starting 15min. before RFA. The aims were to determine the
maximum tolerated dose (MTD) and dose-limiting toxicity (DLT). Clinically,
radio-frequency ablation induces in situ thermal coagulation necrosis through
the delivery of high-frequency alternating current to the tissues. However, RFA
is limited.114 With currently available devices, the largest focus of necrosis that
can be induced with a single application is approximately 4–5 cm in greatest
diameter and lesions that size have a high frequency of marginal recurrences.
Thus, the diameter of suitable lesions must be less than 3–4 cm. Further, tumors
located near large vessels may not be effectively ablated because the heat sink
effect of these vessels prevents ablation temperatures from being reached. It is
these two scenarios that ThermoDoxs is ideal for, because the temperature
necessary to cause drug release (41 1C) is over 15 1C lower than the ablation
temperature (455 1C). As shown in Figure 2.20 the placement of an RFA
electrode in a liver tumor can produce temperatures in the ablation zone
upwards of 60 1C.

It is here that as the ablation temperature drops off (in the range 50 1C–39 1C
that, as we saw earlier in its in vitro performance (Figure 2.14),46 ThermoDoxs

can release its drug at significant rates, and deposit high concentrations of
doxorubicin in the heated zone.
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The objective of the Phase I study was to determine the maximum tolerated
dose (MTD) of ThermoDoxs when used in combination with Radio
Frequency Ablation (RFA) in the treatment of primary and metastatic tumors
of the liver.111,112 As reported by Poon et al.113 a total of 24 patients (9 with
HCC and 15 with metastatic liver cancer (MLC)) were treated (3, 6, 6, 6, 3
patients at 20, 30, 40, 50 and 60mg/m2, respectively). Median tumor size was
3.7 cm (range 1.7–6.5 cm). In total, 28 tumors were treated. Twenty (83%) of
the patients had no evidence of local tumor failure after treatment. Despite this
only being a Phase I dose escalation toxicity study, as shown in Figure 2.21
there was a dose-response relationship in terms of time to tumor progression
(of 32, 53, 135, 185 days, respectively), giving a B500% increase in progression
free survival for the MTD (50mg/m2) compared to the lowest starting dose.

Figure 2.20 Radio Frequency Ablation of liver tumors.

Figure 2.21 Results for Phase I dose escalation study to determine maximally
tolerated dose for ThermoDoxs in conjunction with Radio Frequency
Ablation in the treatment of hepatocellular carcinoma (HCC). Dose
response vs. time for tumors to progress.

66 Chapter 2

 o
n 

01
/0

9/
20

13
 1

0:
25

:4
6.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
00

33
View Online

http://dx.doi.org/10.1039/9781849736800-00033


Encouragingly, then, there appeared to be a preliminary dose response
relationship in terms of time to tumor progression as the study reached its
maximally tolerated dose.

2.4.3.3 Phase III Studies: HepatoCellular Carcinoma (HEAT)

Given the efficacy seen in this Phase I trial, clinical testing was moved rapidly to
a Phase III, randomized, double-blinded, dummy-controlled study of the
efficacy and safety of ThermoDoxs in combination with Radio Frequency
Ablation (RFA) compared to RFA-alone in the treatment of non-resectable
hepatocellular carcinoma.115 This so-called HEAT study engaged 71 different
sites in 11 different countries, and is the largest study ever conducted in
intermediate hepatocellular carcinoma. It is looking to treat the usually
untreatable large 3 cm–7 cm tumors. It is being conducted under a US Food
and Drug Administration (FDA) Special Protocol Assessment, has received
FDA Fast Track Designation and has been designated as a Priority Trial for
liver cancer by the National Institutes of Health. ThermoDoxs has been
granted orphan drug designation in both the US and Europe for this indication.
The European Medicines Agency (EMA) has confirmed the HEAT study is
acceptable as a basis for submission of a marketing authorization application
(MAA). In addition to meeting the US FDA and European EMA enrollment
objectives, the HEAT study has also enrolled a sufficient number of patients to
support registration filings in China, South Korea and Taiwan, three other
large and important markets for ThermoDoxs.

The arms of the study are:
� Experimental 1: ThermoDoxs (50mg/m2 in 5% dextrose solution). Start

30minute infusion about 15minutes before radio frequency ablation
begins.

� Sham Comparator 2: Sham (5% dextrose solution). Start 30minute
infusion about 15minutes before radio frequency ablation begins.

The Primary Outcome Measures are:
Progression-free survival will be measured from the date of randomization to

the first date on which one of the following occurs. (a) Local recurrence, (b) any
new distant intrahepatic HCC tumor, (c) any new extrahepatic HCC tumor, (d)
death from any cause (time frame: 3 years). A secondary confirmatory endpoint
is overall survival.

The Main Inclusion Criteria are:
� Diagnosed hepatocellular carcinoma (HCC).
� No more than 4 HCC lesions with at least oneZ3.0 cm and none47.0 cm

in maximum diameter, based on diagnosis at screening.
� If a subject has a large lesion (5.0–7.0 cm), any other lesions must be

o5.0 cm.
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As of May 2012, the HEAT study reached its enrollment objective of 700
patients. The primary endpoint for the study is to measure a 33% improvement
in progression-free survival (PFS), with a P value of 0.05. A total of 380 events
of progression are required to reach the planned final analysis of the study. 380
PFS events are projected to occur in late 2012. While the data are not at the
moment available, there is an interesting comparison that can be made between
the dose response seen in the Phase I study and the criteria for this Phase III.
As mentioned above, the PFS in the Phase III study is required to show only
a 33% improvement compared to RFA alone. This compares very favorably
with the increase in PFS in Phase I seen for the dose escalation (from
20mg/m2–50mg/m2) of almost 500% (the RFA-alone control was not done).
While no firm conclusions should be taken from such a limited set of data (and
this is indeed the reason a 700-patient multi-center trial is in fact required to
obtain useful statistics), it is interesting to compare these two %PFS increase
numbers. Also, a second caveat is that in the Phase I trial, median tumor size
was 3.7 cm (range 1.7–6.5 cm), which although not the same, is not substantially
different, compared to the criteria for the Phase III: ‘‘No more than 4 HCC
lesions with at least one Z3.0 cm and none 47.0 cm in maximum diameter.’’

2.4.3.4 Phase I/II Trial Breast Cancer Recurrence at the Chest
Wall (RCW) (DIGNITY Study)

A second human Phase I/II trial, this time in breast cancer,116 was designed to
evaluate the maximum tolerated dose, pharmacokinetics, safety and efficacy of
approved hyperthermia and ThermoDoxs in patients with breast cancer
recurrence at the chest wall (DIGNITY study). The purpose of this study is to
evaluate the bioequivalence of ThermoDoxs and measure efficacy in recurrent
chest wall patients. In the initial Phase I (which was actually started in 2001, but
later became non-recruiting117), there were several instances of stable disease,
partial response and two of complete responses for a dose escalation of
20mg/m2–30mg/m2. As reported by Vujaskovic,118 several patients in this trial
achieved either partial or complete responses. As shown in Figure 2.22, for one

A B

Baseline Precycle 5

Figure 2.22 Treatment of chest wall recurrence of breast cancer, using a BSD-500 PC
System to achieve a temperature goal of 40–42 1C (A) and same patient
before treatment and pre-cycle 5 (B).
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patient, her widely disseminated chest wall tumor had completely disappeared.
This test dose (30mg/m2) was only 60% of the expected maximally tolerated
dose, and so there were no side effects of the drug. A second patient had a
similar complete response at 30mg/m2.118

The Phase I/II DIGNITY trial studying ThermoDoxs for breast cancer116

has now continued the study in several sites and has demonstrated remarkable
clinical benefit in a very late-stage, underserved patient population. As
presented at the European Society of Medical Oncology (EMO) conference
2012,119 the clinical utility of ThermoDoxs in this highly treatment-resistant
setting points to its potential within a variety of superficial tumors, and could
provide medical oncologists with an important tool to combat these often
aggressive tumors. According to the lead clinician, the initial experience with
hyperthermia and ThermoDoxs has been very encouraging and provides
initial safety and early efficacy data in several patients showing responses in this
highly refractory and debilitating disease. These patients previously received
over an average of four prior chemotherapy regimens along with prior
radiation therapy. The continuation of the ThermoDoxs trial will provide
more efficacy data to potentially advance treatment for this patient population.

2.4.3.5 Phase II Colorectal Liver Metastases ABLATE

The third and final on-going human trial is a randomized, double blind,
Phase II trial of RFA þ/– ThermoDoxs for Colorectal Liver Metastases
Z2 cm maximum in diameter.120 Again, the purpose of this study is to
determine the safety and efficacy of ThermoDoxs, in combination with RFA in
the treatment of recurrent or refractory colorectal liver metastases compared to
RFA mono-therapy. The primary outcome of this trial is to evaluate local
tumor control defined as complete ablation and where the patient does not
experience recurrence within 1 cm of the ablation site.

2.5 Future Prospects

If ThermoDoxs and RFA proves to be curative and its synergistic potential is
borne out in the Phase III HEAT study, a rational future strategy for HCC
lesions 43 cm is to employ RFA plus ThermoDoxs as a front-line therapy.
Encouraged by the materials science and engineering that went into the design
of the LTSL, and the positive results seen in laboratory animal and spon-
taneous animal cancers, as well as the human clinical trials, additional human
clinical trials are being planned or have been started using ThermoDoxs. Also,
additional drugs are being considered for encapsulation and release by mild
hyperthermia. There is also the possibility that infections and abscesses that
have elevated local hyperthermia that is intrinsic to the condition may also gain
benefit from a local drug release, say of antibiotics or antifungals. This chapter
will conclude with just a few remarks about new trials and will briefly discuss
other thermal-sensitive liposomes currently in development.
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2.5.1 New ThermoDox
s

Trials and Preclinical Studies

As shown in Table 2.2, a full clinical program is underway for ThermoDoxs.
In addition to the trials reviewed above, HCC (HEAT), RCW (DIGNITY) and
CRLM (ABLATE), new research and preclinical development has started in
bone metastases, pancreatic cancer and metastatic liver cancer. The exciting
feature here is the adaptation of High Frequency Ultrasound (HIFU) as the
source of targeted mild hyperthermia.

In combination with Philips Healthcare, a manufacturer of HIFU systems,
Celsion began preclinical studies to assess the benefits of HIFU in combination
with ThermoDoxs in metastatic bone cancer,121 that have now (August 2012)
just received clearance to initiate a clinical study. This is a joint development
program for Celsion’s ThermoDoxs combined with Philips’ Sonalleve MR-
HIFU (MR-guided high intensity focused ultrasound) technology for the
palliation of painful metastases to the bone caused by lung, prostate, or breast
cancers. It is expected that a Phase II study will be initiated in this indication, as
well as looking into the treatment of pancreatic cancer with ThermoDoxs.

2.5.2 Other Drugs

While ThermoDoxs was the first drug to be encapsulated, mainly because of
the huge history that we inherited in its liposomal formulations (like Evacet and

Table 2.2 ThermoDox Clinical Programs at Celsion Corporation (August
2012).
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Doxil), the LTSL is also capable of encapsulating and releasing many other
drugs as well as imaging agents that report on heatability, perfusion and small
molecule delivery.97 In published and unpublished work, we and others have
already explored the conditions and developed processes for encapsulating
cisplatin,122 carboplatin and manganese prophyrins. It is expected that such
membrane impermeable drugs, if well retained, in an LTSL formulation will
prove to be an advantage, since drugs like cisplatin when encapsulated in the
stealth liposomes proved to be less efficacious than free drug. As always,
control over the triggered release of the encapsulated drug to increase bio-
availability of the drug exclusively at the diseased site has always been one of
the biggest challenges.123 In the Stealths liposomal formulation (SPI-077)
minimal clinical efficacy despite adequate tumor accumulation was
observed.124–126 That is, the steps taken to establish adequate drug loading,
circulation half-life, drug retention in the bloodstream and passive tumor
accumulation resulted in excessive retention of cisplatin in the liposome so that
it was not substantially released at the tumor site. Again, the two sides of the
same coin compromise each other – good retention in order to reduce toxicity
vs. not getting the drug out leading to reduced efficacy.

2.5.3 Other New Thermal-sensitive Formulations (Lipids and

Polymers)

Modifications and potential improvements to the temperature-sensitive
liposome formulation, including different lipid components, are currently
ongoing. Others have created and developed their own thermal sensitive
liposomes with similar release characteristics and temperatures, but made from
different materials. Although the materials data for these formulations are not
as complete, and so the absolute details of how they work remain speculative,
mechanistically it would seem they have similar bilayer components to create
nanopores at purported grain boundaries. Principal among these, Lindner
et al.127 designed their temperature-sensitive liposomes composed of the novel
lipid 1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol (DPPGOG) and
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). Hossann et al.128

studied the influence of DPPGOG on in vitro stability of the liposome
composed of DPPGOG, DSPE-PEG2000 and P-lyso-PC. They showed that the
release rate of the contents was significantly increased by incorporating
DPPGOG or P-lyso-PC in their TSL formulations. Also, Lindner et al.
formulated liposomes composed of HePC/DPPC/DSPC/DPPGOG and
showed that HePC increases the release rate of their TSL in a similar way to
lysolipid in the presence of fetal calf serum.129 Interestingly, DPPGOG
facilitates drug release from the liposome under mild hyperthermic conditions
(41–42 1C) and leads to a substantially prolonged plasma half-life for the
encapsulated drug. Thus, in Lindner’s formulations DSPE-PEG2000 is not
required for long circulation half-life or stabilizing pores; this is apparently
achieved by the DPPGOG lipid.
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In other studies, temperature-sensitive liposomes have been designed using
thermal-sensitive polymers: Hayashi et al.130 studied temperature-sensitive
liposomes composed of various phospholipids and coated with
poly(N-isopropylacrylamide) that show a transition temperature near 32 1C;
Kono et al.131 also used polymers composed of dioleoylphos-
phatidylethanolamine modified with copolymers of N-isopropylacrylamide and
N-acryloylpyrrolidine; and Paasonen et al.132 reported on polymer-coated
liposomes with thermal-sensitive poly[N-(2-hydroxypropyl) methacrylamide
mono/dilactate] (pHPMA mono/dilactate), which has a Tm at 42 1C. Thus,
several new studies have introduced the idea of modifications to the bilayer
composition or surface of liposomes with temperature-sensitive polymers that
retain temperature-triggered release from the liposome. Such modifications
may prove useful in the future, but require further, especially clinical,
investigation.

2.6 Concluding Remarks

2.6.1 The Drug-delivery Problem

While drug delivery to tumors is traditionally described in terms of total drug
per weight or per body surface area, one often dismissed but exceedingly
important parameter of chemotherapy is the differential amount of drug
delivered to actual tumor cells located close to, as well as further from, blood
vessels. Thus, the extent to which a drug present in the bloodstream, either after
free drug administration of a bolus or continuous injection, or when delivered
via a drug-delivery system such as a liposome, can provide a sink of bio-
available drug, penetrate and accumulate in the interstitial tissue and, perhaps
more importantly, intra-cellularly, will have a major influence over the effi-
cacious outcome of these treatment modalities. It is in this context that a recent
paper17 compares and contrasts both vascular and tumor concentrations of
doxorubicin when administered either as a free drug bolus injection, as tradi-
tional ‘‘Stealth’’ (Doxilt) liposomes, or by our relatively new low temperature
sensitive liposome formulation (Dox-LTSL) that releases doxorubicin rapidly
in the warmed bloodstream upon exposure to only mild hyperthermia (HT).

2.6.2 A New Paradigm for Local Drug Delivery: Drug Release

in the Bloodstream

Taken together these studies have prompted the current hypothesis that the
mechanism of enhanced drug delivery and tumor growth delay was due to
enhanced drug penetration throughout the whole tumor as a result of rapidly
triggered intravascular release of drug from the thermally sensitive liposomes. If
the hypothesis continues to bear out, it represents a new strategy for drug
delivery that reduces free drug toxicity by sequestering drug until it reaches the
tumor, then releasing drug specifically into the tumor with a localized trigger
(mild hyperthermia). While the intravascular release hypothesis has certainly
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existed since the early work on thermally sensitive liposomes in the late
1970s,40,133,134 to date, intravascular release has not actually been shown to
occur in vivo. What the LTSL formulation has demonstrated is that, compared
to either free drug administration or the EPR effect required by the more
traditional non-thermal sensitive liposomes (Doxilt), intravascular drug
release improves drug penetration and levels of accumulation that reach not
only more tumor cells, but also stroma, endothelial cells and pericytes.

Thus, our studies so far have introduced and characterized the liposomal
system, and have established the fundamental relationships between
compositions, structure, property, processing and performance for the main
three components.15,16,46,50 In preclinical studies we have found that this unique
formulation offers a more effective way to achieve targeted, local drug release
for cancer chemotherapy than more traditional, and even stealth,
liposomes.16,45 It actually offers a new paradigm for drug delivery, drug release
in the bloodstream, and an antivascular as well as antineoplastic mechanism of
tumor kill.17

2.6.3 New Horizons

Temperature-sensitive liposomes have progressed significantly since the
early work of Yatvin et al.,38 but by no means has the work in this field reached
its potential. Only one formulation, LTSL, with only one drug, doxorubicin (as
ThermoDoxs), has made it to human clinical trials. If these thermal-sensitive
liposomes prove to be as effective in humans as in preclinical settings, a push
for their use in the treatment of human disease and the encapsulation of a
range of existing** and new drugsyy, for a series of other indications will likely
be made. The beauty of encapsulating already FDA approved drugs is the
smoother transition into the clinic. There are many chemotherapeutic drugs
currently approved for human use and so with judicial choice, focusing mainly
on water-soluble compounds, there are many opportunities for old chemo-
therapeutics, new molecular-targeted therapies and biological-modifiers, to
specific cellular molecular targets waiting to be encapsulated in temperature-
and ‘‘other’’-sensitive liposomes for strategies that bring drugs to local tumors.
Since it is commonly said that one drug type cannot treat all cancers,
variations in the chemotherapeutic drugs contained in these liposomes are
needed. For a temperature-sensitive liposome, two drugs could be encap-
sulated at antagonistic ratios, and released at the same time in the same place.
Also, work is currently being done to broaden the applicability of
temperature-sensitive liposomes, especially in the area of encapsulating
contrast agents for improved imaging modalities. Such co-encapsulation of a

**Listed at www.cancer.gov, there are 2,300þ agents that are being used in the treatment of
patients with cancer or cancer-related conditions.
yyAccording to Dr. Richard Pazdur, head of the FDA’s office of oncology products, last year, 10 out
of 30 new drugs approved by the FDA were for treatment of cancer. This year over 20 oncology
applications are expected to be filed.
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drug and an imaging agent has definite clinical potential. Thus, LTSLs and
other such thermally triggered-release systems are poised to make a significant
impact in the delivery and controlled release of a series of existing and new
anticancer compounds in a range of cancers; they just need to be warmed to
41 1C–42 1C.
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CHAPTER 3

pH-sensitive Liposomes in Drug
Delivery
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University), Bilaspur, C.G., India, 495009
*Email: srai2k@gmail.com; spvyas54@gmail.com

3.1 Introduction

Liposomes are widely explored carriers for controlled and targeted delivery of
drugs, genetic material and diagnostic agents. As explained in Chapter 2,
liposomes are spherical structures formed by concentric bilayers of lipids that
resemble the natural membranes and enclose aqueous compartments. Surface
modified liposomes serve as one of the most suitable carriers capable of
bypassing the barriers imposed by the biological environment even up to
cellular and subcellular level.1 They can be designed according to specific
therapeutic purposes and clinical/pathological conditions, minimizing exposure
of healthy parts of the body to the treatment. Some liposomal products (e.g.
Doxils and Ambisomes containing doxorubicin and amphotericin B,
respectively) have reached the market and are currently used by clinicians.
Several approaches to develop liposomes with targeting and/or release trig-
gering features to improve the therapeutic index of drugs have been tested.
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The composition of liposomal systems can be easily modified to facilitate site-
specific release in response to environmental conditions. The pH-sensitive
liposomes are specifically designed to control the release of the content in
response to acidic pH within the endosomal system without being unstable in
plasma.2 This enables the cytoplasmic delivery of polar materials and even
macromolecules, such as antitumor drugs, proteins and DNA.3,4 Overall, pH-
sensitive liposomes combine the protective effects of conventional liposomal
systems with specific environment-controlled drug release.

The pH-sensitive liposomes undergo controlled fusion with cellular or
endosomal membranes and rapid destabilization in acidic environment such as
that of endosomes.5–8 The pH-sensitive liposomes are generally composed of a
neutral cone-shaped lipid dioleoylphosphatidyl-ethanolamine (DOPE) and a
weakly acidic amphiphile, such as cholesteryl hemisuccinate (CHEMS).9 The
fusogenic characteristics are due to the polymorphic phase behavior of DOPE,
which forms not a bilayer but a hexagonal structure when dispersed in aqueous
media. To stabilize DOPE in liposomes, other lipids such as dioleoylphos-
phatidylcholine (DOPC)10 or N-succinyl-DOPE11 can be incorporated. These
lipids have negatively charged groups, which become neutral in the acidic
environment of the endosome, leading to destabilization, fusion with
endosomal membrane and content release.12

Even being stable in plasma, application of pH-sensitive liposomes is limited
by the recognition and sequestration by the phagocytes of the reticulo-
endothelial system (RES), which leads to very short circulation half-life.
PEGylation of the lipids may help to overcome these inconveniences.13 On the
other hand, the use of lipids with high transition temperatures (distearoyl-
phosphatidylcholine, DSPC; hydrogenated soy PC, HSPC), and the incor-
poration of cholesterol (Chol) and lipid conjugates such as
phosphatidylethanolamine–poly(ethylene glycol) (PE–PEG), may lead to a
significant decrease of leakage of the encapsulated drugs during circulation or
in the extra-cellular medium. Moreover, they reduce non-specific interactions
between liposomes and serum proteins (opsonins), which also helps to prevent
liposome clearance by the cells of the RES.

The size of the liposomes can be optimized (o150 nm) to increase the circu-
lation time, make the penetration through fine capillaries easier, cross the
fenestration into interstitial space, and be uptaken by cells via endocytosis/
phagocytosis. These features together with surface PEGylation and use of high
transition temperature lipids enable a circulation time long enough for passive
accumulation in cancer tissues via the enhanced permeability and retention
(EPR) effect (Figure 3.1).14 The availability of the surface for modification with
site-directing ligand provides opportunity for active targeting liposomal drug
delivery. Compared to other nanocarriers that have not reached the clinical
arena yet, the fact that liposomes have been already commercialized since
several decades ago is a further motivation for scientists to search for
improvements and novel applications of the liposomology. The present chapter
highlights the use of pH-sensitive liposomes as smart delivery carriers for drugs
and other therapeutic agents.
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3.2 pH-sensitive Liposomes as Smart Drug Carriers

The concept of pH-sensitive drug delivery was introduced in the early 1980s.15

The altered pH gradients in diseased conditions, such as tumor extra-cellular
environments, and in the intra-cellular compartments are exploited for the
design of pH-responsive liposomes for specific cancer cell targeting, enhanced
cellular internalization and rapid drug release.16,17 Figure 3.2 depicts the
application of pH-sensitive liposomes in cancer therapy: A) the liposome
reaches the tumor tissue and destabilizes due to the acidic environment,
releasing the drug extra-cellularly, or B) the intact liposome is taken by the cell
through endocytosis, the liposome disrupts the endosome before fusion with
lysosomes and the drug is released in the cytoplasm. The intra-cellular drug
delivery by the pH-sensitive liposomes offers an efficient means of overcoming
the multi-drug resistance (MDR) due to the activity of the efflux pumps, one of
the major causes of cancer treatment failure. The attachment of receptor
specific ligands on such pH-sensitive liposomes potentiates accumulation at
tumor cells by active targeting.18,19 Moreover, multi-functional pH-responsive
liposomes have been developed to combine diagnosis and treatment together,
namely for theranostics.

The development of strategies to increase the ability of liposomes to mediate
intra-cellular delivery of biologically active molecules has been the subject of
intensive research activity.20 The application of such strategies would result in
liposomes that could constitute crucial tools to improve the therapeutic effi-
ciency of many drugs. The pH-sensitive liposomes are particularly suitable for
delivery of highly hydrophilic molecules or macromolecules to the cytoplasm.
The inclusion of lipids with fusogenic properties results in the formation of the
so-called ‘‘fusogenic’’ or polymorphic liposomes, since these undergo a phase
transition under acidic conditions, in either the absence or the presence of
biological membranes.21

The pH-sensitive liposomes are able to interact and promote fusion or
destabilization of target membranes (either plasma membrane or endosomal

Normal Tissue Tumor Tissue

Intact Endothelial Linings Disrupted Endothelial Linings

No penetration Enhanced Permeation and Retention (EPR) Effect

Figure 3.1 Schematic view of the passive targeting of liposomes to tumor tissues by
means of the enhanced permeation and retention (EPR) effect.
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membrane) and have been described to release efficiently the encapsulated
material into the cytoplasm. The pH-sensitive liposomes are stable at physi-
ological pH (pH7.4) but undergo destabilization and acquire fusogenic
properties under acidic conditions, thus leading to the release of their aqueous
contents. The concept of pH-sensitive liposomes emerged from the fact that
certain enveloped viruses developed strategies to take advantage of the
acidification of the endosomal lumen to infect cells, as well as from the
observation that some pathological tissues, i.e. tumors, inflamed and infected
areas, exhibit an acidic environment as compared to normal tissues. Figure 3.3
represents the biofate of conventional liposomes versus pH-sensitive liposomes
in a cell.

pH-sensitive liposomes can be grouped in different classes according to the
mechanism responsible for triggering the pH-sensitivity. The most commonly
recognized concept involves the combination of phosphatidylethanolamine
(PE) or its derivatives with compounds containing an acidic group (e.g.
carboxylic acid group) that act as a stabilizer at neutral pH. More recently, the
use of novel pH-sensitive lipids and synthetic fusogenic peptides/proteins,
either encapsulated or incorporated in the lipid bilayer, and the association of
pH-sensitive polymers with liposomes have been reported. Further, antibodies
or ligands for cell surface receptors can be coupled to pH-sensitive or sterically
stabilized pH-sensitive liposomes for active targeting. The pH-sensitive
liposomes have been used to deliver anticancer drugs, antibiotics, antisense

pH-sensitive

liposome

B    Intracellular Drug

Delivery

A    Tumor Vasculature

Targeting

Low pH within

endosome

Fusion of

liposome

Destabilization

of liposome

Lysosome

Low pH at tumor siteTumor

vasculature

Figure 3.2 Targeted drug delivery using pH-sensitive liposomes: localized release of
the anticancer drug in the tumor tissue (A) and mechanism involved in the
intra-cellular delivery (B).
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oligonucleotides, ribozymes, plasmids, proteins and peptides to cells in culture
or in vivo.20–22 Some recent reports are summarized in Table 3.1.

pH-sensitive liposomes offer interesting possibilities for ‘‘smart’’ delivery of
antisense oligonucleotides, which are able to inhibit gene expression being,
therefore, potentially active for the treatment of viral infections, cancer or
inflammatory diseases.23 However, the poor stability of antisense oligonu-
cleotides in biological medium and their weak intra-cellular penetration make
their formulation difficult and it requires the use of ‘‘smart’’ delivery systems,
such as anionic pH-sensitive liposomes. These liposome formulations contain a
specific phospholipid, phosphatidylethanolamine (PE), which undergoes a
transition from lamellar to inverted micellar structures at low pH and allows
fusion of liposomal and endosomal membranes. This leads to the destabil-
ization of the endosomes. Therefore, liposomes made of PE are able to release
their contents in response to acidic pH within the endosomal system, thus
improving the cytoplasmic delivery of oligonucleotides after endocytosis.23

It should be noted that the repeated use of stealth liposomes may reduce the
accumulation of drug in the tumor site due to the accelerated blood clearance
(ABC) phenomenon. The ABC behavior is described as a syndrome of accel-
erated clearance of polyethylene glycol (PEG)-modified liposomes from the
bloodstream when repeatedly injected, accompanied by increased accumulation
in the liver and spleen. The reason for this ABC phenomenon is that the first
dose of PEGylated liposomes already induces the production of anti-PEG IgM,
which can bind to the surface of subsequently injected PEGylated liposomes,
leading to substantial complement activation.24 Chen et al.25 evaluated a novel
modified pH-sensitive liposome with a cleavable double smart PEG-lipid
derivative (mPEG-Hz-CHEMS) to clarify the mechanism. They observed an
intense ABC phenomenon in mice after repeated injection of conventional

Endosomal escape resulting

in intra-cellular delivery

LE

EE

LYS

pH-sensitive liposome Conventional liposome

Degradation within

phagolysosome

Figure 3.3 Biofate of conventional and pH-sensitive liposomes after uptake by a cell.
EE: early endosome; LE: late endosome; Lys: lysosome.
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Table 3.1 Some recently published reports on pH-sensitive liposomes.

Drug Carrier Test Model Concluding remarks Ref.

Doxorubicin pH-sensitive
immunoliposome

Intra-cellular drug
delivery

Cell lines A multi-functional immunoliposomal nanocarrier
containing a pH-sensitive PEG-PE component,
TATp, and the cancer cell-specific mAb 2C5
enhances cytotoxicity and carrier internalization by
cancer cells. The potential for intra-cellular drug
delivery after exposure to lowered pH environment,
typical of solid tumors, was highlighted.

30

Doxorubicin Estrogen-anchored
pH-sensitive
liposomes

Intra-cellular drug
delivery

Mice The ES-pH-sensitive-SL efficiently suppressed the
breast tumor growth in comparison to both ES-SL
and free drug. Serum levels of LDH and CPK were
assayed for the evaluation of doxorubicin induced
cardiotoxicity.

31

Radioactive
substance

PEG-folate-coated
pH-sensitive
liposomes

Antitumor activity
and toxicity

Mice Animals treated with radioactive formulations showed
lower increase in tumor volume and significantly
higher percentage of necrosis compared with
controls.

32

DNA pH-sensitive
liposomes

Transfection Mice In vitro and in vivo transfection studies confirmed that
o-carboxymethyl-chitosan-cationic liposome-coated
DNA/protamine/DNA complexes (CLDPD) had
pH-sensitivity and the outermost layer of CMCS fell
off in the tumor tissue, which could not only protect
CMCS-CLDPD from serum interaction but also
enhance gene transfection.

41

Therapeutic
peptide

pH-sensitive
stealth liposomes

Nuclear delivery Cell lines Stealth pH-sensitive liposomes delivered hydrophilic
materials to the cytoplasm. The peptide encapsulated
in pH-sensitive stealth liposomes reached the nucleus
of tumorigenic and non-tumorigenic breast cancer
cells.

46

Cisplatin pH-sensitive
liposomes

Toxicity Mice Stealth pH-sensitive-CDDP significantly reduced the
renal toxicity.

50
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PEG-PE liposomes. By contrast, no ABC phenomenon was observed for
mPEG-Hz-CHEMS liposomes, which suggests that the cleavable PEG shell
lessens or eliminates the immune response against the liposome.25

3.3 Uptake and Intra-cellular Delivery of Therapeutic

Agents from pH-sensitive Liposomes

The pH-sensitive liposomes are internalized more efficiently than non-
pH-sensitive ones. This has been attributed to the tendency of PE-containing
liposomes to form aggregates, due to the poor hydration of its head-group,
which can explain their high affinity to adhere to cell membranes. PE presents a
minimally hydrated and small head-group, which occupies a lower volume
compared to the respective hydrocarbon chains, exhibiting a cone shape (as
opposed to the cylinder shape of bilayer stabilizing phospholipids), thus
hampering the formation of a lamellar phase. The cone shape of PE molecules
favors the establishment of strong intermolecular interactions between the
amine and phosphate moieties of the polar head-groups, justifying the strong
tendency of these molecules to acquire the inverted hexagonal phase above the
phase transition temperature. While at physiological pH stable liposomes are
formed, acidification triggers protonation of the carboxylic acid groups of the
amphiphiles, reducing their stabilizing effect and thus leading to liposomal
destabilization, since under these conditions PE molecules revert into their
inverted hexagonal phase. The choice of the amphiphilic stabilizers, as well as
its molar percentage with respect to the PE content, are imposed by the desired
properties of the liposomes, including the extent of cellular internalization, the
fusogenic ability, the pH-sensitivity and the stability in biological fluids. Such
properties determine the liposome efficacy to mediate cytoplasmic delivery of
the encapsulated molecules. Reviews on pH-sensitive liposome formulation
technology can be found elsewhere.2,21–23,26–28

The steps involved in the internalization and intra-cellular delivery mediated
by ligand (e.g. estrogen) anchored pH-sensitive liposomes are depicted in
Figure 3.4. After binding to cells, the ligand-anchored liposomes are inter-
nalized through the endocytotic pathway. Liposomes are retained in early
endosomes, which mature into late endosomes. The potential of pH-sensitive
liposomes lies in their ability to undergo destabilization at this stage, thus
preventing their degradation at the lysosomal level, and consequently
increasing the access of the drug to the cytosolic or nuclear targets. Three
mechanisms have been proposed: i) destabilization of pH-sensitive liposomes
triggers the destabilization of the endosomal membrane, most likely through
pore formation, that leads to cytoplasmic delivery of their contents; ii) upon
liposome destabilization, the encapsulated molecules diffuse through the
endosomal membrane to the cytoplasm; and iii) fusion between the liposome
and the endosomal membranes, leading to cytoplasmic delivery of their
contents. The fusogenic properties of PE and its tendency to form an inverted
hexagonal phase under certain conditions suggest that hypotheses i) and iii) are
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the most plausible.27,28 Independently of the involved mechanisms, the efficacy
of cytoplasmic delivery mediated by pH-sensitive liposomes is drastically
reduced upon increase of the molecular weight of the encapsulated molecules.
Studies performed with high molecular weight proteins (e.g. DTA and BSA)
indicated that only 0.01–10% of the molecules are released into the cytoplasm,
in contrast to nearly 100% release observed with the low molecular weight
fluorescent probe calcein.27,28

3.4 Therapeutic Applications of pH-sensitive Liposomes

3.4.1 Cancer Chemotherapy

The pH-sensitive liposomes have been tested for numerous applications in drug
delivery.27,29 Engineered liposomes capable of spontaneous accumulation in
tumors and ischemic areas via EPR effect and further penetration and drug
delivery inside tumor or ischemic cells via the action of cell-penetrating peptides
(CPP) have been reported. These liposomes were simultaneously bearing on
their surface CPP (TAT peptide, TATp) moieties and protective PEG chains.

Estrogen

Estrogen

receptors

Figure 3.4 Estrogen-anchored pH-sensitive liposomes as nanomodule designed for
site-specific delivery of doxorubicin in breast cancer therapy.
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After accumulation in the target site, the PEGylated liposomes lose the PEG
coating due to the lowered pH-induced hydrolysis, and penetrate inside cells via
the now-exposed TATp moieties. These liposomes rendered promising results
for chemotherapy in cell cultures as well as in ischemic cardiac tissues using the
Langendorff perfused rat heart model and in mice bearing tumors.30

Koren et al.31 prepared pH-sensitive PEGylated long-circulating liposomes
modified with TATp moieties and cancer-specific monoclonal antibodies
(mAb). PE was PEGylated using a degradable pH-sensitive hydrazone bond
between PE and long shielding PEG chains (PEG(2k)-Hz-PE). TATp was
conjugated to a short PEG1000-PE spacer and mAb to a long PEG chain
(PEG3400-PE). At pH7.4, surface TATp moieties are ‘‘hidden’’ by the long
PEG chains. Upon exposure to lower pH, the hydrazone bond is broken, the
long PEG chains are removed and the TATp moieties become exposed.
Enhanced cellular uptake of the TATp-containing immunoliposomes was
observed in vitro after pre-treatment at lower pH. The presence of mAb 2C5 on
the liposome surface further enhanced the interaction between the carrier and
tumor cells but not normal cells. Furthermore, this multi-functional immuno-
Doxils preparation showed increased cellular cytotoxicity of B16-F10, HeLa
and MCF-7 cells when pre-incubated at lower pH, indicating TATp exposure
and activity. This multi-functional immunoliposomal nanocarrier is claimed for
intra-cellular drug delivery after exposure to the lowered pH environment
typical of solid tumors.31 More recently, nanoengineered estrogen receptor
(ER) targeted pH-sensitive liposomes for the site-specific intra-cellular delivery
of doxorubicin have been developed for breast cancer therapy. Estrone, a
bioligand, was anchored on the surface of pH-sensitive liposomes
(ES-pH-sensitive-SL) for drug targeting to ERs overexpressed by breast cancer
cells. The ES-pH-sensitive-SL showed fusogenic potential at acidic pH (5.5)
and in vitro cytotoxicity studies (MCF-7 cells) proved this formulation to be
more cytotoxic than non-pH-sensitive targeted liposomes. Intra-cellular
delivery and nuclear localization of doxorubicin was confirmed by fluorescence
microscopy. Further, in vivo biodistribution and antitumor activity of the
formulations were evaluated on tumor-bearing female Balb/c mice after
intravenous administration. The ES-pH-sensitive-SL suppressed the breast
tumor growth more efficiently than non-pH-sensitive targeted liposomes and
free doxorubicin. The ES-pH-sensitive-SL increased the therapeutic efficacy,
being promising nanocarriers for the targeted intra-cellular delivery of anti-
cancer agents to breast tumors with reduced systemic side effects.32

PEG-coated pH-sensitive and PEG-folate-coated pH-sensitive liposomes
containing (159)Gd-DTPA-BMA and radiolabeled through neutron activation
technique were developed for in vivo tests of antitumoral activity and toxicity
on mice bearing solid Ehrlich tumor. The results showed that after 31 days of
treatment, animals treated with radioactive formulations had a lower increase
in tumor volume and a significantly higher percentage of necrosis.
Furthermore, mice treated with radioactive formulations exhibited lower
weight gain without significant hematological or biochemical changes, except
for toxicity to hepatocytes.33
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Cisplatin is one of the most active cytotoxic agents and is widely applied via
intra-peritoneal route in the treatment of peritoneal carcinomatosis. However,
cisplatin, a low-molecular-weight compound, is rapidly absorbed by the
capillaries in the intra-peritoneal serosa and transferred to the bloodstream,
inducing the appearance of systemic side effects, such as nephrotoxicity.
Furthermore, the intra-peritoneal cisplatin chemotherapy is limited to patients
whose residual tumor nodules are less than 0.5 cm in diameter after surgical
debulking. A tissue distribution study in solid Ehrlich tumor-bearing mice
revealed that, after administering a 6mg/kg single intravenous bolus injection
of either free radiolabeled cisplatin or stealth pH-sensitive liposomes containing
radiolabeled cisplatin, the area under the plasma concentration-time curve
(AUC) for stealth pH-sensitive liposomes was 2.1-fold larger than that
obtained for free cisplatin.34 Similar improved biodistribution and targeted
delivery of cisplatin to tumor-bearing mice was observed in another study.35

Long-circulating and pH-sensitive liposomes containing cisplatin successfully
avoid severe side effects as well as drug resistance. However, physical (i.e.
aggregation/fusion) and chemical instability during storage may limit the use of
these drug carriers as medicines. Freeze-drying may be a success strategy to
improve the stability before use.36 Immunoliposomes directed by monoclonal
antibodies may efficiently target the drug to tumor tissues.37 Long-circulating
pH-sensitive liposomes with epidermal growth factor receptor (EGFR)
antibody tested on A549 cells and Balb/c-nu/nu mouse tumor model demon-
strated efficient and targeted delivery of gemcitabine for tumors that over-
express the EGFR.38 Drug targeting is expected to be optimized in the near
future as further knowledge about internalization pathways becomes
available.39

3.4.2 Gene Delivery

The number of biotechnological products such as nucleic acids, proteins and
peptides that enter in the therapeutic arsenal is notably increasing. However
their in vivo efficacy can be severely comprised by the unfavorable physico-
chemical characteristics. The major obstacle for cell penetration is the large size
and hydrophilic nature of the biotechnological molecules, which demand the
use of a carrier able to overcome cellular barriers and facilitate cytosolic
delivery.40 Therefore, many different drug-delivery systems including liposomes
have been investigated for this purpose. Liposomes are able to provide
protection and targeting of the encapsulated macromolecule and may promote
cellular internalization.39–41

Gene therapy requires the development of multi-functional vectors that
could overcome the barrier effects of the membranes of the cell, endosome and
nucleus. A pH-sensitive multi-functional gene vector has been developed to
attain long circulation without using PEG but showing tumor cellular uptake
of the gene carrier.42 DNA was firstly condensed with protamine into a cationic
core that was used as assembly template. Then, additional layers of anionic
DNA, cationic liposomes and o-carboxymethyl-chitosan (CMCS) were
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alternately adsorbed onto the template via a layer-by-layer technique, to render
CMCS-cationic liposome-coated DNA/protamine/DNA complexes (CLDPD).
In vitro test with isolated tumor (HepG2) cells and in vivo evaluation into
tumor-bearing mice confirmed the transfection efficiency. Other reports also
confirmed the relevance of the fusogenic properties of the pH-sensitive
liposomal membranes for intra-cellular gene transfection.43–45

The pH-sensitive stealth liposomes have been reported as suitable vectors for
targeting therapeutic peptides to the nucleous.46 Cellular uptake of peptide-
loaded liposomes has been investigated in Hs578t human epithelial cells from
breast carcinoma, MDA-MB-231 human breast carcinoma cells and WI-26
human diploid lung fibroblast cells. Two different formulations were tested:
long circulating classical liposomes [soybean phosphatidylcholine : CHOL :
PEG-750-DSPE (47 : 47 : 6 molar% ratio)] and pH-sensitive stealth liposomes
[DOPE :CHEMS :CHOL : PEG750-DSPE (43 : 21 : 30 : 6 molar% ratio)]. The
difference between both formulations in terms of peptide delivery from the
endosome to the cytoplasm and even to the nucleus was observed as a function
of time. Using pH-sensitive stealth liposomes, the peptide was able to reach the
nucleus of tumorigenic and non-tumorigenic breast cancer cells.46 In summary,
the available information demonstrates the utility of pH-sensitive liposomes as
intra-cellular carrier for bioactives.

3.4.3 Tumor Diagnosis

Liposomes are excellent candidates for the development of theranostic agents
and multi-modal imaging probes, since they can release the entrapped imaging
probe/radioactive agent/drug in response to a change of physico-chemical
variables like pH, redox potential or concentration of specific enzymes that
usually occur in the early asymptomatic stage of several diseases such as
cancer.47 The pH-sensitive liposomes trapping 99mTc have been used for
biodistribution studies and scintigraphic imaging in Ehrlich tumor-bearing
mice. They accumulate in tumor tissue with high tumor-to-muscle ratio and can
be useful for diagnosis of tumors.48

Paramagnetic pH-sensitive liposomes have also been developed as imaging
tools for visualizing drug-delivery and release processes by means of Magnetic
Resonance Imaging (MRI). The proposed formulation allowed the fast and full
release of gadoteridol at pH 5.5. The leakage of the imaging reporter from the
vesicles was associated with a relaxivity enhancement that allowed its visual-
ization by MRI. It was observed that the release mechanism implies the
protonation of the basic sites that leads to vesicle aggregation, thus enabling the
expression of the fusogenic property.49

3.5 Conclusion

The literature is full of reports on using pH-sensitive liposomes in all areas of
drug delivery and more recently also for imaging. The unique characteristics of
these ‘‘smart’’ carriers make them an attractive choice for formulation scientists
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in nanomedicine and nanobiotechnology dealing with tumor and cardio-
vascular diseases. Particularly, the pH-sensitive liposomes enable efficient intra-
cellular delivery of drugs and genes. Furthermore, most components used for
their design have been proved to be safe, which may pave the way for the
approval and commercialization of pH-sensitive liposomes.
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CHAPTER 4

Smart Dendrimers

CHIE KOJIMA

Nanoscience and Nanotechnology Research Center, Research Organization
for the 21st Century, Osaka Prefecture University, Osaka, Japan
Email: c-kojima@21c.osakafu-u.ac.jp

4.1 Introduction

Drug-delivery systems (DDSs) are useful for reducing drug side effects and
maximizing drug action. Adequate design of the drug carriers is one critical
aspect for successful DDSs. A number of different nanostructures such as
liposomes, micelles and polymer particles have been adopted as drug
carriers.1–12 Liposomes and micelles are obtained by self-assembly of their
components. In general, large polymers with sizes similar to proteins are more
stable than self-assembled nanostructures, but the polymers have a broad
molecular weight range and their conformation is barely controllable.
Dendrimers are an exception to this rule, since these synthetic macromolecules
possess uniform highly branched structures. The differences between common
polymers and dendrimers arise from their synthetic pathways: polymers are
prepared by polymerization of monomers, while dendrimers are obtained by
stepwise synthesis.13 Figure 4.1 shows the synthetic pathway for a typical and
well-studied dendrimer, polyamidoamine (PAMAM) dendrimer, developed by
Tomalia et al.14 PAMAM dendrimer is synthesized by repeating Michael
addition of the core compound and subsequent amidation. Therefore, the
molecular weight is defined and can be controlled by the number of times that
the reaction is repeated, namely by the number of generations. Even though the
monomeric units of most synthetic polymers are tandemly linked, the building
units of dendrimers have a branched structure. Therefore, dendrimers have a
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Figure 4.1 Synthetic pathway of a polyamidoamine (PAMAM) dendrimer.
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spherical structure and their properties can be controlled by choosing a suitable
core, building blocks and/or terminal groups.13–15

Dendrimers have been studied as a new type of drug carrier that can be
loaded with drug molecules by encapsulation and/or conjugation.16–25 A
number of drug molecules, such as doxorubicin (Dox) or adriamycin (ADR),
methotrexate (MTX), 5-fluorouracil (5-FU) and paclitaxel (taxol), can be
solubilized and encapsulated by dendrimers via hydrophobic interactions,
electrostatic interactions and/or hydrogen bonds.16–25 Some drugs can be
conjugated to the terminal group of the dendrimer. Such encapsulation and
conjugation properties enable the loading of efficient amounts of drug in the
dendritic nanoparticles for DDS applications.16–25 The controllable and
uniform molecular weight, size and chemical composition of dendrimers
contribute to the optimization of their properties as drug carriers, and to their
chemical and biological reproducibility. Size-controlled nanoparticles can be
targeted to tumor tissues taking benefit of the enhanced permeability and
retention (EPR) effect, which derives from the permeable blood vessel
endothelium and the lack of lymphatics in tumor tissues.26,27 Therefore,
dendritic nanoparticles can accumulate in tissues affected by EPR.12,16–25

Taken together, dendrimers are suitable as drug carriers because of their
drug loading capability, reproducible synthesis and potential to be passively
targeted to cancer tissues.

This chapter focuses on the application of dendritic polymers for drug
delivery, particularly as components of stimuli-responsive DDSs. There are two
categories of stimuli: external and self-regulated internal body stimuli.17

Temperature and light are already clinically used as external stimuli.
Differences in pH and redox-state between various tissues and/or subcellular
compartments can occur physiologically or pathologically, and can be used as
self-regulated internal body stimuli. To design stimuli-sensitive dendritic
polymers, tunable moieties can be incorporated at the terminal groups and/or
the core. The dendrimer backbone and the encapsulated molecules can also act
as stimuli sensors. In this chapter, various types of stimuli-responsive
dendrimers, such as temperature-responsive, photoresponsive, pH-responsive,
redox-responsive and enzymatic activity-responsive dendrimers, are described.
Since some excellent reviews on dendrimer-based gene delivery have been
published,12,16,22,28 this chapter is focused on drug-delivery systems in stricto
sensu using stimuli-responsive dendrimers.

4.2 Temperature-responsive Dendrimers

Hyperthermia therapy (thermotherapy) involves the killing of cancer cells by
exposure to high temperatures. This therapy is performed using clinically
approved radio frequency ablation as a local heating system.29 Temperature-
responsive DDSs can be applied in conjunction with thermotherapy.
Temperature-sensitive polymers, of which poly(N-isopropylacrylamide)
(PNIPAAm) is a representative, exhibit a phase transition at which their
solubility drastically decreases. The ‘‘cloud point’’ or lower critical solution
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temperature (LCST) of PNIPAAm is 32 1C.1–6 The cloud point is heavily
influenced by the balance between the hydrophobicity and hydrophilicity of the
polymer and hence it can be tuned by its chemical composition.

4.2.1 Dendrimers Containing Thermo-sensitive Polymers

Temperature-sensitive polymers can be attached to the core or the terminal
groups of dendrimers (Figure 4.2A and 4.2B). Kimura et al.30 reported the first
temperature-responsive dendrimer, which was prepared by polymerization
of NIPAAm from the termini of a polypropyleneimine (PPI) dendrimer
with terminal thiol groups (Figure 4.2A). The core of the dendrimer was
a cobalt complex, which catalyzed the temperature-dependent oxidation
of the thiol compounds.30 The PNIPAAm-based copolymers, PNIPAAm-
b-poly(dimethylaminoethyl methacrylate) and polycaprolactone-b-PNIPAAm,
were also conjugated to the dendrimer termini.31,32 It was reported that the
latter dendrimer acted as a temperature-dependent nanocapsule of daidzein, a
traditional Chinese medicine. In this dendrimer, polymer layers of polycapro-
lactone and PNIPAAm acted as drug reservoir and temperature sensor,
respectively.32 For in vivo application, modification of polyethylene glycol
(PEG) is indispensable. Zhao et al.33 recently reported that both PNIPAAm
and PEG-conjugated dendrimers could release indomethacin in a temperature-
dependent manner.

Figure 4.2 Design of temperature-sensitive dendritic polymers. (A) Dendrimer with
temperature-sensitive polymers attached at the surface, (B) dendritic
polymer assembly with a temperature-sensitive polymer and (C) dendrimer
modified with a temperature-sensitive moiety. Grey single balls and linked
balls indicate temperature-sensitive moieties and temperature-sensitive
polymers, respectively. (D) Temperature dependency of collagen-mimic
dendrimer.
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Temperature-sensitive polymers can also be attached to the dendrimer
core (Figure 4.2B). NIPAAm was polymerized from the core of polyol
dendrons, to produce a temperature-dependent dendritic polymer. These
polymers underwent self-assembly as a function of temperature.34,35 Stover
et al.36 reported the controlled release of ceramide, a pro-apoptotic drug, using
a dendritic polymer composed of poly(L-lactide)-co-NIPAAm and a poly
L-lysine dendrimer. The core block polymer associated with ceramide in a
temperature-dependent manner. In addition, cellular uptake of the dendritic
polymer was sensitive to temperature. The drug action induced by this nano-
particle was of a similar magnitude to that induced by the free drug or the
liposomal drug formulation at 37 1C.36

4.2.2 Dendrimers Containing Thermo-sensitive Moieties

Incorporation of temperature-sensitive components to dendritic polymers may
impart temperature-responsiveness to the dendrimer. Kono’s group reported
that temperature-sensitive dendrimers could be prepared by modification with
only one temperature-sensitive unit at the surface (Figure 4.2C).37–39 They first
reported the temperature-sensitivity of PAMAM and PPI dendrimers after
modification with isobutyric acid to provide the isobutylamide (IBAM) group
on the dendrimer surface, which is mimetic to the temperature-dependent
poly(N-vinylisobutyramide).37 The temperature-sensitivity was largely
dependent on the generation number or the molecular weight, different from
thermo-sensitive linear polymers. In addition, these dendrimers were also
influenced by pH because of their inner tertiary amine.37 Dendrimers with
NIPAAmat the surface were also synthesized as dendritic analogs of PNIPAAm
by reacting isopropylamine with succinylated PAMAM dendrimers.38 Linear
PNIPAAm has an endothermal peak near the cloud point, which contributes to
dehydration of the polymer. In contrast, temperature-sensitive dendrimers have
an extremely small endothermal peak. Therefore, these dendrimers are much
different from the linear structured temperature-sensitive polymers.38 PAMAM
dendrimers were also modified with phenylalanine (Phe) instead of NIPAAm
and IBAM.39 This modification also induced thermo-sensitivity under physi-
ological pH. Conversely, leucine and isoleucine were not able to communicate
such responsiveness. Tuning of the phase transition temperature to values close
to body temperature is crucial for the application of these dendrimers to DDSs.
For example, the Phe/dendrimer ratio determines the cloud point.39 One of the
advantages of dendrimers is their ability to encapsulate small molecules. The
guest molecule (e.g. rose bengal, RB) can also influence the temperature-
sensitivity of the dendrimers.40 We recently synthesized dendritic lipids with
IBAM groups. They were assembled into vesicles and tubular micelles in
aqueous solution, whose size andmorphologywere dependent on temperature.41

Asthmanikandan et al.42 and Chang and Dai43 reported oligo(ethylene
glycol)-bound dendritic compounds that exhibited temperature-dependent
phase transitions. These dendrimers bear hydrophobic and hydrophilic regions
and form dendritic micelles, whose morphology changes as a function of
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temperature. Thayumanavan’s group reported that Rhodamine 6G could be
encapsulated by these dendritic micelles.42 Li et al.44 reported the temperature-
responsiveness of oligo(ethylene glycol)-containing dendrimers, which is
dependent on both the generation number and the terminal structure.
The cloud point of the ethoxy-terminated dendrimers was lower than that of
the methoxy-terminated ones, due to the greater hydrophobicity of the former.
Differently from the decrease in cloud point observed for larger linear
polymers, Li’s dendrimers of higher molecular weight exhibited a higher cloud
point.44 Therefore, such dendrimers are unique temperature-sensitive polymers.
Taken together, oligo(ethylene glycol)-bound dendritic polymers are another
class of candidate materials for temperature-sensitive DDSs.

4.2.3 Collagen-mimic Dendrimers

Collagen is the most abundant protein in mammals and is composed
of glycine-proline-(hydroxy)proline (Gly-Pro-Pro (Hyp)) repeats, which form
a triple helix in a temperature-dependent manner.45–47 The triple helical
structure is formed at low temperature, but it dissociates above the melting
point. Thermal denaturation of collagen at high temperature results in the
formation of gelatin. The temperature-dependent behavior of collagen is
different from that of temperature-sensitive synthetic polymers that have an
LCST. In the collagen, the temperature-dependent behavior is induced by
alteration of its higher order structure, while in the synthetic polymers it is due
to dehydration. Therefore, collagen-related materials provide an alternative
temperature-dependent material. Unfortunately, it is difficult for short collagen
peptides to form a triple helix, which limits the development of artificial
collagen materials. However, a covalent knot of collagen peptides can induce
triple helix formation.45 We reported a collagen model peptide
(Pro-Pro-Gly)5-attached dendrimer, in which the peptides knotted at the
surface of the dendrimer formed a collagen-like triple helix.48 Interestingly,
unlike in natural collagens, helix formation by this dendrimer was thermally
reversible. The collagen-mimic dendrimer could encapsulate a model drug,
RB, and release it faster at high temperature. This thermo-sensitivity was
based on temperature-dependent helix formation and not on a phase transition.
The formation of a collagen-like triple helix at lower temperature may
improve the binding properties of RB to the dendrimer owing to enhanced
hydrophobic interactions and/or suppressed permeability of RB at the surface
(Figure 4.2D).48 Because the temperature-dependency was insufficient for DDS
applications, we also prepared different types of collagen-mimic dendrimers
with (Pro-Hyp-Gly)n. Even though the temperature dependency of the release
profiles from these dendrimers was much improved, further optimization is still
required.49 It was also reported that the (Pro-Pro-Gly)10 and (Pro-Hyp-Gly)10
collagen-mimic dendrimers form temperature-dependent hydrogels, which
dissolve above 40 1C and below 25 1C, respectively.50,51 These hydrogels are
also useful as smart drug containers.
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4.3 Photoresponsive Dendrimers

Photo-irradiation is another possible stimulus that can control drug release and
induce cytotoxicity in target cells. Even though both temperature and light are
external stimuli, light is easier to be spatiotemporally controlled than
temperature. The disadvantage of light is its low depth of penetration. Light
within the ultraviolet to visible range can only provide an effect at the surface,
while near-infrared light tends to penetrate more deeply into the body.
Therefore, the photo-irradiation wavelength is an important factor for DDS
applications.

Photodynamic therapy (PDT) is a new clinical treatment for superficial
tumors and age-related macular degeneration, which was approved in the
1990s. This technique involves the systemic administration of a photosensitive
drug followed by light irradiation to the affected tissue. The photosensitive
drug (photosensitizer) generates singlet oxygen following irradiation, and
causes oxidative damage to cells. PDT affects only the irradiated areas, because
singlet oxygen is short-lived, making this therapy a site-specific and non-
invasive treatment.16,19,20,52,53 Dendrimer nanoparticles encapsulating or
conjugating photosensitizers have been reported by several groups.53–59

Kataoka’s group performed a sophisticated study in which they reported that
dendritic polymer micelles composed of a photosensitizer-core dendrimer and
PEG-block polymers exhibited an efficient PDT effect.53,54,60 An excellent
review on PDT has recently been published by Paszko et al.61

Photothermal therapy (PTT) is another type of treatment that involves the
systemic administration of gold nanomaterials and light irradiation of the
affected tissues, similar to PDT with photosensitizers. Gold nanomaterials in
the form of nanoparticles, nanoshells and nanorods generate heat under light
irradiation, causing damage to the cells.16,19,62–64 Some biocompatible gold
nanoparticles have been studied for PTT.63,64 We reported that a PEGylated
dendrimer encapsulating a gold nanoparticle generated photothermal energy,
which could be used for PTT.65–67 A combination of PDT or PTT and
photosensitive drug delivery may be more effective.

4.3.1 Dendrimers for Photochemical Internalization

As described above, photosensitizers generate reactive oxygen species (ROS),
such as singlet oxygen, which attack cells. When ROS attack endosomal
membranes, drug molecules can escape degradation in endosomes/lysosomes.
Therefore, intra-cellular delivery can be controlled by photo-irradiation, a
process known as photochemical internalization (PCI).53,68,69 The groups of
Kataoka and Lai have been engaged in the development of dendrimers for PCI.
Kataoka’s group reported the conjugation of camptothecin (CPT) to PEG-block
polymers via a disulfide bond. Following light irradiation, photocytotoxicity was
enhanced in the presence of polymeric micelles containing phthalocyanine-core
dendrimers (dendrimer-phthalocyanine, DPc).70 Lai’s group reported the
preparation of Dox- and saporin-conjugated dendrimers via cleavable linkages,
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and drug release in the presence of the photosensitizer disulfonated aluminum
phthalocyanine (AlPcS2a) was induced by photo-irradiation.71,72 PCI of this
system was effective because the cytotoxicity was much higher than the PDT
effect.71 Dox was conjugated to PAMAM dendrimers via amide (stable) and
hydrazone (pH-sensitive) bonds (see Section 4.4.3). The hydrazone-linked
Dox-dendrimers showed much more effective cytotoxicity than the amide-
linked dendrimers,71 suggesting that cleavable links help the PCI effect
(Figure 4.3). Recently, these two groups performed a collaborative study on
PCI for Dox delivery into multi-drug-resistant tumor cells. They used
polymeric micelles containing DPc. Even though DPc showed PDT effects,
cytotoxicity and tumor growth inhibition caused by the combination of
DPc and Dox following photo-irradiation were higher than those observed for
the same system without Dox. This indicates that the PCI effect is more relevant
than the PDT effect. Interestingly, combined PDT and PCI could allow
the treatment to exert its effect much more deeply in tumor tissues. In addition,
multi-drug resistance (MDR) could be overcome by means of DPc nano-
particles and photo-irradiation. The timing of photo-irradiation was very
important, even though the light-induced mechanisms remain to be
investigated.73

4.3.2 Dendrimers with Photodegradable Moieties

Dendrimers with photodegradable moieties are also useful for photosensitive
DDSs. Choi et al.74 reported the conjugation of Dox to a dendrimer via a
photodegradable linker. Photo-irradiation led to the release of Dox and its
cellular uptake, causing the damage of tumor cells.74 Shabat’s group designed

Figure 4.3 An example of drug delivery by photochemical internalization (PCI).
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photosensitive self-immolative dendrimers composed of a photolabile
trigger core, model drug compounds at the termini and self-immolative
building blocks (see Section 4.6). The core molecule was activated by photo-
irradiation to degrade the building blocks of the dendrimer, and the model drug
molecules (pyrene) were released.75 Thayumanavan’s group also reported
photodegradable dendritic amphiphilic micelles, having a molecular design
similar to the temperature-sensitive dendrimers except for the photodegradable
linkers.42,76 Following photo-irradiation, alkyl chains were cleaved to
disassemble the micelle structure. Nile red was rapidly released under
photo-irradiation.76

4.4 pH-responsive Dendrimers

Although 7.4 is considered as the physiological pH, the human body shows
regions of different pH and this variation can be utilized for pH-responsive
DDSs. Regarding the gastrointestinal tract, there is a pH difference between the
stomach (about pH2) and the intestine (pH5–8). The pH of cancer and
inflamed tissues is slightly acidic, namely 6.5–7.2. Intra-cellular cytosol,
endosome and lysosome pH values are 7.4, 5.0–6.5 and 4.5–5.0, respectively.6

Therefore, pH-responsive dendrimers may be useful for DDSs.

4.4.1 Dendrimers Containing pH-responsive Moieties

There are many types of pH-sensitive nanoparticles with pH-tunable moieties.
Carboxyl and/or tertiary amino groups can function as pH sensors, because
their hydrophobicity is altered by protonation and deprotonation.1–4,6,10,20

Because PAMAM and PPI dendrimers possess many tertiary amines at the
branch points, they can respond to pH. Pistolis et al.77 published in 1999 the
first report on pH-responsive dendrimers. Release of hydrophobic pyrene
molecules from PPI dendrimers was facilitated at low pH, because of a decrease
in the inner hydrophobicity of the dendrimers (Figure 4.4A). Gajbhiye et al.78

reported that PEGylated PPI dendrimer could encapsulate the anti-
inflammatory drug, aceclofenac, and release it in a pH-dependent manner.
They also reported that PEGylated PPI dendrimer could rapidly release
encapsulated famotidine, an H2 receptor antagonist, at low pH.79 PAMAM
dendrimers also solubilized 2-naphthol, nifedipine and nicotinic acid in a pH-
dependent manner; and greater solubilities were observed at high pH.80–82

Tekade et al.83 reported that PEGylated PAMAM dendrimers could encap-
sulate MTX and all-trans retinoic acid (ATRA), and release them depending on
pH. Kannaiyan et al.84 prepared PPI-core PAMAM-shell dendrimers able to
encapsulate pyrene in a pH-dependent manner. Additionally, it was reported
that fluorinated PAMAM dendrimers presented a pH-dependent self-
assembling and encapsulated rhodamine B more stably at neutral than at acidic
pH.85 Aspartate-based dendrimers could also solubilize certain drugs, such as
naproxen, MTX and histidine, depending on pH.86 These examples illustrate
some pH-sensitive dendrimer candidates.
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4.4.2 Dendrimer Assembly with pH-sensing Moieties

Some linear polymer-dendrimer conjugates with pH-sensing moieties assemble
in a pH-dependent manner that enables pH-sensitive drug release. These
polymers are composed of dendrons containing carboxylic acid or acetal
linkages. Since carboxylic acid is protonated at low pH and becomes hydro-
phobic, the micelle structure changes under acidic conditions.87 Gillies et al.88,89

synthesized a polyester dendron with a hydrophilic PEG core and hydrophobic
trimethoxyphenyl termini via acetal linkages. In water, these dendritic polymers
formed micelles with a hydrophobic dendron and a hydrophilic PEG surface.
Nile red and Dox were stably encapsulated in the dendritic micelles at pH 7.4.
In contrast, at low pH the micelles degraded by cleavage of the acetal group
and separation of the hydrophobic phenyl groups from the dendron; as a
consequence, the drug was released.88,89 Recently, Liu et al.90 prepared a
complex of cationic PAMAM dendrimer with PEG-polyanion block polymer
containing lactic acid, via electrostatic interaction. The complex was dissociated

Figure 4.4 The two major types of pH-responsive dendrimers. (A) Drug-encapsulated
pH-sensitive dendrimers; drug molecules can be released from these
dendrimers at low pH due to the reduced hydrophobicity of the dendrimer.
(B) Drug-conjugated PEGylated dendrimers via pH-dependent linkages; the
linkage can be cleaved to release the drug molecule at low pH.
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at low pH because the negative charge of the PEG-polyanion decreased due to
protonation. Dox could be loaded into the complex, and was rapidly released at
low pH. Interestingly, this complex contained a ligand for hepatocarcinoma,
which notably improved the drug action in the in vitro and in vivo hepa-
tocarcinoma treatment.90

4.4.3 Drug-dendrimer Conjugates with pH-responsive Linkages

Dendrimers conjugating drugs via a pH-sensitive linkage have been
prepared.10,12,16–18,20 There are two types of pH-degradable linkers between
drugs and dendrimers: hydrazone and cis-aconityl linkage. These linkages are
cleaved at low pH, thus enabling conjugated drugs to be released from
dendrimers in tumor tissues and/or in acidic cellular compartments
(Figure 4.4B). As discussed in Section 4.3.1, PAMAM dendrimer conjugating
Dox via a hydrazone linkage exhibited more efficient drug action compared
to the amide linked conjugate.71 Similar results were obtained with drug-
conjugated PEGylated PAMAM dendrimers (Figure 4.4B). The hydrazone-
linked drug-dendrimer conjugate exhibited higher cytotoxicity than the
amide-linked conjugate.91 These data suggest that drug release from the
hydrazone-linked conjugate occurred in acidic endosomes and/or lysosomes.
Since PEGylation is indispensable for the biomedical applications, this kind of
dendrimer is a potent polymer prodrug.

Bow-tie types of polyester dendrimers incorporating PEG-attached
dendrons, and dendrons conjugating Dox via hydrazone linkages, were
evaluated as pH-dependent DDSs.92–94 The hydrazone-linked drug-dendrimer
conjugates exhibited higher cytotoxicity than the amide-linked conjugates.
These polyester dendrimers were found to accumulate in tumor tissues and
efficiently inhibit tumor growth with a single dose. The drug efficiency was
similar to a commercially available PEGylated liposome containing Dox.94

Since these bow-tie type dendrimers are difficult to prepare, an improved and
simple synthetic method has been developed to produce a dendrimer
symmetrically incorporating both PEG and Dox.95,96 Kaminskas et al.97

reported PEGylated polylysine dendrimers conjugating Dox via a hydrazone-
like 4-hydrazinosulfonyl benzoic acid (HSBA) linkage (Figure 4.4B).
A polylysine dendrimer was modified with a PEG on the alpha amino group
and HSBA-linked Dox on the side chain. In vitro and in vivo assays indicated
that the drug action of the dendrimer was similar to that of the PEGylated
liposomes containing Dox, but the side effects of the dendrimer were less
significant.98 pH-sensitive Dox-dendrimer conjugates have been modified with
ligands such as biotin and galactose.99,100 Ligand conjugation is useful for
active targeting of the pH-sensitive dendrimers.

Zhu et al.101,102 reported the synthesis of PAMAM dendrimers with amino
termini partly modified with PEG, and with the residual amino groups
subsequently modified with Dox via a cis-aconityl link. The linkage was pH-
sensitive and the cytotoxicity of cis-aconityl-linked Dox-dendrimer conjugates
was higher than that of succinyl-linked conjugates. The binding ratio and the
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PEG length resulted to be very important for the release profiles and the in vitro
and in vivo drug action.101,102 These studies illustrate how important the release
of drug molecules from a dendrimer is for an efficient drug action.

4.5 Redox-responsive Dendritic Polymers

Tissue redox status is a self-regulated internal body stimulus that can be used to
trigger drug release from responsive carriers. Glutathione is present inside
and outside cells at millimolar and micromolar concentration, respectively.8,9

This indicates that the intra-cellular environment is much more reducing than
the extra-cellular one. This difference between oxidative and reductive
environments can be used as a stimulus for site-specific release. In an oxidative
environment, thiol groups form disulfide bonds, which are reversibly broken in
a reductive environment. This suggests that thiol-containing molecules are
useful for the design of redox-responsive dendrimers. Kannan’s group reported
N-acetylcysteine-dendrimer conjugates with disulfide linkages.103,104 N-acetyl-
cysteine is prescribed for neuroinflammation; however, its reaction with
cysteine residues of natural proteins causes an extremely low bioavailability.
The disulfide linked dendrimer-drug conjugates exhibited much better
antioxidant effects than the drug alone.103,104 Lim et al.105 reported the conju-
gation of the anticancer drug taxol to PEGylated triazine dendrimers via a
disulfide bond, in order to improve the therapeutic effect.We synthesized a PEG-
attached dendrimer containing cysteine. The disulfide network at the surface of
the dendrimer could be degraded under reductive conditions to enhance release
of the drug. The permeability of the disulfide network to RB was enhanced in a
dithiothreitol solution, which mimics the intra-cellular environment.106

Excellent reviews on self-immolative dendrimers induced by redox stimuli
are available.107,108

4.6 Enzyme-responsive Dendritic Polymers

The nature and the amount of proteins in cells and tissues are strictly regulated
by controlled gene expression. Since the expression patterns of proteins
are different between tissues, certain proteins are possible inducing factors for
site-specific drug release. Enzymes in particular can change the chemical com-
position and/or the conformation of the target molecule. A comprehensive
overview of enzyme-responsive DDSs can be found in Chapter 9.

As mentioned previously, Shabat’s group designed self-immolative
dendrimers containing a photodegradable unit, which degraded under light
irradiation leading to release of the drug molecules.75,107,108 Similarly, enzyme-
degradable dendrimers were prepared. The enzyme-labile unit was added to
the degradable dendrimers conjugating drug molecules, making them
responsive to the catalytic activity (Figure 4.5).109–113 Shabat’s group used a
retro-aldol retro-Michael substrate for catalytic antibody 38C2 and pheny-
lacetamide for penicillin G amidase. When the enzymatic substrate was
conjugated to the core, a single trigger induced the release of many drug
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molecules conjugated to the dendrimer termini (Figure 4.5A). Several enzyme-
degradable dendrimers with Dox and CPT were synthesized. These dendrimers
exhibited enzyme-dependent drug release and cytotoxicity.109 The dendrimer
structure played a critical role in the degradation behavior.110,111 To prevent
low solubility in aqueous solution, which is a main cause of resistance to
degradation, PEG chains were attached to the dendrimer termini. The
PEGylated self-immolative dendrimer of large generation in vitro exhibited
enhanced drug activity.110 Furthermore, the dendrimer building block was
improved to degrade rapidly, which also resulted in more efficient cytotoxicity
of melphalan.111 When the enzymatic substrates were conjugated to the
termini, a multi-enzyme trigger induced the release of the drug molecule
conjugated to the dendrimer core (Figure 4.5B). Shabat’s group also reported
similar multiple enzyme triggered drug release.112,113 In this case, drug release
was induced by both homogeneous and heterogeneous enzymatic activity.
Dendrimer generation also contributed to an increase in not only the amount of
responsive moieties (triggers), but also in the components to be degraded for

Figure 4.5 Self-immolative dendrimers responding to enzymatic activity, as reported
by Shabat’s group. (A) Single trigger type: the trigger was conjugated to
the core and the drugs to the termini. (B) Multiple triggers type: the
triggers were conjugated to the termini and the drug to the core.
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the induction of drug release. The former influenced the drug release positively,
but the latter influenced drug release negatively. Consequently, a two-armed
dendrimer was the most effective for drug release.112 When heterogeneous
enzymatic substrates were attached to the dendrimer termini, a molecular
‘‘OR’’ logic trigger could gate the prodrug activation (Figure 4.5B).113 These
interesting series of systems, which were tested in cell cultures, are based on a
novel concept. Detailed biomedical research remains to be conducted for DDSs
applications.

As mentioned previously, Thayumanavan’s group reported oligo(ethylene
glycol)-bound dendritic compounds that exhibited temperature-dependent
phase transitions similar to amide group-containing dendrimers, and that
formed micelles that released Rhodamine 6G.42 Enzyme-dependent drug
release was reported using such dendritic micelles (Figure 4.6A). An ester

Figure 4.6 Enzyme-sensitive dendritic polymers. (A) Dendrimer assembly containing
drug, as reported by Thayumanavan’s group. (B) MMP-responsive
MTX-conjugated PEGylated dendrimer, as reported by Porter’s group.
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linkage between the alkyl chain and the dendritic compound was cleaved by
esterase, leading to disassembly of the dendritic micelles. Consequently, the
encapsulated model drug, pyrene, was released from the dendritic micelles by
enzyme activity.114 Thayumanavan’s group also reported protein–protein
interaction-dependent drug release using dendritic micelles. Biotin, which binds
to avidin, was conjugated to the dendritic polymer. By adding avidin, the
dendritic micelles were dissociated and the encapsulated model drugs were
released.115 These papers indicate that the association-dissociation transition of
these micelles is sensitive to enzyme activity and protein-absorption.114,115 It is
likely that the temperature-sensitivity of these dendritic micelles contributed to
the controlled release. Further study on such drug-loaded micelles, rather than
model drug systems, is required.

Kaminskas et al.116 reported drug-conjugated dendrimers via a matrix
metalloproteinase (MMP)-degradable linkage for MMP-dependent drug
release (Figure 4.6B). It is known that some kinds of MMPs are secreted in
tumor tissues, in which the conjugated drug release can occur. Dendrimers
with PEG and the MMP substrate peptide-linked MTX released the
drug in the presence of MMP, suppressing the tumor growth. Interestingly,
butoxyl-capping of the MTX-conjugated dendrimers resulted in improved
biodistribution and more efficient drug action.116 The study of such enzyme-
dependent drug delivery via dendrimers is at an early stage, and more detailed
investigations remain to be performed.

4.7 Theragnostic Dendrimers

The stimuli-responsive dendrimers described in previous sections are intended
to enhance maximum drug activity and to reduce side effects. When external
stimuli (e.g. temperature or light) responsive DDS are used, individual
differences may occur and a precise spatiotemporal control of the stimuli is
required for effective drug delivery. Ideally, the drug action should be
monitored to ensure efficient chemotherapy. Therefore, nanocarriers that
enable diagnosis as well as therapy, i.e. theragnosis, are necessary.117–119

Baker’s group performed a pioneer work on theragnostic dendrimers. They
focused on the multi-valency of dendrimers, and prepared multi-functional
dendrimers conjugating drugs, fluorescent dyes and ligands for the
targeting.120–122 As mentioned previously, Au NPs have photothermogenic
properties that are useful for photorelated therapy. Au NPs also have the
property of X-ray attenuation, which is useful for X-ray computed tomography
(CT), a non-invasive imaging method.123 Therefore, theragnostic nanoparticles
can be produced by the combination of a dendrimer delivery system with Au
NPs. PEGylated dendrimers containing Au NPs have been tested for the
applications of PTT and CT imaging, and resulted to be useful as theragnostic
dendrimers.66,124 More detailed information is provided in a recently published
article.67 Iron oxide nanoparticles (IONP) are useful for magnetic resonance
imaging (MRI). Chang et al.125 reported the preparation of IONPs covered
with pH-sensitive linked dendrimer-drug conjugates for theragnostic
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treatments. This hybrid material exhibited pH-dependent drug release as well as
tumor monitoring properties by MRI.125 It is expected that theragnostic
dendrimer nanoparticles will become more valuable as more information
becomes available.

4.8 Conclusion

Dendrimers are unique and well-defined materials. Their molecular weight and
chemical composition are theoretically defined, and the characterization of
newly synthesized compounds is relatively easy. It is worthwhile to develop
functional nanoparticles based on dendritic polymers. Dendrimers are
particularly useful for systematic synthesis and the investigation of functional
macromolecules. The design of functional dendritic nanoparticles is important
for the next generation of DDSs, i.e. stimuli-responsive DDSs. This chapter
summarizes the various functional dendritic polymers that can be prepared
incorporating temperature-, photo-, pH-, redox- and enzyme-sensitive moieties
for drug delivery. Improvement of functional dendritic polymers is required
to make them more effective in vivo. From a practical point of view, a
disadvantage of dendrimers is their high cost. Hyperbranched polymers are a
useful alternative to dendrimers, because they are simple to synthesize and
have a similar globular structure. Temperature-sensitive and pH-sensitive
hyperbranched polymers have been reported by several groups.12,126–131 It is
expected that in the future, dendritic and hyperbranched polymers will expand
to develop potential novel drug carriers.
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CHAPTER 5

Temperature- and pH-sensitive
Polymeric Micelles for Drug
Encapsulation, Release and
Targeting

ALEJANDRO SOSNIK

The Group of Biomaterials and Nanotechnology for Improved Medicines
(BIONIMED), Department of Pharmaceutical Technology, Faculty of
Pharmacy and Biochemistry, University of Buenos Aires, 956 Junı́n St.,
Buenos Aires CP1113, Argentina and National Science Research Council
(CONICET), Buenos Aires, Argentina
Email: alesosnik@gmail.com

5.1 (Bio)pharmaceutic Challenges in Therapeutics

Rational structure-based drug discovery supported by tools such as bio-
informatics reduced the number of candidates that enter clinical trials, leading
to a substantial diminution of the attrition rate and the cost of drug devel-
opment.1 This fact enabled the substantial growth of small pharmaceutical
companies,2 although productivity is relatively low and inconsistent with the
extent of investment growth.3 This outbreak has been accompanied by the
emergence and development of technologies aiming to overcome different
(bio)pharmaceutical drawbacks. More than 50% of the approved drugs and
70% of the new candidates are poorly water soluble according to the Bio-
pharmaceutic Classification System (BCS).4–6 Low aqueous solubility represents
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a great challenge for formulators that need to bring these new candidates into the
pipeline and to ensure good bioavailability of the approved drugs. Low
physical and chemical stability are also hurdling the progress of potentially
active molecules from the design and synthetic stages to the in vitro and in vivo
evaluation. For example, the self-assembly of drugs into nanoscopic aggregates
invisible to the naked eye7–12 may result in the partial or total loss of the
biological activity due to a more limited capacity to cross biological barriers
and more elevated toxicity.9 To minimize the self-aggregation of novel 1-
indanone thiosemicarbazones, Glisoni et al. recently complexed them with
different cyclodextrins.13 Complexes enabled the reliable evaluation of the
activity against the hepatitis C virus (HCV) in Huh7.5 cells containing the full-
length and the subgenomic subgenotype 1b HCV replicon.14

Motivated by the evolution of nanotechnology, different nanocarriers made
of lipids and polymers have been designed and developed to address these
limitations.15,16 Robust platforms were exploited to achieve the temporal and
spatial release of drugs, thus constraining the systemic exposure to toxic
agents and the appearance of severe adverse effects (e.g. doxorubicin and
amphotericin B)17,18 and improving the safety ratio.15

Polymeric micelles came out as one of the most versatile nanocarriers due to
several unique features: (i) great chemical flexibility to tailor the molecular
architecture of the amphiphile and to confer responsiveness to different and
multiple stimuli, (ii) capacity to host, solubilize and physico-chemically stabilize
poorly water soluble drugs, (iii) ability to accumulate selectively in highly
vascularized solid tumors by the so-called enhanced permeation and retention
(EPR) effect, and (iv) ability of single amphiphile molecules (unimers) to down-
regulate the expression and to inhibit the functional activity of different pumps
of the ATP-binding cassette superfamily (ABCs) that are involved in the efflux
of drugs against a concentration gradient and consequently in cellular multi-
drug resistance (MDR).

Despite their potential applications, polymeric micelles remain clinically
uncapitalized. The present chapter overviews the most recent applications of
temperature- and pH-responsive polymeric micelles for the encapsulation,
release and targeting of drugs.

5.2 Polymeric Micelles

Polymeric micelles are nano-sized (usually o100 nm) structures generated by
the spontaneous self-assembly of amphiphilic block copolymers above a given
concentration known as critical micellar concentration (CMC).19 Hydrophobic
blocks associate to form an inner core capable of solubilizing lipophilic drugs,
while the hydrophilic ones form a corona that comes into direct contact with
the external medium, stabilizing the system.20 The corona also constitutes the
interface between the drug reservoir and the release medium, and depending on
its properties (e.g. microfluidity) and on the drug/corona interaction, the drug
release could be facilitated or hampered. In general, when the hydrophilic block
is longer than the hydrophobic one, micelles are spherical, while copolymers
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with longer hydrophobic blocks can give place to micelles of different
morphology (e.g. rods and lamellae) or to polymeric vesicles (polymersomes).21

Depending on the molecular arrangement, reverse polymeric micelles with
hydrophobic corona and hydrophilic core can be also produced in non-aqueous
media.22 However, only the former are relevant for drug-delivery purposes. The
molecular properties of polymeric micelles can be tailored to adjust the size of
the core and the nature and strength of core-drug interactions. In addition, the
corona can be decorated with specific ligands to facilitate active drug targeting
by means of the selective uptake mediated by specific receptors.

Polymeric micelles can be administered by different routes such as oral23,24 and
ocular,25,26 though parenteral is themost extensively investigatedone.19Approved
conventional surfactants (e.g. polyethoxylated castor oil or polysorbate 80) form
regular micelles in water and they are profusely employed for drug solubili-
zation.27 Nevertheless, these pharmaceutical excipients are not deprived of toxic
effects. Moreover, when regular micelles undergo dilution to a final concentration
below theCMC, they disassemble instantaneously and the drug is released into the
medium. Conversely, polymeric micelles are safer for parenteral administration
and more stable under dilution, providing more prolonged circulation times.
In addition, cores are larger resulting in greater encapsulation capacity.19

5.2.1 Micellar Encapsulation

The capacity of polymeric micelles to encapsulate a drug can be expressed by
(i) the micelle–water partition coefficient defined as the ratio between the drug
concentration inside themicelle and in the aqueousmedium,28,29 (ii) the number of
moles solubilized per gramof hydrophobic block, and (iii) themolar solubilization
ratio (MSR) that is the molar ratio between the drug and the copolymer.
Even though some solubilization capacity can be observed at copolymer
concentrations below the CMC,30 the most substantial solubilization is expected
above this point owing to the ability of drug molecules to accommodate within
the core. Paterson et al.30 proposed two simple equations to describe the
solubilization process below the CMC (Equation 5.1) and above it (Equation 5.2):

If CsoCMC

Sapparent

S
¼ 1þ Kunimer � Cs ð5:1Þ

If Cs4CMC

Sapparent

S
¼ 1þ Kunimer � CMC þ Kmicelle � ðCs� CMCÞ ð5:2Þ

where Sapparent is the aqueous solubility of the drug measured in the micellar
system, S is the molar intrinsic solubility in pure water, CS is the copolymer
concentration in water, Kunimer and Kmicelle are equilibrium constants describing
the solute-unimer (oCMC) and solute-micelle (4CMC) interactions.
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The incorporation capacity of drug molecules by a certain copolymer
depends on its molecular weight and its hydrophilic-lipophilic balance (HLB).
In general, for similar molecular weights, the lower the HLB is, the greater the
encapsulation capacity. Concomitantly, copolymers displaying similar HLB
and greater molecular weight tend to display greater encapsulation capacity
than those with smaller molecular weight. Moreover, encapsulation is also
governed by drug features such as molecular volume or lipophilicity. In other
words, the performance of specific amphiphiles needs to be assessed for each
single molecule. The ideal solubility of a drug is governed by the intensity of the
solute–solute interactions; the stronger these forces, the higher the melting
temperature, Tm. Solubilization depends on the generation of strong
solute–core interactions (e.g. hydrophobic forces) that overcome the
solute–solute ones. Thus, drugs displaying low Tm are encapsulated more
effectively than those with a greater one. For example, Chiappetta et al.31,32

investigated the solubilization of triclosan (289.5 g/mol; Tm¼ 55–57 1C) and
triclocarban (315.6 g/mol; Tm¼ 255 1C) in a variety of branched poly(ethylene
oxide)-poly(propylene oxide) (PEO-PPO) polymeric micelles. These two anti-
bacterial agents display similar molecular structure and molecular weight
though very different Tm. The physical stability of the drug-loaded micelles
was strongly dependent on the Tm of the encapsulated drug, being high for
triclosan and very low for triclocarban. It is also interesting to note that even
though the drug–core interaction plays a fundamental role in the encapsulation
process, in some cases the interaction of certain hydrophilic functional
groups of the drug molecule with the corona can contribute to improve the
solubilization performance, as demonstrated with triclosan under different pH
conditions.31

5.2.2 Preparation Methods

According to (i) the physico-chemical properties of the copolymer and more
specifically those of the hydrophobic block and (ii) the properties of the drug,
different techniques can be employed to produce drug-loaded polymeric
micelles.21,33 The direct method may comprise the solubilization of the
copolymer to obtain polymeric micelles and the subsequent solubilization of
the drug that initially remains in suspension and it is gradually incorporated
into the micelles until its complete dissolution. When the encapsulation
capacity of a certain copolymer with respect to a drug is being assessed, a drug
excess is added and the system is allowed to reach the equilibrium for 48–72 h at
a constant temperature. Then, the drug excess is removed by filtration and the
drug payload quantified. This method is the preferred one because it prevents
the use of organic solvents and the implementation of additional operations to
remove them. It is commonly used with copolymers of intermediate hydro-
phobicity that are water soluble and for the encapsulation of drugs with low to
intermediate molecular weight. In contrast, when the copolymer is highly
hydrophobic and it does not solubilize conveniently in water, both copolymer
and drug are primarily solubilized in a water-miscible organic solvent

118 Chapter 5

 o
n 

01
/0

9/
20

13
 1

0:
25

:4
8.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

15
View Online

http://dx.doi.org/10.1039/9781849736800-00115


(e.g. dimethylformamide or acetone) and poured into water. Then, polymeric
micelles are formed upon the elimination of the organic solvent by evaporation
or dialysis. The main disadvantage of dialysis is that part of the encapsulated
drug can be lost in the dialysis medium, thus leading to lower drug payloads.
Alternatively, the drug and the copolymer can be dissolved in a water-
immiscible solvent, which is subsequently evaporated. Only then, the film is
reconstituted with water to form the drug-loaded micelles.21 A main constraint
of this approach is that highly hydrophobic copolymers can be used in
relatively low concentrations between 1 and 2%. Also, the presence of organic
solvent residues needs to be quantified to ensure that the remaining concen-
trations are below the maximum established limits. Other procedures can be
applied to fit the properties of the copolymer and the drug. It is worth
mentioning though that changes in the technique may result in systems with
different drug payloads, micellar size and size distribution and physico-
chemical stability.34,35

5.2.3 Physical Stability

One of the main drawbacks of polymeric micelles is that they tend to dis-
assemble upon administration and dilution in the biological environment.
Disassembled polymeric micelles cannot maintain the encapsulated molecule
within the core, and the drug is released into the medium where it can undergo
nucleation, crystallization and precipitation. Even though the system is
thermodynamically instable below the CMC and will finally disassemble, the
kinetics of the process depends on the properties of the copolymer (e.g.
molecular weight, HLB, core amorphousness or semi-crystallinity and
cohesion).36,37 In general, the stability of relatively hydrophilic copolymers is
jeopardized to a greater extent than that of more hydrophobic ones because the
gap between the CMC and the final concentration upon dilution is greater.
Thus, several works improved the stability of the systems by increasing the
hydrophobicity of the amphiphiles.37 However, the analysis is not so
straightforward because the intrinsic properties of the drug may also condition
the overall physical stability of the system; drugs displaying stronger
solute–solute interactions and higher Tm tend to precipitate faster than those
with lower Tm.

31,32 Also, encapsulated drugs may favor or disfavor the
aggregation of the amphiphile itself and greater drug–core cohesion may result
in higher physical stability when compared to the drug-free micelle.38 For
example, Chiappetta et al.39 showed that the antiretroviral efavirenz (EFV)
promotes the self-aggregation of pristine and N-methylated branched PEO-
PPO block copolymers (poloxamines). In this regard, it is crucial to monitor the
long-term physical stability of the drug-loaded micelles upon dilution in media
that are relevant to the clinical use; e.g. gastric-mimicking medium.

Two main approaches have been developed to stabilize physically polymeric
micelles and to prevent their disassembly upon dilution: (i) core cross-linking,
and (ii) corona cross-linking.40 Both pathways demand the chemical modifi-
cation of the amphiphile with reactive functional groups and show pros and
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cons. The physical41 or chemical42–45 cross-linking of the core conserves the
functionality of the terminal groups exposed on the micellar surface and
enables the conjugation of ligands that are useful in active drug targeting. On
the other hand, the drug loading capacity and the release rate can be reduced
owing to a more densely packed core. Conversely, to cross-link the corona,
terminal groups (e.g. hydroxyl) are modified and reacted with coupling
bifunctional molecules or by free radical polymerization. Depending on the
cross-linking density, the corona displays variable permeability, this parameter
affecting drug encapsulation and release.46–49 This is an interesting feature that
can be exploited to develop micelles that display rate-controlling coronas and
to fine-tune the release kinetics from the drug reservoir. It is worth remarking
that to prevent the chemical modification of the drug, the stabilization stage is
often carried out before the drug loading. Thus, the chemical modification of
the micelle can alter the encapsulation capacity with respect to the pristine
copolymer. Moreover, irreversibly cross-linked systems might display problems
related to a more limited clearance from the body and they need to be
engineered appropriately to ensure biocompatibility and to prevent accumu-
lation.37 In this context, a number of researchers developed covalently cross-
linked polymeric micelles that disassemble in vivo by different biological
pathways and that are eliminated more effectively.50–53

Regardless of the fact that stabilized micelles extend the circulation time
under dilution, this phenomenon does not necessarily result in an improved
therapeutic index of the drug. Thus, the appropriate balance between effective
drug encapsulation and stabilization and drug release needs to be attained.54

Otherwise a strong core–drug interaction will curtail the gradual release of free
drug with an appropriate kinetics. Amphiphiles bearing a semi-crystalline core
such as those with hydrophobic blocks made of poly(e-caprolactone) (PCL)
usually withstand better the dilution phenomena than those with amorphous
cores (e.g. poly(propylene glycol)). However, they are not physically stable in
suspension and tend to fuse and cluster into larger aggregates that finally
precipitate.55 To conserve these micelles in the long term, they usually need to
undergo freeze-drying, a process that needs to be conducted in the presence of
lyo-/cryoprotectants.56–59 Regardless of the stabilization strategy, the physical
stability and the properties of each drug-loaded system need to be compre-
hensively assessed to understand their behavior in vivo. Some pathologies are
characterized by the localized increase of the temperature or the decrease of the
pH. In this context, nanocarriers can be tailored to release the drug locally
upon a change in the microenvironment.

5.3 Temperature-sensitive Polymeric Micelles

Temperature is the most extensively exploited stimulus in the design of envi-
ronmentally responsive biomaterials, namely smart materials.60 In addition to
the above-mentioned CMC, these amphiphiles display a critical temperature
that delimits their ability to self-assemble and it is known as critical micellar
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temperature (CMT). This parameter depends on intrinsic copolymer features
(e.g. molecular weight, HLB) and also on the copolymer concentration.

Temperature-responsive amphiphiles can be classified into twomain categories,
(i) positive and (ii) negative, and they are characterized by an upper critical
solution temperature (UCST) and a lower critical solution temperature (LCST),
respectively. The latter phenomenon was also coined reverse thermal gelation or
RTG behavior by Cohn and collaborators.61 UCST and LCST indicate a sol-gel
transition point. Having expressed this, micellization can be attained at concen-
trations and temperatures that are far below those required for the generation of a
gel. Moreover, low molecular weight derivatives usually micellize, though do not
necessarily gel. In general, most of the pharmaceutical applications employ
copolymers that undergo micellization upon heating at temperatures close to
37 1C, because polymeric micelles can be obtained under milder conditions.60 The
present sectionwill describe themost relevant temperature-responsive copolymers
and their main applications in drug delivery.

5.3.1 Poly(ethylene Oxide)-Poly(propylene Oxide) and Other

Polyether Amphiphiles

PEO-PPO block copolymers are the most extensively investigated micelle-
forming copolymers.62–64 One of the most appealing features of PEO-PPO water
solutions is that they gel upon heating around 37 1C and they can be used to
develop a variety of injectable systems for different biomedical applications.65,66

Based on their molecular structure, PEO-PPOs are classified into two groups:
(i) linear and bifunctional PEO-PPO-PEO triblocks (poloxamers, Pluronics,
Scheme 5.1A) and (ii) X-shaped tetrafunctional derivatives (poloxamine,
Tetronics, Scheme 5.1B). The regular derivatives combine terminal hydrophilic

CH3

CH3CH3

CH3CH3

A

B

CO-[NH-CH-(CH3)2]

(-CH2-CH-)nC

Scheme 5.1 General molecular structure of (A) poloxamer, (B) poloxamine and
(C) poly(N-isopropylacrylamide).
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PEO blocks and central PPO ones and form micelles in aqueous medium, being
the most relevant as pharmaceuticals. Conversely, there exist reverse-sequential
counterparts that display terminal hydrophobic blocks and central hydrophilic
ones. In less polar solvents, these derivatives generate reverse micelles that
display a hydrophilic core and a hydrophobic corona. PEO-PPOs are biocom-
patible for topical, oral and parenteral administration67 and, in general, they
have shown good cytocompatibility.68–71 PEO-PPOs are not biodegradable,
though molecules displaying molecular weights below 10–15 kDa can be bio-
eliminated by renal filtration.72–74 In addition, polymeric micelles with coronas
made of PEO are sterically stabilized (Stealths) and minimize opsonization and
uptake by macrophages, prolonging circulation time in vivo.75

Poloxamers and poloxamines are commercially available in different
molecular weights and EO/PO molar ratios and some linear derivatives were
approved by the US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) as pharmaceutical excipients in medicines and
medical devices.76–78 The branched counterparts display two main distinctive
features. An ethylenediamine central moiety (and two tertiary amines) that
confers the molecule responsiveness to pH79–81 and enables chemical
modification of the core.39,82 For example, quaternization of poloxamines by
means of N-alkylation not only partially suppressed pH-responsiveness, but
it also modified the self-aggregation pattern (that resembled poloxamines at
low pH), the drug-core affinity and the cytotoxicity.39,83,84 Even though
poloxamines are dually responsive molecules to temperature and pH, they
are discussed in this section because the stimulus usually exploited is
temperature. However, changes in the aggregation/gelation/drug release
under different pH conditions have been reported.85 Poloxamines display two
pKa values at 3.8–4.0 and 8.0 with minimal changes among derivatives of
different molecular weight and HLB.86 At low pH both amine groups are
protonated, coulombic repulsion prevents micellization, and CMT is shifted to
a greater temperature.87 At neutral pH, aggregation increases due to the partial
disprotonation of the central group, becoming maximal at pH4 10–12
where molecules are completely unprotonated.87,88 The higher the pH is the
greater the aggregation number, the larger the size and the more homogeneous
the size distribution of poloxamine micelles.80 Accordingly, poloxamines
display maximum solubilization capacity at pH48–10. In this framework,
the release in biological microenvironments displaying reduced pH could be
envisioned.

The mechanism behind the micellization of PEO-PPO and other amphiphilic
copolymers is entropy-driven and mainly related to the release of water
hydration molecules from the PPO blocks.89 Thus, the CMC and the CMT
depend on the molecular weight and the EO/PO ratio; the greater the HLB and
the lower the molecular weight, the higher the CMC and the CMT are.90 In
addition, derivatives of greater molecular weight (and similar HLB) display
smaller CMC and CMT.

Since PEO-PPOs are thermo-responsive, the CMC, the micellar size and the
size distribution are also strongly dependent on the temperature. At higher
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temperature, the micellization tendency increases, leading to a smaller CMC
and a greater fraction of molecules in micellar form.91–96 Consequently, the
drug encapsulation and solubilization capacity of these copolymers grows with
the temperature. Even though PEO-PPOs are non-ionic surfactants, the
micellization process can also be affected by the presence of salts and different
types of ions that produce salting-out or salting-in phenomena. In general, the
greater the concentration of neutral salts, the smaller the CMC and the
CMT.97–100 In this context, some authors proposed a new parameter, namely
the critical micelle salt concentration (CMSC), defined as the salt concentration
at which micelles begin to form, though this parameter should be determined
for every salt type. However, the analysis is not straightforward because
extensive studies with different salts suggested that the behavior is not
predictable based on the prior art.101,102

Most of the research at the interface of PEO-PPOs and drug encapsulation
focused on poloxamers.64 It is worth noting that these developments were
intended for a broad spectrum of administration routes, from topical to
intravenous. In general, the addition of more amphile molecules above the
CMC results in the formation of additional micelles and in the growth of the
encapsulation capacity of the micellar system. Considering the relatively high
aqueous solubility of PEO-PPOs, concentrations as high as 10–15% can often
be obtained. In addition, the use of concentrations above 20–25% enables the
generation of physical gels where the drug is primarily encapsulated within the
micelles that form 3D networks. This is the reason that Pluronics F127 has
become probably the most extensively investigated of all the poloxamers, a
selection that is further supported by the fact that this derivative is currently
FDA-approved for use in pharmaceutical products.64

Drug-loaded poloxamer micelles were also combined with physical means
such as ultrasound to target the release of doxorubicin to tumors.103–109

Systems accumulated preferentially in the tumor by the EPR effect and then
irradiation improved the cellular uptake of the drug. Pitt et al.109 suggested that
ultrasound transiently destroys the micelles by cavitation, increasing the drug
release in the irradiated area. Ultrasound-triggered release from micelles is
tackled in Chapter 6.

In the last years, a few groups investigated more comprehensively the self-
aggregation and the capacity of poloxamines to solubilize, stabilize physico-
chemically and release different drugs.31,32,39,64,84,110–112 Alvarez-Lorenzo
et al.113 assessed the encapsulation of the antifungal griseofulvin in 10%
solutions of poloxamine T904 under different pH conditions. The solubility
increased three and six times at acid and alkaline pH-values, respectively.
A similar behavior has been shown for triclosan in poloxamine T1107 micelles,
though solubilization was improved from 2 mg/mL to up to 30mg/mL (more
than 15,000 times).31 However, this system was more complex owing to the
ionization of the drug at pH4 10. The most relevant outcome was that
triclosan-loaded micelles showed better antibacterial activity than the free drug,
even against hospital resistant strains such as methicillin-resistant Staphy-
lococcus aureus and vancomycin-resistant Enterococcus faecalis and in a
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Staphylococcus epidermidis biofilm model. These systems could be effective in
the prevention and treatment of topical infections. In another study, a
molecularly related drug with an extremely poor water solubility, triclocarban
(solubility¼ 50 ng/mL), was evaluated in poloxamines T1107 and T1307.32

Both copolymers display similar HLB, though T1307 solubilized the drug more
efficiently due to a greater molecular weight and a larger micellar core.

To investigate the chemical stabilization of simvastatin, a hypolipidemic
drug that in the stomach is reversibly converted from its absorbable lactonic
form to an open carboxylic one (decreasing oral bioavailability), a broad
spectrum of drug-loaded poloxamines was prepared.84 Some derivatives
improved the solubility up to 152 times and partially or completely prevented
the hydrolysis. In this work, the self-aggregation behavior of N-methylated
poloxamine T1107 was assessed for the first time. This chemically modified
derivative improved the encapsulation capacity and stability of simvastatin,
strongly suggesting a greater drug–core interaction than the pristine derivative.

Our group has recently explored a broad variety of linear and branched
PEO-PPOs for the encapsulation of different antiretrovirals employed in the
treatment of the human immunodeficiency virus (HIV) infection. EFV is a first-
line antiretroviral for the treatment of HIV-infected children above 3 years of
age. EFV displays several (bio)pharmaceutic drawbacks such as poor aqueous
solubility, low oral bioavailability and high inter- and intra-subject variability.
To improve the (bio)pharmaceutic properties of the drug and develop a pediatric
formulation, EFV was encapsulated within single and mixed micelles.114–117

The aqueous solubility of the drug was increased more than 8400 times (from
4 mg/mL to 34mg/mL).39,114 Regardless of the great drug payload, the size was
usuallyo100 nm andmorphology was spherical (Figure 5.1A).39,114 Poloxamine
T904 showed the best encapsulation capacity of all the investigated copolymers,
though it was less physically stable than F127 micelles. Thus, aiming to
improve both features F127/T904 mixed micelles were developed.117

Remarkably, EFV-loaded T904 and F127 micelles were physically stable
under strong dilution (up to 1 : 75) over 1 month, at 37 1C.116 Extensive
preclinical investigations of micelles with different composition and size,
different drug payload and dose and administration conditions showed a
statistically significant increase of the oral bioavailability with respect to a
compounded suspension and an oily solution (Figure 5.1B–D).114,115 The
administration of the copolymers did not show any acute adverse effect.
A remarkable advantage of poloxamers from a translational perspective over
other experimental copolymers is that some of them have been approved
as pharmaceutical excipients. Thus they can be used in clinical trials without
further evaluations. On the other hand, it should be stressed that poloxamines
display two main drawbacks: (i) a more limited variety of derivatives
are commercially available and (ii) they are not currently approved as
pharmaceutical excipients for the production of medicines. Thus, regardless of
the greater encapsulation efficiency of poloxamine T904 with respect to F127,
this later copolymer was chosen for the preparation of an EFV-loaded
micellar system to be tested regarding oral bioavailability and compared to drug
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capsules, in a clinical trial with adult healthy volunteers. This versatile platform
has also been implemented to investigate the interaction of EFV with the breast
cancer resistant protein (BCRP) pump in intestine and central nervous
system.118,119 In this case, the administration route was oral or intravenous.

The blood-brain barrier (BBB) prevents the passage of xenobiotics from
plasma into the central nervous system (CNS) and contributes to the generation
of one of the most challenging HIV sanctuaries.120,121 The presence of the virus
and the limited access of antiretrovirals may result in HIV-1 encephalitis
(HIVE-1), a disease that is more frequent in neonates and children.122–124 To
target EFV to the CNS without the need of expensive chemically modified
nanocarriers, recently these EFV-loaded micelles were administered by intra-
nasal route.125 The CNS bioavailability and the relative exposure index (REI)
increased four and five times, respectively, compared to the systems
administered intravenously; REI was calculated as the ratio between the
area-under-the-curve in CNS and in plasma. In a different application, the
ionizable groups of poloxamine were capitalized to complex and stabilize
negatively charged DNA,126 and also to transfect plasmid DNA in skeletal
muscle in vivo.127,128
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Figure 5.1 (A) Transmission-electron micrograph of EFV-loaded 10% micelles of
poloxamine T1307 in buffer (pH5.0) and negatively stained with 2%
phosphotungstic acid. Arrows point out the presence of spherical micelles
of variable sizes. (B–D) EFV plasma concentrations after the oral
administration of: (A) 20mg/kg, (B) 40mg/kg and (C) 80mg/kg. Results
are expressed as mean � S.E. (n ¼ 8).
(Reproduced from (A) Ref. 114 with permission of Future Medicine and
(B–D) Ref. 115 with permission of Elsevier.)
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To overcome different drawbacks, such as the low viscosity of PEO-PPO gels
that usually leads to short residence time at the application site in vivo, different
research groups employed poloxamers as platforms to design a variety of
counterparts with improved features. Cohn et al.129–135 improved the macro-
and microviscosity of the gels by means of chain extension and in situ cross-
linking. The same research group introduced cross-linked thermo-responsive
nanoshells with interesting features.136,137 Alvarez-Lorenzo et al.138 grafted
poloxamers with poly(acrylic acid) segments to solubilize and chemically
stabilize the lactonic form of the antitumoral drug camptothecin; the open
carboxylic form is not active. The amphiphiles became dually responsive to
temperature and pH. Interestingly, results suggested that the drug was solu-
bilized by both the core and the corona. This aspect deserves a separate
comment as it is usually assumed that only drug–core interactions govern the
encapsulation capacity of polymeric micelles, but there are a few studies that
demonstrated that also drug–corona interactions can contribute to increase the
encapsulation capacity of the nanocarrier.31,138

Encapsulated drugs can modify the self-assembly of the copolymer. In other
words, parameters such as CMC, CMT, aggregation number, cloud point, and
micellar size and size distribution can undergo substantial changes in the
presence of small drug molecules. It seems that this phenomenon would be
more relevant in the case of drugs that hinder the aggregation process. On the
other hand, drugs that promote aggregation could be capitalized to improve the
properties of amphiphiles displaying poor or incomplete micellization
tendency. Most of the research prioritized the study of drug solubilization and
did not assess the effect of the drug on the amphiphile aggregation. This
incomplete characterization may result in inconsistent and unpredictable data
in vitro and in vivo. Tontosakis et al.139 reported that small o-xylene concen-
trations increase the aggregation of poloxamers. A similar effect was observed
with phenol.140 Conversely, urea hampered the aggregation of Pluronics P85,
leading to the increase of CMC and CMT.141 Naproxen and indomethacin did
not change the CMC of Pluronics F127, but the size of the micelles and the
aggregation numbers decreased sharply.142 More recently, the pro-aggregation
performance of EFV on different pristine and N-alkylated poloxamines has
been also described.39

A main drawback of PEO-PPOs, regardless of their molecular features, is
that owing to the relatively low hydrophobicity and amorphousness of PPO the
self-assembly is incomplete. This phenomenon is more remarkable for more
hydrophilic counterparts, at 25 1C. Aiming to increase the micellization
tendency and reduce the CMC, the group of Attwood replaced PPO by more
hydrophobic polyethers such as poly(butylene oxide) (PBO), poly(styrene
oxide) (PSO) and poly(phenyl glycidyl ether) (PGO) and reported a prolific
bibliography on the aggregation phenomena of various derivatives.143–157

Different molecular architectures such as A-B diblocks, and A-B-A and B-
A-B triblocks, where A and B are the hydrophilic and the hydrophobic
component respectively, led to the generation of a broad spectrum of
derivatives with unique and improved properties. Due to a greater
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hydrophobicity, these micelles displayed greater solubilization ability and
physical stability than PEO-PPOs. Another aspect that merits consideration is
the relative hydrophobicity of the new segment with respect to PPO. For
example, PBO is four times more hydrophobic than PPO;94 thus, 4-fold
PEO/PBO ratios are demanded to attain micellization properties similar to
those of PEO-PPO copolymers. In addition, as opposed to PPO that is 100%
amorphous, PBO, PSO and PGO can undergo crystallization. This difference
may demand changes in the preparation procedure, more prolonged solubil-
ization time at low temperature and additional studies to assess their physical
stability in suspension and their ability to withstand lyophilization.153

In any event, the fact that PEO-PPOs are commercially available and that
some of them have already been approved by the main regulatory agencies and
that additional ones are under clinical evaluation constitutes a remarkable
advantage over other experimental copolymers even if they display improved
features.

5.3.2 Poly(ethylene Oxide)-Polyester Block Copolymers

Polyethers are not biodegradable and their bioelimination by renal filtration
depends on the molecular weight. Aiming to develop biodegradable amphi-
philes and new molecular architectures, poly(ether-ester)s that combine PEG
hydrophilic blocks with hydrophobic ones of poly(lactic acid) (PLA) and/or
PCL were synthesized and extensively characterized.158–168 A major advantage
of these copolymers is that they can be obtained by ring opening poly-
merization (ROP) reactions initiated by the corresponding PEG initiator
with lactide and e-caprolactone precursors in the presence of a catalyst. This
synthetic pathway results in poly(lactone)-PEG-poly(lactone) block
copolymers. Based on the functionality of the initiator (mono-, di- or multi-
functional), biomaterials with different architectures were tailored. For
example, Salaam et al.169 employed tetrafunctional PEG initiators for the
synthesis of 4-star copolymers. As opposed to PEO-PPO-PEO and other
polyether triblock amphiphiles that display a central hydrophobic block linked
to two terminal hydrophilic ones, when these molecules are synthesized by ROP
of lactones employing bifunctional PEG molecules, the hydrophilic block is in
the center. This molecular arrangement leads to the generation of ‘‘flower-like’’
micelles, where the looped hydrophilic corona often confers on the system the
outlook of flower petals.170,171 Modifications of the synthetic procedure
enabled the preparation of PEG-poly(lactone)-PEG, where the polyester block
was in the center of the triblock.172–175 In this case, PEG-poly(lactone) diblocks
were primarily obtained employing a monofunctional PEG and they were
coupled with a bifunctional coupling agent (e.g. diisocyanate) to render the
triblocks. In general, these polymeric micelles display larger cores than those of
PEO-PPO, hydrodynamic diameters usually being 430–50 nm. It is worth
stressing though that the size is strongly dependent on the molecular weight of
the copolymer, the HLB, the copolymer concentration and the block organ-
ization along the copolymer backbone. In addition, the core can undergo
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enlargement upon the incorporation of the drug. Owing to the greater hydro-
phobicity of PLA and PCL, these nanocarriers fitted for the solubilization of
more bulky and hydrophobic drugs such as paclitaxel,176,177 norfloxacin,170

rifampicin178–180 and tacrolimus.181 Paclitaxel has been the most extensively
investigated drug for encapsulation in this kind of polymeric micelle because
this antitumoral drug is usually solubilized in surfactants (e.g. Cremophor EL)
that provoke serious hypersensitivity reactions.

A main limitation of these copolymers is that because of the low solubility of
the hydrophobic blocks, polymeric micelles are commonly prepared by the co-
solvent method. In addition, copolymer concentrations are small, usually in the
1–2% range. Recently, Moretton et al.178 reported on the development of PCL-
PEG-PCL micelles with concentrations as high as 6%. Rifampicin was
efficiently encapsulated and the aqueous solubility was increased up to five
times.178 The encapsulation process protected the drug from degradation in
acid medium with soluble isoniazid, another potent first-line antituberculosis
drug. These systems were proposed as a nanotechnology platform to develop
innovative pediatric rifampicin/isoniazid fixed-dose combinations with
improved oral rifampicin bioavailability.180 Another limitation stems from
the great re-aggregation tendency shown by these micelles that demand
lyophilization in the presence of cryo-/lyoprotectants to stabilize them
physically in the long-term range.179,182,183

More recently, Cho and Kwon employed dual systems based on (i) PEG-
PLA polymeric micelles to encapsulate three poorly water soluble antitumorals:
paclitaxel, 17-allylamino-17-demethoxygeldanamycin and rapamycin, and (ii)
PEG-PCL micelles to load a carbocyanine dye for the more sensitive imagining
of the tumor by near-infrared (Figure 5.2).184 This strategy known as
theranostics (therapeuticsþ diagnostics) could be useful for intra-operative
surgical guidance in oncology.

5.3.3 Poly(N-isopropylacrylamide)

Together with PEO-PPOs, poly(isopropylacrylamide) (pNIPAAm) is one of
the most popular thermo-responsive smart materials (Scheme 5.1C). From the
reports by Tanaka in the late 1970s,185 a broad spectrum of applications have
been described for pristine pNIPAAm and its copolymers, such as diagnostics,
separative chemistry, biosensors and drug delivery.186 Another application of
pNIPAAm gels is the engineering of cell sheets developed by Okano and
collaborators,187 which is covered in Chapter 23.

PNIPAAm displays a LCST around 32–33 1C in water, thus it is water
soluble below this temperature and water insoluble above it. The mechanism
involves the generation of hydrophobic interactions upon heating. This
property was capitalized to develop polymeric micelles made of pNIPAAm as
the hydrophilic component and different hydrophobic ones.188 The most
common hydrophobic blocks were polystyrene,189 dimethylacrylamide,190 alkyl
residues,191 PLA,192 butylmethacrylate,193 poly(N-vinylimidazole),194 acryl-
amide195 and methylmethacrylate.196 In addition, pNIPAAm has been
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copolymerized with hydrophilic monomers to fine-tune the self-aggregation
properties and the thermal responsiveness.197

The corona is highly hydrated below the LCST and it undergoes dehydration
and shrinkage above it. Thus, these micelles can be accumulated in tumors by
EPR and the heating and consequent shrinkage promote the fast release of the
encapsulated drug in the target tissue/organ (Figure 5.3).193 The LCST can be
fine-tuned to be slightly higher than 37 1C and to release the drug only under
hyperthermia.192,198 For example, Liu et al.195 developed a p(NIPAAm-
co-acrylamide)-b-PLA copolymer with LCST of 41 1C for the encapsulation
and thermal release of docetaxel. In vitro assays indicated that under hyper-
thermia, micelles were more cytotoxic to different tumor cell lines and less toxic
to human umbilical endothelial cells than a standard formulation, indicating
the accelerated release of the encapsulated drug. Docetaxel-loaded micelles
were more effective in vivo.199,200 When the temperature-dependent transition
of NIPAAm is above 37 1C, triggering of drug release in vivo requires the use of
an external physical stimulus such as ultrasound.

One of the most appealing characteristics of pNIPAAm is the great chemical
versatility to tailor novel copolymers with tunable self-assembly, drug
encapsulation and release performance. The synthesis of random and block
copolymers employing different modalities of free-radical polymerization with
chain transfer agents, polycondensation and ring-opening polymerization

Figure 5.2 (A) 3-in-1 PEG-PLA micelles containing paclitaxel/17-allylamino-
17-demethoxygeldanamycin/rapamycin and PEG-PCLmicelles containing
a carbocyanine dye. (B) Scheme of the tumor-primed delivery of the
carbocyanine dye.
(Reproduced from Ref. 184 with permission of the American Chemical
Society.)
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enabled the exquisite control of the molecular architecture, the copolymer
composition and block arrangement and the physico-chemical properties. For
example, the group of Leroux copolymerized NIPAAm, methacrylic acid
(MAA) and octadecyl acrylate (ODA).201 NIPAAm and MAA formed the
corona, while ODA formed the core. The incorporation of MAA pH-sensitive
blocks resulted in dually responsive systems. Liu et al.202 synthesized
pNIPAAm copolymers with poly(lactide-co-glycolide) (PLGA) blocks of
different lengths for the encapsulation of doxorubicin. The drug-loading
capacity increased with longer PLGA blocks. Interestingly, micelles were
stable at 37 1C though they underwent deformation above body temperature
leading to the accelerated release of doxorubicin. The synthesis and self-
assembly of amphiphiles with more complex architectures such as
poly(benzyl ether)-b-pNIPAAm dendritic linear diblocks displaying two
collapse stages has also been reported.203

To overcome the physical instability of polymeric micelles, Wei et al.196

incorporated a small concentration of 3-(trimethoxysilyl)propyl methacrylate
to pNIPAAm micelles in order to cross-link the corona by means of the sol-gel
technology. Cross-linked micelles displayed greater encapsulation efficiency
and were more physically stable than the non-cross-linked counterparts
because they did not re-aggregate upon heating, a behavior that led to a sharp
size growth of the non-cross-linked system. In addition, the release rate of
encapsulated prednisone was 20 times slower above the LCST. In a more recent
work, the same authors decorated the surface with biotin to confer the micelle
pretargeting properties in cancer.204 Similarly, micelles were conjugated with
folate for intra-cellular delivery of antitumorals in cells expressing the folate
receptor.205

The modification of the precursors and the synthetic pathways results in
copolymers with different organization of the blocks along the backbone. In
this context, molecules where pNIPAAm is flanked by two terminal hydro-
phobic arms of PCL or PMMA were also synthesized.206,207 These copolymers
formed ‘‘flower-like’’ micelles. When NIPAAm and e-caprolactone were

Figure 5.3 Temperature-modulated drug release and interactions between micelles
with pNIPAAm as shell-forming segments and cells.
(Reproduced from Ref. 193 with permission of Elsevier.)
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reacted via an atom transfer radical polymerization instead of ring opening
polymerization, copolymers having a pNIPAAm-PCL-pNIPAAm structure
that self-assembled into regular polymeric micelles.208 Other groups designed
copolymers having more complex molecular arrangements such as graft209,210

and Y-211,212 and star-shaped micelles, each system displaying advantages and
drawbacks.213,214 For example, Liu et al.215 synthesized two pNIPAAM graft
copolymers with negatively and positively charged backbones made of
methacrylic acid and fully quaternized 2-(dimethylamino)ethyl methacrylate,
respectively. In water, electrostatic interaction between both copolymers led to
the generation of micelles with a polyion complex core and a thermo-responsive
corona. The incorporation of azide moieties along the main chain allowed the
cross-linking of the core to stabilize the micelles physically. PNIPAAm
copolymers were also co-micellized with other types of amphiphiles to produce
mixed micelles combining improved physical stability, targeting properties and
imaging features.216–218 Findings suggest that when engineered well, these
micelles could be used in diagnosis, targeting and therapy.

As mentioned above, different hydrophobic blocks have been combined with
PEG to produce self-assembly amphiphiles. Since pNIPAAm turns from
hydrophilic at low temperature to hydrophobic above the LCST, the potential
application of PEG-pNIPAAm copolymers has also been explored.219–222 In
general, most of these novel systems capitalized on the same pNIPAAm
thermal transition to adjust the release rate of the encapsulated drug, and they
have been evaluated in vitro and in vivo. Even if these works provide further
evidence of the versatility of these biomaterials, the use of pNIPAAm and other
non-biodegradable polymers by the parenteral route (e.g. intravenous) should
be appropriately pondered, because in vitro cytotoxicity studies are certainly
insufficient to ensure their biocompatibility and to demonstrate elimination
from the body. In general, these polymers are eliminated by renal filtration as
previously described for PEG.72–74

Recently, Bertrand et al.223 investigated for the first time the fate of
pNIPAAm polymers in vivo after intravenous administration. The effect of
three key molecular properties, (i) molecular weight, (ii) amphiphilicity and
(iii) LCST, on the elimination, the biodistribution and the accumulation was
assessed (Table 5.1). In general, the greater the molecular weight, the longer the
circulation time is; e.g. 30% of the administered dose of a copolymer of
molecular weight 40 kDa was in the systemic circulation after 48 h
(Figure 5.4).223 Conversely, the fastest clearance from the bloodstream was
observed for copolymers of (i) very low molecular weight (P-5k-NA, 5 kDa)
that did not aggregate or (ii) high molecular weight that were insoluble in water
(P-40k-L) at 37 1C, the former showing the greatest accumulation in the
extravascular space. Copolymers of low molecular weight that formed micelles
(P-5k) or of intermediate molecular weight showed intermediate
elimination rates. In addition, findings indicated that the glomerular filtration
cut-off of pNIPAAm molecules would be approximately 32 kDa; this value
being slightly greater than that established for PEG.72–74 LCST and HLB also
affected the process. Nevertheless, data were not always consistent and
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clearance from the bloodstream did not necessarily mean elimination from the
body. These aspects are very relevant, especially for systems envisioned for
multiple administrations and where toxicity due to accumulation could take
place. For an extensive overview of the most relevant developments in
pNIPAAm micelles, readers are referred to the review of Wei et al.188

5.3.4 Substitutes of PEG as Hydrophilic Building Block

PEG is the gold-standard hydrophilic building block for the synthesis of
thermo-responsive amphiphiles. However, potential substitutes have been
proposed to prolong circulation times in vivo, especially upon repeated
administration owing to the accelerated blood clearance phenomenon mediated
by anti-PEG IgM.224

Table 5.1 Physico-chemical characteristics of pNIPAAm copolymers.
(Adapted from Ref. 223 with permission of Elsevier.)

Polymer
Initiator
(mol%)

MAA
(mol%)

14C-AAm
(mol%) Mn (�103) Mw/Mn

Solubility
at 37 1C

CAC
(mg/L)

P-40ka 0.03 5 1 38.4 1.4 þ 260
P-10k 1 5 1 11.5 1.7 þ 42
P-5k 8 5 1 6.1 1.4 þ 13
P-5k-NAb 15 5 1 5.0 1.7 þ 330
P-40k-L 0.03 1.5 1 37.3 1.3 – N.D.

aAlso contains 5mol% of cold acrylamide.
bSynthesized using non-alkylate initiator.
CAC: Critical Aggregation Concentration. N.D.: Not determined.

Figure 5.4 Blood level profiles of pNIPAAm copolymers with different molecular
features. P-5k (J), P-10k (m), P-40k (’), P-5k-NA (K) and
P-40k-L (&). Mean � SD (n¼5–7), %ID represents the remnant
percentage of injected dose.
(Reproduced from Ref. 223 with permission of Elsevier.)
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Poly[N-(2-hydroxypropyl) methacrylamide] (pHPMA) is a highly hydro-
philic, biocompatible and non-immunogenic polymer that has been conjugated
to a broad variety of hydrophobic blocks.225–227 Due to the presence of pendant
reactive functional groups along the main backbone, drugs can be conjugated
for targeting purposes.228 This functionality was also capitalized to conjugate
short hydrophobic residues to pHMA-doxorubicin conjugates (e.g. oleoyl,
dodecyl, oleic acid and cholesterol), leading to the generation of drug-loaded
micelles where the drug was covalently bound to the nanocarrier.229,230 Besides,
pHMA has been reacted with PCL to form pHMA-PCL-pHMA triblocks and
star-shaped micelles231–233 and with pNIPAAm.234–236

Polyoxazolines (POs) are polymers obtained by the living cationic ring-
opening polymerization of 2-oxazoline.237 These materials display great
chemical flexibility and biocompatibility238,239 and therefore they have
attracted much attention in recent years for the production of vesicles,240,241

polymeric micelles242,243 and other drug nanocarriers. The most remarkable
advantages over PEG are water solubility, chain flexibility, non-toxicity and
more fine-tunable synthesis of derivatives within a very narrow molecular
weight range. In addition, due to their chemical versatility they can also be
functionalized with hydrophobic moieties to produce self-assembly
amphiphilic POs.

The production of drug-loaded micelles may require a final lyophilization
stage. Poly(N-vinyl-2-pyrrolidone) is a non-ionic, biocompatible and water-
soluble synthetic polymer that showed lyoprotectant and cryoprotectant
properties. Thus, this polymer represents another alternative to replace PEG in
systems that need to undergo lyophilization.244,245

5.4 pH-responsive Micelles

pH is another physiological stimulus exploited to design smart polymeric
micelles. pH-responsive copolymers usually display pendant ionizable func-
tional groups along the polymer backbone that undergo protonation or
deprotonation upon slight changes in the physiological pH.246,247 The tran-
sition between the charged and neutral state leads to changes in the osmotic
pressure and to the collapse or the expansion of these polyelectrolyte micelles.

In general, polyelectrolytes are classified into weak polyacids and weak
polybases such as poly(acrylic acid) and poly(4-vinylpyridine), respectively.
The former undergo the transition in the 4–8 pH range, while the latter at
pH4 7–8. In addition, these polymers display a fine balance between ionizable
and hydrophobic groups. Thus, when repulsion disappears, the hydrophobic
interactions promote self-aggregation.247 Slight changes of the chemical
structure enable the fine-tuning of the self-aggregation performance. For
example, the phase transition of poly(acrylic acid) is continuous. Conversely,
poly(methacrylic acid) shows a sharper transition due to the stronger hydro-
phobic interactions generated by the presence of methyl groups.247 Following
this trend, the replacement of methyl by longer alkyl moieties such as ethyl or
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propyl resulted in more compact conformations at low pH and more
pronounced transitions.248,249 Taking advantage of this feature, core-
corona-shell micelles where the polyelectrolyte was conjugated to non-ionic
hydrophilic and hydrophobic blocks like PEG and polystyrene, respectively,
were also designed.250,251 The size was governed by the aggregation number and
the degree of swelling. The group of Leroux has synthesized a broad variety of
copolymers employing methacrylic acid precursors that could be chemically
modified to obtain cationic and anionic amphiphiles.34,252–254

The incorporation of pH-responsiveness is an interesting tool for the
selective release of drugs in pathologies that are characterized by acidosis
(pHo 7.4), such as ischemia, infection, inflammation and tumoral processes
with decreased extra-cellular pH.254–256 Much lower pH values can be found in
intra-cellular compartments (e.g. endosomes, lysosomes). Thus, following
cellular uptake, these drug-loaded nanocarriers may destabilize endosome
membrane and lead to endosomal escape, a pathway that is crucial to ensure
the intra-cellular delivery of the encapsulated drug. When the administration
route is intravenous, polymeric micelles need to be physically stable at pH7.4
and to undergo disassembly upon acidification.

pH-sensitive polymeric micelles containing hydrophobic carboxylic acid
groups that form the micellar core could also be useful to fine-tune the drug
release following oral administration.254 Under stomach-like conditions,
these groups are non-ionized and behave as hydrophobic, retaining
the encapsulated drug within the core and minimizing its release. Then,
alkalinization in the gut results in (i) deprotonation and expansion of the
core due to electrostatic repulsion of carboxylate groups and (ii) weakening
of the drug/core interaction that favors the release.34,257 A fast pH response
is essential to ensure the timely release in sites where the residence time is
short, such as in the endosomes (30min.).254 It is worth noting that the pH-
responsiveness of the nanocarrier can be adjusted by changing the
composition of the micelle.258 These systems are more advantageous than
drug-copolymer conjugates where the release is governed by the hydrolysis of
specific linkages under low pH conditions because the release kinetics is
difficult to fine-tune.

Polyaminoacids have also emerged as appealing building blocks for the
synthesis of pH-sensitive micelles.259 Lee et al.21,258 developed mixed micelles
of PEG-poly(histidine) and PEG-PLA that were responsive in a pH range
between 6.6 and 7.2. These systems were further modified by the incor-
poration of biotin, a ligand that was exposed on the micellar surface upon
the acidification of the system and the ionization of the polyaminoacid, thus
resulting in the interaction with the appropriate receptor. In addition, the
ionization of poly(histidine) in the core promoted the micellar disassembly
and the endosome disruption, improving the cytosolic release of the drug
payload after the uptake.260 Poly(hydroxyethylaspartamide) was another
building block used to synthesize pH-responsive amphiphiles with
PEG.261,262 These micelles were assessed to encapsulate amphotericin B
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employing the solvent evaporation method. Findings showed the improved
hematocompatibility of the encapsulated drug. Then, micelles were modified
with 11–70% stearic acid to modulate the release rate; the greater the fatty
acid content, the slower the release was. Similarly, PEG-poly(aspartic acid)
diblocks were used to encapsulate lysozyme and to protect it from release
and biodegradation.263,264 To improve the physical stability, micelles were
core-cross-linked through lysine residues using glutaraldehyde. A similar
carrier was explored to solubilize and stabilize zinc porphyrin for
photodynamic therapy.265 Cavallaro et al.266 developed derivatives modified
with PEG and hexadecylalkylamine as hydrophilic and hydrophobic pendant
moieties for encapsulation of paclitaxel, amphotericin B and methotrexate.
Poly(lysine) (pLys) is a polycationic polymer that has become an attractive
non-viral vector for gene delivery267 and enhanced cell attachment in tissue
engineering scaffolds.268 Oh and coworkers synthesized a more complex
system made of PLA-PEG-pLys copolymers where lysine was N-substituted
with 2,3-dimethyl maleic acid.269 The core was formed by PLA, while the
corona and the outer shell by PEG and pLys, respectively. Under low pH
(6.5–7.0), maleic acid residues were hydrolyzed exposing a cationic pLys
surface that improved the cellular uptake owing to electrostatic interactions
with the negatively charged cell surface. Moreover, blending of
poly(histidine) in the core provided a mechanism for endosomal escape.

5.5 Translation into Clinics and Perspectives

The great potential of polymeric micelles to encapsulate, release and target
drugs and the profuse investigations conducted in the field have led to a rich
intellectual property.16 However, only a few stimuli-responsive micellar
systems have reached the clinical phase. Most of these copolymers combine
PEG with pAsp, PLA and PPO and exploit the EPR effect to passively target
antitumorals and to overcome multi-drug resistance upon intravenous
administration (Table 5.2).270 On the other hand, owing to (i) the great
chemical and architectural versatility, (ii) the good encapsulation capacity
and (iii) the relatively high physical stability with respect to conventional
surfactant micelles, more recent studies have explored their potential
administration by alternative routes such as oral, ocular and intra-nasal.
Undoubtedly, cancer has led and pushed the nanomedicine research forward.
However, the lessons learnt from the extensive experience gained in this field
have contributed to envisage the potential translation of these technology
platforms for the treatment of infectious diseases like HIV, tuberculose and
viral hepatitis. Products for the treatment of cancer are the only
ones undergoing more advanced clinical trials and they could become the
first approved medicines employing this kind of nanocarrier. In this context,
the near future will be decisive to realize the real potential of polymeric
micelles.
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Table 5.2 Micellar delivery systems under clinical evaluation.

Product Amphiphile
Encapsulated
drug Goal Phase (Country) Company

NK911 Doxorubicin Targeting by EPR effect I for pancreatic,
colorectal,
leiomyosarcoma, gastric,
esophageal and gall
bladder

Nippon Kayaku
Co., Japan

NK012 SN-38 (active
metabolite of
irinotecan)

II for breast cancer (USA)

NK105 PEG-pAsp Paclitaxel II for stomach cancer
(Japan)

I for breast cancer (Japan)

NanoCarrier Co.,
Japan

NC-6004
(Nanoplatins)

Coordination bonds of
drug with PEG-
polyaminoacid
copolymer

Cisplatin Targeting by EPR effect
and reduced nephro- and
neurotoxicity

II for pancreatic cancer
(Asia)

NC-4016 Coordination bonds of
drug with PEG-
polyaminoacid
copolymer

Oxaliplatin Targeting by EPR effect
and reduced neuropathy

I for solid cancer (EU)

Genexol-PM PEG-PLA Paclitaxel Solubilization and
reduction of Cremophor
EL toxicity

Targeting by EPR effect

II for breast and lung
cancer (USA, Korea)

IIa for pancreatic cancer
(USA)

Samyang Co.,
Korea

SP-1049Ca Mixed poloxamer
micelles

Doxorubicin Functional inhibition of
Pgp efflux pump

II for esophageal and
gastroesophageal cancer
(USA)

Supratek Pharma
Inc., Canada

Efavirenz
pediatric
aqueous
solution

Poloxamer micelles Efavirenz Bioavailability
improvement

Easy dose adjustment and
greater patient
compliance

Reduced inter- and intra-
individual variability

Comparative
bioavailability study
with standard capsule

Faculty of
Pharmacy and
Biochemistry,
University of
Buenos Aires

aSP-1049C was granted orphan drug designation for the treatment of gastric cancer in 2008.
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46. J. Rodrı́guez-Hernández, F. Chécot, Y. Gnanou and S. Lecommandoux,

Prog. Polym. Sci., 2005, 30, 691.
47. K. H. Bae, S. H. Choi, S. Y. Park, Y. Lee and T. G. Park, Langmuir, 2006,

22, 6380.
48. T. F. Yang, C. N. Chen, M. C. Chen, C. H. Lai, H. F. Liang and

H. W. Sung, Biomaterials, 2007, 28, 725.

138 Chapter 5

 o
n 

01
/0

9/
20

13
 1

0:
25

:4
8.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

15
View Online

http://dx.doi.org/10.1039/9781849736800-00115


49. K. H. Bae, Y. Lee and T. G. Park, Biomacromolecules, 2007, 8, 650.
50. Q. Jin, X. Liu, G. Liu and J. Ji, Polymer, 2010, 51, 1311.
51. Y. Kakizawa, A. Harada and K. Kataoka, J. Am. Chem. Soc., 1999,

121, 11247.
52. M. J. Heffernan and N. Murthy, Ann. Biomed. Eng., 2009, 37, 1993.
53. S. M. Garg, X. B. Xiong, C. Lu and A. Lavasanifar, Macromolecules,

2011, 44, 2058.
54. A. V. Kabanov and V. Yu. Alakhov, Critical Rev. Ther. Drug Carrier

Syst., 2002, 19, 1.
55. Y. Hu, Y. Ding, Y. Li, X. Jiang, C. Yang and Y. Yang, J. Nanosci.

Nanotechnol., 2006, 6, 3032.
56. A. Richter, C. Olbrich, M. Krause, J. Hoffmann and T. Kissel, Eur.

J Pharm. Biopharm., 2010, 75, 80.
57. Z. L. Yang, X. R. Li, K. W. Yang and Y. Liu, J. Biomed. Mat. Res. Part

A, 2008, 85, 539.
58. C. Di Tommaso, C. Como, R. Gurny and M. Möller, Eur. J. Pharm. Sci.,
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Sández-Macho and A. Concheiro, Eur. J. Pharm. Biopharm., 2007, 66, 244.
114. D. A. Chiappetta, C. Hocht, C. Taira and A. Sosnik, Nanomedicine-UK,

2010, 5, 11.
115. D. A. Chiappetta, C. Hocht, C. Taira and A. Sosnik, Biomaterials, 2011,

32, 2379.
116. D. A. Chiappetta, C. Hocht and A. Sosnik, Curr. HIV Res., 2010, 8, 223.
117. D. A. Chiappetta, G. Facorro, E. Rubin de Celis and A. Sosnik,

Nanomedicine: NMB, 2011, 7, 624.
118. R. N. Peroni, S. S. Di Gennaro, C. Hocht, D. A. Chiappetta,

M. C. Rubio, A. Sosnik and G. F. Bramuglia, Biochem. Pharmacol., 2011,
82, 1227.

119. R. N. Peroni, C. Hocht, D. A. Chiappetta, S. S. Di Gennaro, M. C.
Rubio, A. Sosnik and G. F. Bramuglia, First World Conference on
Nanomedicine and Drug Delivery (WCN2010), Kottayam, India, April
2010.

120. P. Vivithanaporn, M. J. Gill and C. Power, Expert Rev. Anti-Infe., 2011,
9, 371.

121. A. Nath and N. Sacktor, Curr. Opin. Neurol., 2006, 19, 358.
122. L. Crews, C. Patrick, C. L. Achim, I. P. Everall and E. Masliah, Int. J.

Mol. Sci., 2009, 10, 1045.
123. P. K. Dash, S. Gorantla, H. E. Gendelman, J. Knibbe, G. P. Casale,

E. Makarov, A. A. Epstein, H. A. Gelbard, M. D. Boska and
L. Y. Poluektova, J. Neurosci., 2011, 31, 3148.

124. K. Grovit-Ferbas and M. E. Harris-White, Immunol. Res., 2010, 48, 40.

Temperature- and pH-sensitive Polymeric Micelles for Drug Encapsulation 141

 o
n 

01
/0

9/
20

13
 1

0:
25

:4
8.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

15
View Online

http://dx.doi.org/10.1039/9781849736800-00115


125. D. A. Chiappetta, C. Hocht, J. A. W. Opezzo and A. Sosnik, Nano-
medicine-UK, 2012, in press.

126. B. Pitard, M. Bello-Roufaı̈, O. Lambert, P. Richard, L. Desigaux,
S. Fernandes, C. Lanctin, H. Pollard, M. Zeghal, P.-Y. Rescan and
D. Escande, Nucleic Acids Res., 2004, 32, e159.

127. C. Roques, K. Bouchemal, G. Ponchel, Y. Fromes and E. Fattal,
J. Control. Release, 2009, 138, 71.

128. C. Roques, E. Fattal and Y. Fromes, J. Gene Med., 2009, 11, 240.
129. D. Cohn, A. Sosnik and A. Levy, Biomaterials, 2003, 24, 3707.
130. D. Cohn and A. Sosnik, J. Mat. Sci. Mater. Med., 2003, 14, 175.
131. A. Sosnik, D. Cohn, J. San Román and G. A. Abraham, J. Biomater. Sci.

Pol. Edn., 2003, 14, 227.
132. A. Sosnik and D. Cohn, Biomaterials, 2004, 25, 2851.
133. A. Sosnik and D. Cohn, Biomaterials, 2005, 26, 349.
134. D. Cohn, A. Sosnik and S. Garty, Biomacromolecules, 2005, 6, 1168.
135. D. Cohn, G. Lando, A. Sosnik, S. Garty and A. Levi, Biomaterials, 2006,

27, 1718.
136. D. Cohn, H. Sagiv, A. Benyamin and G. Lando, Biomaterials, 2009,

30, 3289.
137. G. Niu, A. Benyamin Djaoui and D. Cohn, Polymer, 2011, 52, 2524.
138. R. Barreiro Iglesias, L. Bromberg, M. Temchenko, T. A. Hatton,

A. Concheiro and C. Alvarez-Lorenzo, J. Control. Rel., 2004, 97, 537.
139. A. Tontisakis, R. Hilfiker and B. Chu, J. Colloid Interf. Sci., 1990,

135, 427.
140. L. Q. Jiang, Y. Y. Zheng and J. X. Zhao, Fine Chemicals, 2001, 18, 731.
141. P. Alexandridis, V. Athanassiou and T. A. Hatton, Langmuir, 1995,

11, 2442.
142. P. K. Sharma and S. R. Bhatia, Int. J. Pharm., 2004, 278, 361.
143. W. B. Sun, J. F. Ding, R. H. Mobbs, F. Heatley, D. Attwood and

C. Booth, Colloid Surface, 1991, 54, 103.
144. A. D. Bedells, R. M. Arafeh, Z. Yang, D. Attwood, F. Heatley,

J. C. Padget, C. Price and C. Booth, J. Chem. Soc. Faraday Trans., 1993,
89, 1235.

145. Z. Yang, S. Pickard, N. J. Deng, R. J. Barlow, D. Attwood and C. Booth,
Macromolecules, 1994, 27, 2371.

146. Y. W. Yang, N. J. Deng, G. E. Yu, Z. K. Zhou, D. Attwood and
C. Booth, Langmuir, 1995, 11, 4703.

147. Y. W. Yang, Z. Yang, Z. K. Zhou, D. Attwood and C. Booth, Macro-
molecules, 1996, 29, 670.

148. C. Booth and D. Attwood, Macromol. Rap. Comm., 2000, 21, 501.
149. C. Booth, D. Attwood and C. Price, Phys. Chem. Chem. Phys., 2006,

8, 3612.
150. C. J. Rekatas, S. M. Mai, M. Crothers, M. Quinn, J. H. Collett,

D. Attwood, F. Heatley, L. Martini and C. Booth, Phys. Chem. Chem.
Phys., 2001, 3, 4769.

142 Chapter 5

 o
n 

01
/0

9/
20

13
 1

0:
25

:4
8.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

15
View Online

http://dx.doi.org/10.1039/9781849736800-00115


151. M. Crothers, Z. Zhou, N. M. P. S. Ricardo, Z. Yang, P. Taboada,
C. Chaibundit, D. Attwood and C. Booth, Int. J. Pharm., 2005, 293, 91.

152. P. Taboada, G. Velasquez, S. Barbosa, V. Castelletto, S. K. Nixon,
Z. Yang, F. Heatley, I. W. Hamley, M. Ashford, V. Mosquera,
D. Attwood and C. Booth, Langmuir, 2005, 21, 5263.

153. P. Taboada, G. Velasquez, S. Barbosa, Z. Yang, S. K. Nixon, Z. Zhou,
F. Heatley, M. Ashford, V. Mosquera, D. Attwood and C. Booth,
Langmuir, 2006, 22, 7465.

154. D. Attwood, Z. Zhou and C. Booth, Expert Opin. Drug Del., 2007,
4, 533.

155. M. E. N. P. Ribeiro, I. M. Cavalcante, N. M. P. S. Ricardo, S. M. Mai,
D. Attwood, S. G. Yeates and C. Booth, Int. J. Pharm., 2009, 369, 196.

156. M. E. N. P. Ribeiro, I. G. P. Vieira, I. M. Cavalcante, N.M. P. S. Ricardo,
D. Attwood, S. G. Yeates and C. Booth, Int. J. Pharm., 2009, 378, 211.

157. A. Cambón, M. Alatorre-Meda, J. Juárez, A. Topete, D. Mistry,
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CHAPTER 6

Ultrasound-triggered Release
from Micelles

WILLIAM G. PITT,*a GHALEB A. HUSSEINIb AND
LAURA N. KHERBECKb

aChemical Engineering Department, Brigham Young University, Provo,
UT84602, USA; bAmerican University of Sharjah, Sharjah, UAE
*Email: pitt@byu.edu

6.1 Introduction

The concept of triggered drug release is that a mild stimulus, namely a stimulus
that is not harmful to healthy tissues and one that exists only in desired
locations or that can be controlled in time and/or space, is required to
permeabilize an otherwise impermeable vesicle carrying therapeutics.
Ultrasound is such an ideal trigger. Ultrasound does not interact strongly with
tissues and, when used appropriately at low intensities, there is no tissue heating
or other damage. Ultrasound can be focused from an external device, through
the skin and tissue, to the desired target site. There is no scalpel, blood or pain
associated with delivery of ultrasound. The delivery of ultrasound can be
electronically controlled in time, from a tiny pulse of high intensity, to a series
of short pulses in rapid succession over seconds, or to continuous low intensity
application for minutes to hours. When compared to other external triggers
such as radio frequency (RF) heating and magnetic fields, the temporal and
spatial control of high-frequency ultrasound cannot be surpassed. Only focused
light can compete in these areas, and the high absorption and scattering of
visible light limits its controlled application to relatively short penetration
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depths into the body. While near infrared light can penetrate further than
visible light, scattering is still a drawback. By comparison, low-frequency
ultrasound can penetrate centimeters into the body with very low scattering. In
this aspect it is ideal. As the complementary partner to complete this excellent
controlled delivery system, a vehicle is required that can securely sequester the
drug and then release it upon application of the ultrasound. For many drugs, a
micelle is an ideal match in this partnership.

This chapter reviews the literature regarding the controlled release of
therapeutics from micellar carriers using ultrasound (US) as a triggering
mechanism. In addition to US, there are other types of external triggering
mechanisms mentioned above,1–3 and several types of passive internal trig-
gering mechanisms such as local pH,4,5 heat6 or local biochemistry.7 We invite
the interested reader to consider those stimuli (addressed in other Chapters of
this book), especially when comparing the advantages and disadvantages of
ultrasound-triggered drug release from micelles. This chapter begins with a
description of ultrasound and micelles, then continues with a brief review of
conventional micellar drug delivery, and finishes with a thorough review of
ultrasonically triggered delivery from micelles and a discussion of the physical
mechanisms involved.

6.2 Ultrasound

6.2.1 Physics of Ultrasound

6.2.1.1 Wave Nature of Ultrasound

Ultrasound (US) is simply high-frequency pressure waves, just as audio sound
is low-frequency pressure waves. Physicists define US as pressure waves with a
frequency of 20 kHz or higher, which is above the common threshold of hearing
for humans.8 As with sound and light waves, ultrasonic waves can be focused
on a particular volume that has dimensions as small as about half the wave-
length. The speed of sound in water and most tissue is about 1.5 km/s, so the
wavelength of 1MHz US is about 1.5mm. Thus high-frequency US (41MHz)
can be focused to fairly small volumes, which is useful for triggering release at
precise locations in the body. However, low-frequency US (20 kHz to 200 kHz)
is more challenging to focus, not only because the spot size is larger, but the
physical size of the transducer is also much larger if focusing is required. For
example, the wavelength of 20 kHz US in water is about 7.5 cm, so focal spots
cannot be much smaller than 4 cm in diameter, and a decent transducer that can
focus adequately would be at least 15 cm in diameter. If the decision of which
frequency to use were based on focal volume size, one would select high-
frequency US for drug-delivery applications. However, high-frequency US has
its own challenges.

The first challenge is the attenuation of the ultrasonic intensity by tissues in
the body. This attenuation occurs by both scattering and absorption.9 Each
tissue has its unique attenuation and speed of sound, which have been
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tabulated.10,11 The challenge arises because high-frequency US is attenuated
more than low-frequency US, and the attenuation increases fairly propor-
tionally to frequency in tissue.9,12 Thus, although high-frequency US can be
focused nicely, its high absorption prevents the penetration deeply into the
body, and scattering reduces some of the focal precision endowed by the high
frequency. Because the attenuation increases with frequency, the depth of
penetration into body tissue is 10 times shorter at 2MHz than at 200 kHz. High
frequencies above 5MHz simply do not penetrate sufficiently to deliver high-
energy densities without the concomitant heating of the tissue (see Section
6.2.1.2). In comparison, low-frequency US is easily propagated through all
tissues except bone and lung, and thus is easily delivered to all tissues except
lung, bone, marrow and brain. As mentioned, however, the spatial focusing is
more problematic. There are advanced techniques that, by using interference
between multiple transducers, can create local volumes of focused ultrasound.
These techniques are not yet common and are outside of the scope of this
Chapter, but they may have important future applications in volume-controlled
drug delivery using low-frequency US.

The second main challenge facing high-frequency US is that the
key mechanism usually employed as a trigger for ultrasonic drug delivery,
called gas bubble cavitation, is much more effective at lower frequencies
as will be discussed in Section 6.2.1.3. Thus for drug delivery from a micelle,
which usually requires deep tissue penetration and active gas bubble cavi-
tation, low-frequency US is much more practical and is often used in the
research lab.

6.2.1.2 Ultrasonic Heating

What happens to all of the attenuated energy of high-frequency US? It is
converted into heat. Thus ultrasonic heating of tissues increases proportionally
to the frequency. Imaging ultrasound employs high frequencies, but only in
very short pulses, and thus the average amount of heat deposited in the tissues
is low. Nevertheless, there are safety considerations employed to prevent the
thermal damage of tissue during diagnostic ultrasonic exposure. The safety
level is usually expressed by the Thermal Index (TI), which is the ratio of the
applied acoustic power to the power required to raise tissue temperature by
1 1C. For example, an exposure with a TI of 1 would raise tissue temperature by
1 1C and a TI of 3 would raise the temperature by 3 1C. Most diagnostic
ultrasound imaging equipment calculates and displays the TI on the screen so
as to avoid overheating.

Since the TI is proportional to the heating, as the frequency increases, the TI
also increases. For an equivalent exposure intensity (same power density, pulse
frequency, pulse length, etc.), there would be much more heating at 1MHz than
at 100 kHz. Again consideration of this parameter points to the advantage of
lower frequency ultrasound allowing higher intensities and longer durations of
exposure.
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6.2.1.3 Mechanical Cavitation

Cavitation is the formation and dynamic oscillation of gas bubbles in a liquid,
and is a very common and significant phenomenon when ultrasound is applied
in any aqueous environment. The oscillating pressure wave causes gas bubbles
to expand (as pressure decreases) and contract (as pressure increases) in a cyclic
manner. This mechanical movement of the bubble and the surrounding fluid
interface creates stresses on nearby cells and vesicles (such as micelles) and
causes flow of fluid and movement of particles. Cavitation is generally divided
into two general categories – stable and inertial – depending upon the
amplitude and nature of the bubble oscillation.

Stable cavitation, also called non-inertial, occurs at relatively low amplitude
pressure oscillations and when the frequency of the oscillation does not match
the natural resonance frequency of the bubble. In stable cavitation the bubble
usually undergoes many repetitive cycles of expansion and contraction without
any chaotic behavior. Although there is no violent collapse as is the case with
inertial cavitation, the oscillations create fluid flow adjacent to the bubble,
called microstreaming.12,13 Very near the surface of the bubble the fluid velocity
gradients are very high, creating a strong local shear stress.14–16 Stable cavi-
tation is usually detected by listening with a hydrophone to the pressure waves
emitted from bubbles as they oscillate. At very low amplitudes, the only
oscillations are those matching the frequency of US applied to the bubbles. But
as the amplitude increases, non-linear oscillations are formed, which produce
emissions at higher harmonics (2f, 3f, 4f, etc.) of the applied ultrasonic
frequency f.12,13,17 As the amplitude increases further, subharmonics (f/2, f/3,
etc.) and ultraharmonics (3f/2, 5f/2, 7f/2, etc.) appear. Although the cavitation
may remain stable, the appearance of subharmonics usually indicates that the
bubbles are near the transition to chaotic behavior associated with collapse
cavitation.

Collapse cavitation occurs at relatively large pressure amplitudes or when the
resonance frequency of the bubble is near the ultrasonic frequency. It is char-
acterized by large amplitude chaotic (non-repetitive) oscillations that quickly
lead to the ‘‘collapse’’ of the gas bubble, which occurs when the momentum of
the inward moving spherical wall of water is so great that the opposing pressure
from the compressed bubble cannot stop the water from compressing the gas to
a supercritical fluid. The temperatures and pressures calculated in such a
collapse exceed 5000K18,19 and 100 atm.13 These high temperatures cause
dissociation of water and gas molecules into free radicals that can be captured
as evidence of and quantification of collapse cavitation.20–23 The collapsing
walls can attain or exceed the speed of sound in air (B340m/s), creating a
spherical shock wave inside the bubble that slams in on itself and then rebounds
as a spherical pressure shock wave emanating outward from the site of bubble
collapse. The expansion of the supercritical fluid back into gas creates an
outward expanding gas bubble. If for some reason the inward collapse or
outward expansion is not spherically symmetrical, the bubble will be frag-
mented into smaller bubbles that also will start to grow and cavitate. Because
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the inertia of the water (as opposed to the pressure in the bubble) dominates the
behavior of these oscillations, this type of cavitation is often called ‘‘inertial
cavitation’’. In the past this has been called collapse cavitation and transient
cavitation because the bubble existed only transiently before it was ‘‘destroyed’’
by fragmentation.

Needless to say, collapse cavitation is a very violent event, particularly in
the near vicinity of the collapse event. The high fluid shear stresses associated
with the sudden collapse and rebound of the bubble are thought to be sufficient
to damage cell membranes, disrupt liposomes and shear micelles, as illustrated
in Figure 6.1. The shock wave can produce compressive and shear stresses
in membranes. Free radicals can react with other molecules or with bio-
molecules in the cells with toxic results. Collapse cavitation has been correlated

Figure 6.1 Illustration of an expanding shock wave from a collapse cavitation event
that causes mechanical disruption of micelles. The compressional shock
wave is thought to shear open micelles transiently, thus releasing their
contents.
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with drug release from liposomes24,25 and from micelles.26,27 Collapse
cavitation in blood vessels can denude the surface of endothelial cells,28

permeabilize capillaries29,30 and even breach the blood-brain barrier.31–35

Despite these seemingly negative consequences, collapse cavitation does have
some positive aspects. Vigorous fluid flow in the region of cavitation enhances
the local convective transport of drugs. Also, carefully controlled cavitation is
used to transiently open cell membranes (called sonoporation) for gene
delivery,36 for careful breaching of the blood-brain barriers,31,33 for purposeful
destruction of tumors or other unwanted lesions or tissues37 and for disruption
of blood clots.38–41

The extent of collapse cavitation can be characterized by measuring the
production of free radicals20,21 and by examining the acoustic emissions.39,42,43

When listening with a hydrophone, the onset of collapse cavitation is char-
acterized by a sudden increase in the baseline of the acoustic spectrum. The
harmonics, subharmonics and ultraharmonics are still present, but they sit on
top of a much higher baseline of noise that suddenly appears because of the
‘‘white noise’’ produced in the frequency spectrum by the generation of
shock waves.

One of the principal questions in bubble cavitation regards the onset of
collapse cavitation. A general observation was that for a given acoustic
pressure amplitude, cavitation occurred more readily at lower frequencies. To
validate this observation, computer simulations were done to calculate when air
bubbles of various sizes would experience inertial cavitation in blood and
water.44 The data showed that the threshold for the onset of inertial cavitation
in a field of bubbles with a spectrum of sizes was proportional to the amplitude
of the negative pressure cycle (peak negative pressure, p–), and inversely
proportional to the square root of the ultrasonic frequency, f. This supported
the observation that as frequency decreased, the inertial cavitation increased.
These observations led to the definition of the ‘‘Mechanical Index’’,

MI ¼ p�
ffiffiffi

f
p�

, where p– is in MPa and f is in MHz. Along with the Thermal

Index, TI, the MI is displayed on most ultrasonic imaging machines, and there
are guidelines as to the maximum MI value for safely imaging various tissues,
such as fetal tissue, eyes, heart, etc.45,46 The original purpose of MI was to
avoid damaging delicate tissues with collapse cavitation events, but the MI can
also be used as an indicator of the amount or intensity of collapse cavitation
that might be expected if bubbles are already present.

The MI concept was developed for a general distribution of bubbles with a
range of sizes, assuming that at least one of those bubbles would have a
resonance frequency near the applied frequency. If, however, there is only one
bubble size and the objective was to cause collapse cavitation, then it would be
important to select the frequency based on the bubble size. Although more
rigorous equations are available,13 a simplified relationship between the resting
bubble radius (R0, radius with no applied pressure) and the resonance
frequency, fres, is given by46 fres ¼ (3:3m=s)=R0. This indicates that a small
bubble with a radius of about 1 mm has a resonance frequency of 3.3MHz. Such
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small bubbles are used as contrast agents in medical imaging, and imaging
instruments operating at about 3.3MHz would tend to create collapse
cavitation, even at low amplitudes.

There are a few other interesting cavitation phenomena that pertain to drug
delivery from micelles. The first is the generation of ‘‘micro jets’’ from the
collapse of a bubble near a solid surface. The presence of the surface reduces the
inward flow of liquid from that direction, resulting in an asymmetric collapse of
the bubble in a manner that creates a high-velocity jet of liquid shooting
directly at the surface.12,13 A cell has a sufficiently viscous surface that cavi-
tation near a cell has been observed to shoot a micro jet toward the cell and
pierce the cell membrane.47 It is believed that this mechanism is responsible for
the ‘‘sonoporation’’ phenomenon used for ultrasonic gene delivery.36,47

A second phenomenon called ‘‘acoustic pressure’’ is caused by the pressure
waves emanating from an oscillating bubble.17,46 The oscillations generate a
net force on other objects in the vicinity of the bubble. If the object is denser
than the surrounding liquid, the net force is directed toward the bubble,
whereas a less dense object feels a force directed away from a bubble. These
forces have been observed experimentally.48 This acoustic pressure is very useful
for drug delivery frommicelles. In a mixture of bubbles and micelles, the bubbles,
which are less dense than water, will push themselves away from each other
and spread out. The micelles, which are denser than water, will be pulled toward
the nearest bubble. At very short distances the fluid shear rates can approach
107 sec–1,16 and these might be sufficient to disrupt the micellar structure.

So far in this discussion of cavitation, the bubbles were assumed already to
exist. This is the case when specially engineered bubbles, usually stabilized with
a shell of surfactant or protein, are introduced. A common source for these
bubbles is the ‘‘contrast agent’’ used in diagnostic sonography. These bubbles
are usually from 1 to 5 mm in diameter, so they can be injected into the circu-
latory system. However the size of the bubbles prevents them from passing
from the capillaries into the tissues. Smaller bubbles designed for drug and gene
delivery are in development.49 The existence of bubbles for drug and gene
delivery in the extra-capillary space is a desirable research objective, but is
difficult to attain.50 However, new techniques involving the ultrasonic
expansion of perfluorocarbon nanoemulsion droplets are being explored.51–54

Even in the absence of purposefully introduced bubbles, cavitation can still
occur. Most fluids contain dissolved gases, such as oxygen and nitrogen from
contact with air. Upon exposure to ultrasound, the negative pressure fluctuations
can cause dissolved gasses to nucleate into bubbles thatmay persist, particularly if
they can be stabilized by a layer of surfactants.13 Such surfactants can be proteins
in the blood or extra-capillary space. Thus, it is possible to generate bubbles and
then cavitate them in vitro or in vivo, even in the absence of contrast agents.
However, the acoustic intensities required to form bubbles are generally so high
that once formed, the bubbles grow by diffusion of more dissolved gas, and
then quickly undergo collapse cavitation, fragment into smaller bubbles, grow
again and continue the cycle.12,13 Therefore, vigorous collapse cavitation can

154 Chapter 6

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
2.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

48
View Online

http://dx.doi.org/10.1039/9781849736800-00148


occur evenwhen contrast agents or other bubbles are not introduced. In extremely
clean and degassed water, the likelihood of bubble formation is decreased.

6.2.1.4 Acoustic Streaming

Another mechanical effect, independent of the presence of bubbles, is called
‘‘acoustic streaming’’. This occurs when the very small absorption of
ultrasound by the water transfers the momentum from the absorbed sound to
the fluid.12,13 This causes convective flow in the direction of the ultrasound
wave propagation. Acoustic streaming happens to a greater extent in colloidal
suspensions of cells and protein since these components absorb ultrasound
better than pure water. Flows can move as fast as 10 cm s–1,55 but these flows do
not have the extreme velocity gradients and shear stresses found in micro-
streaming and shock waves. The main beneficial effect of acoustic streaming is
convective flow and mixing. There are reports of using acoustic streaming to
press gas bubbles against blood vessel walls.56

6.2.1.5 Safety

The TI and MI safety indices described in Sections 6.2.1.2 and 6.2.1.3 were
developed in the 1990s to protect delicate tissues from damaging exposure to
heat and cavitation stresses. These delicate tissues include the fetus, heart, eye
and brain.46,57–60 In general there is less concern for thermal exposure and
cavitation in other tissues because they have redundant architecture (kidneys,
liver) or are non-essential (muscles, skin, etc.). There are also some reports of
petechiae and thermal damage to the skin at high levels of insonation.61,62

These problems were overcome by introducing different pulse sequences and
cooling the transducers.63,64

Another topic of concern is that insonation of a tumor with accompanying
cavitation might release fragmented portions of the tumor into the circulatory
system where they may lodge and grow in other tissues, creating a type of
‘‘induced metastasis’’. Studies designed to reveal ultrasonic enhancement of
tumor metastasis found none, even with highly metastatic tumors.65–67

6.3 Micelles

6.3.1 Drug Delivery from Micelles

In the science of nanomedicine, one of the most useful carriers for efficient drug
delivery is the micelle. Micelles are assemblies of amphiphilic molecules in
spheres or rods with diameters ranging from 5 to 100 nm. In aqueous systems,
the molecules arrange themselves with their hydrophobic groups toward the
interior of the structure and the hydrophilic group toward the surrounding
water. Advantages of micelles over other nanocarriers are their easy method of
preparation, the simplicity of loading hydrophobic drugs into their core, their
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stability and the fact that drug release from micelles can be controlled. Micelle
stability is related to their critical micelle concentration (CMC), which is the
molecular concentration below which the micelle will dissolve. A low CMC
indicates that micelles will form readily and remain thermodynamically stable
even in relatively low concentration. Once the micelles are diluted below their
CMC, the rate of dissolution is related to the size of the amphipathic molecules.
Micelles composed of large polymeric molecules take longer to disentangle and
dissolve, and thus can persist in their metastable micelle form for minutes.68,69

Micelles have been used in pharmaceutical applications for centuries because
of their ability to absorb hydrophobic drugs into their core, thus increasing
drug loading in traditional aqueous oral formulations. With the advent of
technology to introduce micellar formulations directly into the circulatory
system (via intravenous infusion), it was noted that some formulations suffered
from rapid clearance due to their fast uptake by the cells in the mononuclear
phagocyte system (MPS). These micellar carriers persisted in circulation longer
when coated with agents comprising poly(ethylene glycol) (PEG).70 The
coating agents modified the surface of the colloidal drug carriers such that
adsorption of opsonizing proteins was inhibited, so that the cells of the MPS
did not recognize and clear the carriers.71 The ability of PEG-coated particles
to inhibit adsorption of proteins depends on the surface density of PEO chains,
their length and dynamics.71 Prolonged circulation resulted in substantial
increase of the area under the curve (AUC) of the blood concentration of the
therapeutic agent over time.72

6.3.1.1 Traditional Surfactant Micelles

Before the advent of synthetic polymers, nearly all pharmaceutical formu-
lations of micelles were composed of natural small surfactant molecules, such
as fatty acids, alkyl esters of glycerol, phosphoglycerol esters and other
amphiphilic molecules. It was found that the solubility of hydrophobic drugs
could be greatly increased by adding these surfactants. These hydrophobic
drugs were solubilized in the core of the micelle. The solubility of some
amphiphilic drugs could also be increased by the addition of surfactants. These
amphiphilic drugs partition to the interface between the hydrophobic core and
the hydrophilic corona of the micelle.

With the progress of organic chemistry in the twentieth century, the natural
surfactants were supplemented by synthetic surfactants or semi-synthetic
surfactants. These new additions broadened the scope of drugs that could be
adequately solubilized for oral and intravenous delivery. Surfactants used in
micelles are generalized into four categories: anionic (phosphates, carboxylates,
sulfates, etc.); cationic (usually amine-containing surfactants); zwitterionic
(phosphocholines and synthetic surfactants) and non-ionic (ethoxylates,
glucosides and more).73 The charge and chemistry of the hydrophilic head-
group has a large effect on the solubilization capacity and the CMC. In general,
the non-ionic surfactants have the greatest solubilization capacity, the anionic
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surfactants have the least, and cationic and zwitterionic surfactants fall in
between.

While some surfactant micelles have very low CMC, polymeric micelles have
even lower CMC values.74 Once the concentration drops below the CMC,
surfactant micelles usually dissolve faster than polymeric micelles. Therefore
there is a trend to move towards polymeric micelles in new pharmaceutical
formulations. To our knowledge there are no reports of ultrasonic-activated
drug delivery from traditional non-polymeric micelles. However, that does not
preclude the possibility of using surfactant micelles for ultrasonic drug delivery.
Natural surfactants may have advantages in safety and biocompatibility.

6.3.1.2 Polymeric Micelles

It is attractive in drug delivery to use polymeric micelles comprised of
hydrophobic-hydrophilic block copolymers, with the hydrophilic block
containing PEG or other hydrophilic chains. These micelles usually have a
spherical, core-like structure with the hydrophobic block forming the core and
PEG chains forming the corona. Several types of these copolymers have been
proposed. Among them, AB-type block copolymers, such as poly(L-amino)-
co-poly (ethylene oxide)75–78 and ABA-type block copolymers, such as the
Pluronics.79–81 Another class of these copolymers includes poly(ethylene
oxide-b-isoprene-b-ethylene oxide) triblock copolymer, in which the isoprene
blocks comprising the core were cross-linked by UV irradiation, rendering
micelles stable in blood circulation.82 As mentioned above, a particularly
popular and useful family of polymers for micellar drug delivery is that of
Pluronic triblock copolymers of poly(ethylene oxide) (PEO) –
poly(propylene oxide) (PPO) – poly(ethylene oxide) (PEO). They are mostly
water-soluble, and form micelles at various CMC values, depending on the
ratio of PPO to PEO segments.83 The hydrophobic block forms the core of the
micelle and the hydrophilic PEO chains form the corona, resulting in a
spherical core-shell structure.

Pluronic P105 is a particularly useful micelle-forming polymer because it
easily dissolves in water and yet can carry a good payload of hydrophobic
drugs.84,85 The disadvantage with Pluronic P105 micelles is the relatively high
CMC, such that when it is diluted upon intravenous injection, its local
concentration drops below the CMC and the micelles start to dissolve.86 To
overcome this problem, the micelles were stabilized by polymerizing an inter-
penetrating network (IPN) of poly(N,N-diethylacrylamide) (NNDEA).87

NNDEA was dissolved into and then polymerized within the Pluronic P105
micelles, which resulted in an IPN that markedly slowed the dissolution of P105
chains from the micelle. Cross-linking the NNDEA network increased micellar
stability, such that the micelle could sequester hydrophobic molecules for weeks
before total dissolution.88 Tests were conducted in order to determine whether
such stabilization would affect the ability of the micelles to sequester and
release doxorubicin (Dox). It has been shown that the amount of drug released
and its subsequent re-encapsulation were not very different from the behavior
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observed for unstabilized micelles, but had the added bonus of slow dissolution
of the micelles. The stabilized micelles released Dox by application of 70-kHz
ultrasound, as will be discussed in Section 6.3.2.1.89

Pluronic copolymers at different aggregation states have been tested as drug
carriers.90–95 Pluronic molecules in the unimeric form (below the CMC) were
found to greatly enhance the cytotoxic activity of a wide variety of drugs.
Above the CMC, Pluronic molecules form dense micelles with a lipophilic core
that encapsulate the drugs within that core.96 Pluronic and other amphiphilic
copolymer micelles are recognized as some of the most novel types of carriers
for chemotherapy drugs. The drug is usually introduced into the polymer
matrix by mixing, and (in the absence of ultrasound) is slowly released upon
the dissolution or degradation of the micelle or by drug diffusing from the
micelle.97 Of particular interest is poly(lactic acid)-b-poly(ethylene glycol)
(PLA-b-PEG) since it is biodegradable and biocompatible, and exhibits proper
hydrophilic/hydrophobic balance. Its degradation products are non-toxic and
can be excreted by the kidneys.91 Several methods of loading PLA micelles with
Dox have been investigated.98 There are many variations on this structure that
employ the hydrolysis of PLA to control drug release.99–101

Related to PLA are other polyesters, such as poly(e-caprolactone) (PCL).
For instance, a self-assembled PEG-PCL diblock copolymer micelle was
designed to solubilize and deliver the very hydrophobic drug honokiol.102 PCL
micelles have received some recent attention as drug carriers.103–105 While
polymeric micelles are sometimes praised for their high loading capacity for
hydrophobic therapeutics,106 exceeding the maximum loading capacity may
cause the drug to precipitate. Furthermore, the aggregation number of the
copolymer was found to influence the drug-loading efficiency of the micelle; a
greater amount of drug can be incorporated into the core of a micelle with a
higher aggregation number.69

6.3.1.3 Drug–Polymer Conjugates

Drug–polymer conjugates have been a rapidly developing field since they were
first proposed in the mid 1970s, and nearly a dozen such carriers have now
progressed to the clinical trial stage.107 These include N-(2-hydroxypropyl)
methacrylamide (HMPA)-Dox for lung and breast cancers,108 HPMA-
platinate for ovarian cancers and melanomas,109 poly(ethylene glycol) (PEG)-
poly(aspartic acid) (ASP)-Dox micelles for pancreatic cancer110 and most
importantly poly(L-glutamic acid) (PG)-paclitaxel for breast, colorectal,
ovarian and lung cancers.111,112 The latter is in Phase III clinical trials and is on
track to become the first drug–polymer conjugate to be used in hospitals.113 To
synthesize drug–polymer conjugates, the chemotherapeutic agents are covalently
bonded to a water-soluble polymer. For example PG-paclitaxel is covalently
attached to PG via an ester bond through the 20-hydroxyl moiety using a
dicyclohexylcarbodiimide (DCC).111 NMR confirmed the desired conjugation
and it was estimated that seven paclitaxel molecules are bonded to each PG
chain. The new drug–polymer conjugate suppressed the growth of murine
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ovarian carcinoma tumors in all 26 mice used in the study. After two months,
96% of the mice remained histologically free of the ovarian carcinoma.111

In another study, Nakanishi et al.110 succeeded in synthesizing a PEG-
ASP-Dox conjugate. Since this drug-delivery molecule has PEG on its outer
surface, it was rendered stealthy and was able to circulate for longer periods of
time without being recognized by the MPS.110 Starting with PEG-NH2 and the
BLA-NCA (the unit of aspartic acid), the synthesis followed three steps:
elongation and acetylation, debenzylation and, finally, the partial conjugation
to Dox. This carrier showed significant antitumor activities in five different
tumor types when compared to free Dox administered in a PBS solution.

Active targeting is also possible with drug–polymer conjugates by attaching a
targeting moiety to the polymer. The advantages of drug–polymer conjugates
are similar to those of self-assembled micelles and, most importantly,
drug–polymer conjugates help overcome multi-drug resistance (MDR). Next
we will discuss different targeting techniques that include passive targeting,
active targeting and targeting using external stimulus.

6.3.2 Targeting

6.3.2.1 Passive Targeting

Blood vessels of healthy tissue have tight inter-endothelial junctions, while
tumors often exhibit defective microvasculature with large inter-endothelial
gaps. Those gaps result in heightened vascular permeability that allows
submicron particles to extravasate beyond the capillaries. Passive targeting is
based on the enhanced permeability and retention (EPR) effect that allows
extravasation of drug-loaded nanoparticles through such defective micro-
vasculature in tumors. Furthermore, tumors often exhibit poor lymphatic
drainage, which reduces clearance of the extravasated carriers from the tumor
tissue. Extravasation of nanoparticles does not occur in healthy tissue blood
vessels except for specialized tissues such as the liver and kidneys. The
accumulation of nanoparticles by the EPR effect requires sufficient circulation
time in blood for the particles to collect slowly in the tumor. As mentioned,
coating nanoparticles with PEO chains increases the circulation residence time
and the amount of accumulation by the EPR effect.114 Even so, usually less
than 5% of the administered dose accumulates in the ‘‘targeted’’ tumor site by
passive targeting means.115

There are many examples of passive targeting.104,116–124 For example, Shin
et al. studied the delivery of several chemotherapeutic agents using a
poly(ethylene glycol)-block-poly(lactic acid) (PEG-b-PLA).116 These agents
include poorly soluble antineoplastic molecules such as paclitaxel, etoposide,
docetaxel and 17-allylamino-17-demethyoxygeldanamycin (17-AAG). The
study also characterized the loading and drug release profiles from micelles
encapsulating 2- or 3-drug combinations. All loaded carriers had diameters in
the range of 32–39 nm. Using turbidity measurements, 17-AAG was found to
reduce drug precipitation, which in turn improves the stability of PEG-b-PLA
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micelles. Additionally, the study reported that single- and multi-drug micelles
released their contents within 12 hours. The study concluded that this new
formulation offered an effective method for administering chemotherapy agents
with low solubility.

6.3.2.2 Active Targeting

There are some situations in which passive targeting is not sufficient, such as for
targeting within the circulatory system, or for more specific targeting once the
particles have extravasated and there are both healthy and tumorous cells in the
extra-capillary space. In this case it is beneficial to attach small site-specific
non-antigenic targeting ligands such as folic acid, antibodies, proteins (such as
transferrin), sugars or polypeptides.125–128

Tumor-specific targeting is possible when the tumor cells express some
surface component that is not usually present on normal cells. For example a
wide variety of human tumors overexpress folate-binding protein, a
glycosylphosphatidylinositol-anchored cell surface receptor for the vitamin
folic acid.129 Another example is the overexpression of the human epidermal
growth factor receptor II (HER2) complex on many cancer cells.130 Micelles
can be directed to attach to these cells by conjugating the complementary
ligand to the micelle. In many cases, the binding event will stimulate
endocytosis of the ligand and its attached vesicle, thus introducing the thera-
peutic into the tumor, but still within an endosome. Subsequent escape from the
endosome is required for maximal drug delivery. The number of ligands can be
optimized to increase the efficacy of polymeric drug carriers.131 Although the
accumulation of micelles at the tumor site by passive targeting is largely
independent of ligand attachment, ligand-conjugated micelles were found to
demonstrate higher tumor fighting activity as compared to non-conjugated
ones, which is attributed to direct surface interactions.132 Furthermore, these
targeted carriers can be synthesized to respond to changes in pH, where drug
release is accelerated in the intra-cellular acidic environments of endosomes and
lysosomes (pH below 4.8).132,133

One example of a folate targeted drug–polymer conjugate is the
Dox-PLGA-PEG-FOL micelle, assembled by chemically conjugating Dox to
the terminal end of PLGA in the diblock copolymer structure of PLGA-
b-PEG, and then separately conjugating folate to the terminal end of PEG.134

Other examples of folated micelles include the amphiphilic block copolymers of
methoxy poly(ethylene glycol) (MPEG) and poly(e-caprolactone) (PCL)135 and
the chondroitin sulfate-Pluronics 127-folated nanogels, which are capable of
inhibiting drug efflux transporters in chemotherapy.136 To synthesize folated
Pluronic P105 micelles (P105-FA), 1,1-carbonyldiimidazole can be used. Such
folated Pluronic micelles were able to release Dox using low-frequency
ultrasound.136 Another study used cross-linked Pluronic micelles with folate
conjugated to the surface as carriers of Dox and other anticancer drugs to
target ovarian cancer. Significant antitumor effects have been observed
in vivo.137

160 Chapter 6

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
2.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

48
View Online

http://dx.doi.org/10.1039/9781849736800-00148


Another option in site-specific drug delivery is to create ‘‘immunomicelles’’
by attaching antibodies or antibody fragments (the Fab’ fragment) to the
micelles. Monoclonal antibodies can be conjugated, or they can be digested
to obtain the Fab’ fragment that can be attached by a variety of
methods.126 Polymeric micelles synthesized from polyethylene glycol-
phosphatidylethanolamine (PEG-PE) conjugates have been tested and found to
show higher accumulation at the tumor site than non-targeted micelles.138

Typically, immunomicelles such as 2C5 and 2G4 are tumor-specific,
effectively binding to monolayers of antigens corresponding to their ligand.139

It has been shown that certain monoclonal antibodies, including 2C5, are able
to utilize cancer cell surface bound nucleosomes to recognize numerous tumors,
but not normal cells.140–142 Tests conducted with 2C5 labeled with Rhodamine
have shown that the immunomicelle recognizes and binds to the surface of
human BT20, murine LLC and El4 tumors.139 The control, which consisted of
micelles with no antibody, had practically no association between micelle and
tumor cell. Moreover, 2C5-immunomicelles were not found to bind to any
healthy cells.140 Accumulation of 2C5-immunomicelles in murine LLC cells was
found to be 30% greater than the accumulation of regular ‘‘free’’ micelles.140

In vivo tests confirmed the in vitro results above, and showed that micelles
targeted with 2C5 monoclonal antibodies are capable of delivering the drug not
only to mature tumors with a fully developed vasculature, but also to tumors in
the early stages of development as well as to advanced metastatic cancers.138

Other reports indicate that immunomicelles might be able to deliver the drug to
the interior of the tumor cell via receptor-mediated endocytosis.143

6.3.3 Ultrasound-triggered Release from Micelles

The scenario of an ideal drug-delivery system entails the following: first, a
carrier containing the drug would be injected and circulate in the blood. Then, a
stimulus would be applied at a controlled location to release the drug. As
mentioned, different types of stimuli have been examined, including pH,
temperature, electric fields, light and ultrasound. Ultrasound has been found to
be a preferred trigger mechanism due to its ability to propagate into deep tissue
and to be focused directly on the target tissue.91

To date, there are only a few research groups working on ultrasonically
controlled drug release from micelles. One is our group at Brigham Young
University. Other groups include the Rapoport group at the University of
Utah,144 the Myhr group in Oslo,145 the Phillips lab at La Trobe University in
Victoria, Australia,146 and the Mokhtari-Dizaji group in Iran.147 The next
sections review this body of literature.

6.3.3.1 Triggered Release from Micelles in vitro

Ultrasound triggered drug release from Pluronic P105 micelles was measured
under pulsed ultrasound using an ultrasonic exposure chamber with fluo-
rescence detection as illustrated in Figure 6.2. The study90 examined the
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amount of drug released in the low-frequency ultrasound range of 20 to 90 kHz.
The analytical measurement in this and most studies employed the fact that
many fluorescent molecules exhibit decreased fluorescence intensity when
transferred from the hydrophobic core of the micelle to the aqueous
environment. In this study, two intrinsically fluorescent drugs were used: Dox
and Ruboxyl. The amount released was measured as a function of the applied
frequency, and the most release was observed at 20kHz. The drug release was
found to decrease at higher frequencies, even when higher power densities were
applied. The results indicated that the role of collapse cavitation in drug release is
significant, since the MI increases as frequency decreases. It was also found that
drug release increases at lower Pluronic concentrations and decreases if the drug is
inserted deeper into the core of the micelle. Finally, the study also established that
the drugs are re-encapsulated within the micelle between pulses of ultrasound.90

Figure 6.2 Fluorescence detection system with ultrasonic exposure. The intensity of
ultrasound in the sonic bath is controlled by the AC voltage from a variac
through an oscillator circuit and matching network (transformer). The
sample is placed in an acoustically transparent plastic tube in an
acoustically intense spot over the transducer. An argon ion laser beam
(488 nm) is directed through a fiber optic cable into the sample chamber.
The drug fluorescence is collected by a second fiber optic bundle and
directed through a 533-nm band pass filter to a silicon photodetector. The
detector signal is observed with an oscilloscope, and then digitized with an
A/D converter and stored to a computer for post-processing conversion to
released drug concentration.
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The kinetics of the release and re-encapsulation of Dox from Pluronic P105
micelles was studied using the same fluorescence detection exposure chamber
mentioned above.148 At a power density of 58mW/cm2 and a frequency of
20 kHz, experimental results showed that no significant drug release occurred
from exposure to ultrasound for less than 0.1 s. This proved to be a threshold
time value, above which the amount released was proportional to the pulse
length. Furthermore, it was found that re-encapsulation requires a minimum
ultrasound ‘‘off ’’ phase of 0.1 s. The maximum amount of release and re-
encapsulation was observed after around 0.6 s of ultrasound. After fitting the
experimental data to several models, it was found that the zero-order release
with first-order re-encapsulation kinetics fit the experimental data best.148 A
later study showed no significant difference between the rate constants of
acoustic release at 37 1C and 56 1C. However, the release from stabilized
micelles proceed significantly slower when compared to non-stabilized
micelles.149

Further investigation into the kinetics of Dox release from Pluronic P105
micelles was conducted and experimental data fitted to a more complex model
that included cavitation events. The first mechanism incorporated into the
model was micelle destruction, which caused the release of Dox during
insonation. The micelles were destroyed because the collapsing bubble
produced shock waves. The second mechanism in the model, the destruction of
cavitating nuclei, showed that a small amount of Dox was re-encapsulated,
which initiated a slow and partial recovery phase, reassembly of micelles and re-
encapsulation of Dox. The third mechanism was the reassembly of micelles and
the fourth mechanism was the re-encapsulation of Dox. The latter two
mechanisms did not show a dependence on ultrasound, but they were
responsible for maintaining a steady-state drug release at a partial level and its
re-encapsulation after the insonation ended. In this model, the micellar size
distribution was described using a normal distribution.150

Experiments have also shown that ultrasound appears to disturb the inter-
penetrating network of the stabilized micelles, but the time constant of the
degradation of the network is very long compared to the time constant related
to drug release from micelles.151 The results were used to deduce degradation
kinetics of stabilized Pluronic P105 micelles. The study showed no significant
difference between the network degradation time constants after one-hour
exposures to 70- and 476-kHz ultrasound.151

Studies have also shown that the rate constant of Dox release depends on the
degree of stabilization (by cross-linking). However, the re-encapsulation rate
constant is roughly the same for stabilized and unstabilized micelles.152 It has
been shown that 70-kHz US releases around 2% of Dox from the core of
stabilized Pluronic P105 micelles, whereas 9–10% was released from unsta-
bilized P105 micelles.26,27

Later investigations into the thermodynamic characteristics of US-activated
drug release from micelles allowed the deduction of thermodynamic activation
energy for micelle re-assembly and residual activation energies for micelle
destruction. The model showed that residual activation energy decreased as the
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acoustic intensity increased. Furthermore, higher temperatures were found to
increase the rate of micellar destruction, but hindered the re-assembly of
micelles.152

Artificial neural networks (ANNs) have also been used in modeling this
drug-delivery mechanism. As a non-linear modeling technique, ANNs are
capable of capturing and estimating the behavior exhibited by a system when
exposed to various operating conditions. Some ANN control algorithms have
been implemented in model predictive control (MPC).153,154 ANN-MPC has
been shown effectively to model, control and optimize Dox release from
Pluronic P105 micelles, with feed-forward neural networks accurately
capturing the dynamic behavior involved in Dox release.97 Additionally, a
controller was designed that adjusts the ultrasound frequency, intensity and
pulse length in order to ensure a constant rate of Dox release. This controller
has then been successfully validated.155

Sensitivity analysis using the ANN model of drug release revealed that lower
frequencies contribute to the most efficient Dox release, and that the release
increases with power density. The latter finding yet again confirms that cavi-
tation plays an important role in US-triggered drug release. Also, according to
the model, drug release was not a strong function of temperature, while ANNs
indicated that lower copolymer concentrations contribute to a higher rate of
drug release.156

A solution of diblock copolymeric micelles exposed to high-intensity
focused ultrasound has been found to exhibit a decrease in pH. Tests
conducted on samples revealed the cause of this phenomenon to be the
formation of carboxylic acid dimers and hydroxyl groups. The results
suggested that ultrasound induced the hydrolysis reaction of certain organic
groups. Those results could be used to develop ultrasound-sensitive block
copolymer micelles that have labile chemical bonds in the polymer structure.
The idea is that these bonds would then be disrupted by high-intensity focused
ultrasound.157

6.3.3.2 Triggered Release to Cells in vitro

The effect of high-frequency ultrasonication on the release of Dox from
Pluronic micelles, and the subsequent uptake of Dox by cancer cells was
studied using promyelocytic leukemia HL-60, ovarian carcinoma (drug-
sensitive and multi-drug resistant) and breast cancer MCF-7 cells. Radical
trapping was used to quantitate the cavitation events brought about by the
high-frequency US. Even short exposure to high-frequency ultrasound was
found to greatly increase the rate of cell uptake of the antineoplastic
agent.145,158

The effectiveness of low-frequency ultrasound for triggering drug
release from micelles was examined by exposing HL-60 cells to free Dox and
Dox encapsulated in Pluronic P105 micelles.159 Cells exposed to encapsulated
Dox survived much longer than those exposed to free Dox. However,
with the application of 70-kHz ultrasound, cells exposed to encapsulated
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Dox were killed at a faster rate than those exposed to free Dox.
These results indicated that micelles sequestered the drug from the cells
prolonging their survival, and that ultrasound released the drug from the
carrier.159

In order to measure the uptake of Dox by HL-60 cells, 70-kHz ultrasound
was pulsed in tone bursts of 0.1 s to 2.0 s duration.160 The time between the
bursts was also varied between 0.1 and 2.0 s. It was found that with constant
time intervals between bursts and with a constant total insonation time, the
amount of Dox uptake by the cells augmented as the length of insonation
increased (up to 3.0 s). The time between bursts had no effect on the amount of
uptake of the drug.160 This indicates that Dox did not return inside the micelles,
other than the amount that could have diffused back into the micelles during
the period between bursts. The total calculated time to reach 90% of complete
uptake was 2.5 seconds of insonation.159

Another in vitro study employed MDA-MB-231 breast cancer cells
in addition to HL-60 cells.146 This study also employed Dox and P105
micelles, but these micelles were stabilized by the addition of disteroyl-
phosphoethanolamine-PEG200 instead of an interpenetrating network.
Encapsulation of Dox in these mixed micelles reduced Dox uptake by the
MDA-MB-231 cancer cells in vitro. Application of 20-kHz ultrasound at
100W/cm2 released about 10% of the Dox from the micelles. However, this
level of insonation destroyed HL-60 cells in vitro at durations of more than 5 s.
In contrast, application of 5 s of insonation to the micelles at this power level
increased the Dox uptake by HL-60 cells.

The effect of 48-kHz US on the cytotoxicity of cytosine arabinoside to HL-60
cells was examined, and an increase in cell death was observed with insonation.
The study ruled out hyperthermia as the cause of death as the temperature
increase was less than 0.2 1C. The insonated cells were also analyzed using a
scanning electron microscope, which revealed the cells to have a decreased
number of microvilli and a disrupted surface. It was concluded that insonation
disturbed and modified the cell membrane, thus increasing the amount of drug
taken in by the cells.161 Several other studies have shown similar evidence of
sonoporation.47,162–164 It was also shown that ultrasound formed pores on the
cell surface (sonoporation) that allowed the cytoplasm of HL-60 cells to leak
out of those pores.165

It is also important to mention here that there appears to be a synergistic
effect between chemotherapy drugs and ultrasound. A study has shown that
exposure to ultrasound that lasted one hour rendered Dox significantly more
toxic to Chinese hamster lung cancer.160 Next we examine literature reporting
in vivo drug release.

6.3.3.3 Triggered Release in Animal Models

There is a synergistic effect between chemotherapy drugs and ultrasound even
in the absence of micelles. Several studies have shown that tumor growth
was slowed by exposure to ultrasound and free drug166 or liposomal
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drug.24,145,167,168 For example, our research group used a tumor-bearing rat
model to investigate the effect of ultrasound and micellar drugs on tumor
growth rate and to determine which frequency works best in the treatment. It
was found that the combination of drug and ultrasound resulted in a slower
tumor growth rate than free drug without US. It was also found that
ultrasound frequency does not affect the growth rate, as 20- and 478-kHz
treatments yielded the same results.159

Another in vivo study was conducted using 42 rats, which were inoculated in
each hind leg with a colon carcinogen DHD/K12/TRb tumor cell line. Six
weeks after tumor inoculation, Dox encapsulated in stabilized Pluronic P105
micelles was administered weekly by intravenous infusion.168 Ultrasound was
applied about 30 minutes after infusion, allowing time for the micelles to
begin accumulating at the tumor site. The study showed that a Dox concen-
tration of 8mg/kg was lethal within two weeks, while 5.33 and 4.0mg/kg were
lethal within six weeks. Concentrations of 1.33 and 2.67mg/kg did not cause
death. The general results looked promising, as the tumors that were exposed
to a combination of encapsulated Dox and US grew slower than the tumors
not exposed to ultrasound; some US-treated tumors actually regressed. In
treated rats the distribution of Dox to various organs and tissues was
measured, and more Dox was found in US-treated tumors than the contra-
lateral untreated tumors. Furthermore, the drug was retained in the tumors
longer and in higher concentrations than in other tissues, which suggests drug
accumulation by the EPR effect with a maximum in concentration at about 12
hours.169

Similar studies have been done in mouse models. Tumors exposed to
ultrasound and Dox-containing micelles accumulated a significantly greater
amount of micelles than non-insonated tumors.170 The same study reported
that the cardiotoxicity of Dox is reduced by the use of micelles as the
encapsulated Dox did not accumulate as much in the heart of the mice.
Delivery and effectiveness of 5-fluorouracil (5FU) was also studied in a
mouse model of colon cancer.145 Tumor reduction was significant when the
micellar delivery was combined with 20-kHz ultrasound at 3.16W/cm2 for 30
minutes.

In another mouse model, this time of breast cancer, ultrasonic frequencies of
28 kHz and 3MHz were applied simultaneously to the tumor after intravenous
administration of Dox in stabilized P105 micelles.147 The biodistribution of
Dox was compared to that when the micelles were not insonated and when free
Dox was employed. The Dox concentration in various tissues was measured 24
hours after treatment. The mice receiving micellar Dox with ultrasound had
nearly nine times more Dox in their tumors than mice receiving free Dox, and
more than three times the amount found in mice receiving micellar Dox without
insonation. The Dox concentration in other tissues was less with micellar Dox
than with free Dox. This study supports the hypothesis that micellar Dox is
extravasated in the tumor, and that insonation of the tumor further increases
Dox retention and/or uptake in the tumor tissue. Other studies showed that US
alone appears to increase extravasation.30,171,172
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6.3.3.4 Mechanisms of Ultrasonic-Activated Delivery from
Micelles

It is important to examine the mechanism by which micelles deliver anticancer
drugs with and without ultrasound. First, micelles slowly and continually
release drug. Thus if they collect in a tumor tissue via the EPR effect, release
will occur to the exterior of the cells. The drug may then diffuse into the cells or
enter by other pathways. A second mechanism is that micelles may be taken
into the cell by endocytosis, a process by which a cell internalizes macro-
molecules and fluids from its surroundings. Two types of endocytosis exist:
pinocytosis and receptor-mediated endocytosis. Pinocytosis is characterized by
the uptake of small droplets of extra-cellular fluid, and any material dissolved
in it. Receptor-mediated endocytosis, as the name suggests, utilizes a specific
receptor on the cell membrane surface. This receptor binds to the target
molecule, or ligand, which in turn sends a signal to the cell membrane to fold in
on itself, forming a small vesicle through which the molecule is internalized.
Micelles can be labeled with a targeting ligand, such as folate or anti-HER2
mAb, that induces endocytosis of the ligand and its attached micelle.136

When ultrasound is applied, additional uptake mechanisms come into play.
Firstly, US can enhance the release rate of drug from micelles, which will be
discussed thoroughly below. When US induces drug release from micelles, there
is a higher concentration of external drug that can diffuse into the cell or enter
by pinocytosis. If cavitation events sonoporate the cell membrane, released
drug can diffuse directly into the cell, or whole micelles could diffuse in.96 On a
global scale, US appears to enhance extravasation, bringing more micelles into
the tumor interstitium.30,171,172

Investigation into the mechanisms of ultrasonic drug delivery to cancer cells
was conducted in an attempt to elucidate which of these mechanisms was
mainly implicated in ultrasonic drug delivery from micelles. First, let’s consider
the shielding or protection effect that Pluronic P105 micelles have on the drug’s
cytotoxicity. Below the CMC, one study showed that the uptake of fluor-
escently labeled Pluronic micelles by HL-60 cells was proportional to the
concentration present in the incubation medium.96 Above the CMC, intra-
cellular uptake of the micelles was far less efficient. These findings led to the
conclusion that Pluronic micelles are internalized through fluid-phase
endocytosis, rather than by diffusion through plasma membranes. The
experiments were conducted using flow cytometry, fluorescence spectroscopy
and confocal and fluorescence microscopy.

While US apparently up-regulates endocytosis in endothelial cells173 and
fibroblasts,174 the increased accumulation of Dox in HL-60 cells was not due to
increased endocytosis stimulated by ultrasonication.175 Rather, it was
suspected that sonoporation played the most important role in the process.
This led to several hypotheses being proposed as to how ultrasound increases
the rate of uptake of the drug by the cells.

One hypothesis states that acoustic streaming, or momentum transfer from
sound waves to the biological fluid, and microconvection created by oscillating
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bubbles of gas in the liquid are responsible for the disruption of the cell
membrane. The perturbed cell membrane is rendered more permeable to the
drug. This concept has been discussed in Section 2.1.3; briefly, if the bubbles do
not exhibit complete collapse during their shrinkage cycle, then stable cavi-
tation creates high velocity gradients. But collapse cavitation also creates high
shear stresses, which can sonoporate the cell membrane.175 The micelles also
experience the same high shear stresses. There is a strong correlation between
the amount of drug released and subharmonic acoustic emissions, which is
attributed to collapse cavitation that disturbs the micelle structure and results
in the release of the drug (see Figure 6.1).27 On a related note, our group has
shown that increasing the static pressure suppresses bubble cavitation and drug
release,176 again supporting the hypothesis that bubble cavitation causes drug
release. Thus, acoustic streaming and microconvection play very minor roles, if
any at all.

Another hypothesis states that exposure to ultrasound increases the
concentration of the drug (due to its release from micelles), but does not alter
the permeability of the cell membrane. The high concentration outside the cell
membrane creates a sufficiently high diffusion gradient for drug uptake by the
cells. However, this hypothesis was dismissed when several studies demon-
strated that ultrasound does indeed increase the permeability of the cell
membrane.175

Micelles are transported into cancer cells via endocytosis, and the third
hypothesis states that ultrasound increases the rate of endocytosis. Experiments
have revealed that while ultrasound enhances drug uptake by cells, the rate of
endocytosis is not enhanced; so this hypothesis was also dismissed.175 Some
experimental data support the possibility of this hypothesis, in that US does
appear to enhance endocytosis in some cell lines,173,174 but not in all cell
lines.175 Direct experimental uptake of micelles by US-enhanced endocytosis
has not yet been observed.

The conclusion of this subsection is that acoustically activated micellar drug-
delivery systems are rendered effective due to two main mechanisms.
Ultrasound causes drug release from the micelles as it disrupts the core of
polymeric micelles, most probably by strong shear stresses; and, additionally,
ultrasonic sonoporation has been shown to form micropores in the membranes
of cancer cells, which allows released drugs or whole micelles to diffuse
passively into the cells.84 Enhanced endocytosis is a possibility.

Additional studies showed drug uptake could be characterized by Langmuir-
type isotherms, which implies that the system has a restricted number of
sorption units.158 Thus, the phenomenon of increased free drug uptake upon
sonication could be attributed to new sorption centers being formed as cell
structures are perturbed. It could also be that as the equilibrium between the
drug inside the cells and the drug outside is shifted, excited drug molecules are
generated. This excitation would increase the enthalpy of the drug inter-
nalization process.158

Once the micelle and drug molecules are taken up by the cell, the objective is
for Dox to accumulate in the nucleus, intercalate into the DNA bases and affect
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many of the cell functions; primarily DNA replication. As a topoisomerase
inhibitor, Dox is capable of causing single and double strand breaks in the
DNA of treated cells. Therefore, the next paragraph summarizes the results of
using the comet assay to measure the amount of DNA damaged.

The comet assay was used to quantify DNA damage by measuring the length
and the fraction of broken DNA strands. The pattern of DNA damage
indicated the mode of cell death.177 Experiments were conducted in which cells
were treated with various combinations of Dox, US and Pluronic P105 micelles.
The cells were sonicated and lysed, then placed in an electrophoresis buffer,
which resulted in DNA unwinding, after which electrophoresis was performed.
Electrophoresis displayed the migration of intrinsically negative DNA away
from the negative electrode and towards the positive electrode. Then a distilled
water bath was used to re-anneal the DNA, which was then stained with
propidium iodide, a fluorescent dye. Upon analysis, the electrophoresed DNA
looks like a comet, with the damaged DNA migrating to form the tail, and
undamaged DNA forming the head.178 The results showed that ultrasound
alone caused negligible damage to DNA, whether with or without P105. Dox
contained in P105 caused no damage unless US was applied, and free Dox and
Dox with ultrasound display various degrees of damage. The rate of DNA
damage was higher when a combination of Dox, P105 and US was applied, and
a slower rate was observed when Dox and US were used, and there was an even
slower rate with free Dox.175 Another study showed that apoptosis was the
mode of cell death in ultrasonic Dox delivery from P105 micelles.178 The
conclusion was reached after examining DNA fragmentation pattern of cells
exposure to US and encapsulated Dox.

In summary, polymeric micelles are proven drug carriers that can be
activated by ultrasound to release their payload of drugs. By sequestering and
then releasing with the ultrasonic trigger, drug delivery can be controlled in
time and space so the adverse side effects of chemotherapy can be minimized.
Pluronic P105 micelles have been successful in encapsulating and then
acoustically releasing at least three chemotherapy agents. These micelles and
their stabilized derivatives have also shown promise as viable delivery vehicles
in vitro and in vivo. The question to be answered next is whether these micelles
are efficient at higher ultrasonic frequencies that are easy to focus, but are less
capable of penetrating deep tissues.

6.4 The Future of Ultrasound-triggered Drug Delivery

from Micelles

Definitely the future of ultrasonically activated drug delivery from nanovehicles
is bright. Ultrasound presents unprecedented non-invasive control of a fairly
effective trigger. In the race to the clinic, ultrasound-triggered release from
micelles is in competition with release from liposomes, polymersomes and other
nanovehicles. When comparing triggered release from micelles and from
liposomes, micelles have advantages in ease of manufacturing (self-assembly)
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and small size, but they have disadvantages in non-perfect sequestration
(drug can slowly leak out) and incomplete release. Researchers and
pharmaceutical companies must evaluate and select the best methods in terms
of manufacturing cost, quality control, product stability, shelf life, consumer
safety and more. As mentioned, the great advantage of the micellar systems
is that they are self-assembled, so they are inherently stable and do not
disassemble upon prolonged storage. In theory they can be lyophilized and
reconstituted by the addition of water or saline, since they self-assemble. There
remains much research to perform regarding manufacturing, storage and
administration.

It follows, therefore, that for micellar systems to compete with liposomal
systems, one needs to develop more effective sequestration in combination with
more sensitivity to shear-stress induced release. This is a difficult conundrum to
solve. Designing the core to attract the therapeutic more securely would
decrease premature leakage, but would make the core less susceptible to
rupture by shear stress, keep the therapeutic associated with the hydrophobic
sites on the micellar molecules, and increase the rate of re-encapsulation once
the micelle recovers from the shear assault. Some creative molecular design will
be involved.

Another approach would be to create more cavitation events near the
micelles to increase the shear stress on the micelle. For example, one could
increase the amount of ultrasonic cavitation by providing extrinsic bubbles,
such as perfluoropropane microbubbles that are fairly stable in blood and that
are used as ultrasound contrast agents. Even better, the micelles could be
attached directly to the surface of the microbubbles using the same conjugation
chemistry employed to attach liposomes to microbubbles.179,180 The size of the
gas bubbles restricts delivery to the lumen of the vascular system, but these
assemblies could be targeted to collect on diseased tissues of the circulatory
system. Then the application of ultrasound could collapse the bubble
supporting the micelles, creating high shear stress on the micelles and on the
adjacent diseased tissue cells. This scenario would produce more concentrated
release since all micelles are guaranteed to be in the immediate vicinity of a
collapsing bubble. This delivery technique could be modified for delivery
beyond the vascular system by attaching the micelles to nanoemulsions of
perfluorocarbon liquids, such as perfluoropentane, stabilized by polymers or
other surfactants.51,52,114,181,182 These assemblies could be built sufficiently
small to pass through the fenestrations in the malformed vasculature of tumors
and collect in tumor tissues. Once on site, the application of ultrasound could
transform the superheated perfluoropentane into a gas bubble in the tissue,
which would upon further insonation collapse and rupture the attached
micelles.

Needless to say, there are many opportunities for creative science in
ultrasound-triggered delivery from micelles. And while the scientific
community has not reached a perfect or ideal acoustically activated micellar
drug-delivery system, we believe that we are moving forward towards
this goal.
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CHAPTER 7

Smart Polymersomes:
Formation, Characterisation and
Applications

R. T. PEARSON, M. AVILA-OLIAS, A. S. JOSEPH,
S. NYBERG AND G. BATTAGLIA*

The Krebs Institute, The Department of Biomedical Science, The University
of Sheffield, Firth Court, Western Bank, Sheffield, South Yorkshire,
S10 2TN, UK
*Email: g.battaglia@sheffield.ac.uk

7.1 Polymersome Formation

The forces governing amphiphiles in solution adopt a delicate yet robust
balance in order to facilitate the spontaneous assembly of supramolecular
aggregates. The term amphiphile is derived from the Greek amphis meaning
both and philia meaning love; this describes the mixed relationship that an
amphiphilic molecule has with its solvent. More specifically, the molecule is
comprised of solvent phillic (loving) and solvent phobic (hating) sections, which
are coupled by strong chemical bonds and are unable to phase separate. If the
amphiphile is a polymer and water is the solvent, the most entropically
favorable situation for the polymer occurs when the unimers are dispersed
throughout the solution, allowing for the maximum number of chain
conformations. However, the inability for water molecules to bond with the
non-polar, hydrophobic (water hating), sections of the amphiphilic polymer
leads to the surrounding water molecules bonding with four adjacent water
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molecules. This formation is known as a clathrate (from the Latin clathratus
meaning cage or lattice) and is entropically unfavorable for the water
molecules. In its liquid state, water is a highly dynamic system, rapidly
switching between bonding with three and four other water molecules,
therefore having an average co-ordination number of 3.5.1 By forcing the water
to adopt a more crystalline co-ordination, the entropy of the system is reduced,
resulting in an increase in the free energy. For a very small number of
amphiphiles this entropic penalty can be withstood and the individual
molecules, or unimers, will remain molecularly dissolved. However, at a crucial
concentration, the entropic penalty becomes sufficient for the hydrophobic
sections to group together in a process known as the hydrophobic effect.2,3 This
reduces the overall amount of clathrate water present in the system and is
known as the critical aggregate concentration (CAC). Often this is referred to
as the critical micelle concentration (CMC) due to the micelle being the
structure formed from the lowest number of unimers. This value is often quoted
for lipid-based amphiphilic systems; however, for polymeric amphiphiles, the
concentration is often difficult to measure due to it being so low.4–6 After a
number of amphiphiles have been brought together through hydrophobic
forces, the molecule faces another dilemma with regards to its solvation. The
close proximity of the chains reduces the volume of water molecules that can
bond with the polar hydrophilic sections. This generates a repulsive force
between hydrophilic sections as each chain attempts to maximize its interaction
volume. However, the stronger hydrophobic force maintains the grouping of
the molecules. Therefore, a compromise is achieved between the hydrophobic
attraction and the hydrophilic repulsion, resulting in the formation of highly
ordered but entropically favorable structures via self-assembly. This spon-
taneous process facilitates the formation of a range of nanoscopic soft matter
structures with a vast range of applications. Of the potential structures
available, one of the most exciting assemblies is the polymeric vesicle,
commonly known as the polymersome.7 In this next section, we will discuss
approaches of forming polymersomes, the current theories of their assembly
and methods to control their size.

One of the most common approaches to understanding the structures
produced by organized amphiphiles is the molecular packing parameter (p),
pioneered by Israelachvili et al.8 Based on the geometric constraints of model
lipid molecules assembling, the packing parameter describes the structures
formed based on their relative hydrophobic : hydrophilic ratio

p ¼ v

a0l

where v and l are the volume and length of the hydrophobic section,
respectively, and a0 is the interfacial area between the hydrophobic and
hydrophilic blocks. The theory states that for values of pr 1/3 the hydrophilic
repulsive forces create highly curved structures known as spherical micelles.
These are monolayered particles with all the hydrophobic chains forming a
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water-free core and the hydrophilic blocks creating a protective corona.
Micelles are typically the smallest aggregates seen in any self-assembling
system, both in diameter and number of chains per aggregate (Nagg). Increasing
the relative hydrophobic fraction slightly pushes the packing parameter to
1/3o pr 1/2; this causes the production of flat monolayers and cylindrical
micelles (Figure 7.1). End caps to the cylinder are formed by amphiphiles with
higher curvatures, comparable to spherical micelles. This is more favorable
than exposing the hydrophobic core and more probable than the cylinder
enclosing upon itself and forming a ring or donut structure. For 1/2o pr 1 the
intermolecular curvature is even lower and generates the formation of bilayers
or membranes. This is a sandwich-like conformation where the hydrophobic
chains create a water-free region between two hydrophilic corona or leaflets.
Like the cylindrical micelle, the hydrophobic membrane must be shielded from
the water molecules. However, unlike the micelles the formation of highly
curved edges to the membrane sheet is far more unfavorable. Therefore, the
entire membrane shares the molecular frustration by curving to form an
enclosed spherical membrane, trapping a small volume of water within, and
forming a structure known as a vesicle. As mentioned previously, when the
amphiphilic molecules are polymer chains, this structure is known as a poly-
mersome. Within this range of 1/2o pr 1 the predicted curvature of the entire

Figure 7.1 The amphiphile packing parameter relates the molecular architecture to
the average curvature experienced in a supramolecular assembly. From
left to right in descending average molecular curvature, spherical micelles,
cylindrical micelles, an intermediate ‘‘jellyfish’’ formation and poly-
mersomes. The TEM scale bars¼ 200 nm.
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membrane ranges from tightly curved around p ¼ 1/2, where theoretically small
vesicles are formed, and completely planar at p ¼ 1, where an infinitely long
and wide flat membrane is produced. As mentioned, this latter limit is
practically impossible without anchoring the membrane to a substrate in
order to satisfy the hydrophobic constraints. The theory provides a simple
and roughly reliable model for predicting structures produced by amphiphilic
polymers. Along with controlled ‘‘living’’ polymerisation techniques,9,10 poly-
mersomes can be produced simply by tuning the degree of polymerisation for
the relative hydrophilic and hydrophobic volume fractions. Now that the
effects of the molecular parameters on the curvature of the resulting structures
have been explained, we can crudely divide polymersome formation into two
categories: formation from the bulk and formation from solution.

Polymersome formation can be achieved via the hydration of a solid film of
copolymer. This approach has been transferred directly from lipid vesicle
production processes, wherein the polymer is dissolved in a suitable organic
solvent and transferred to a vial. The solvent is then driven off before adding
water or aqueous buffer to the dry polymer film and left under agitation for the
required duration. During this time, the water diffuses into the polymer film,
causing it to swell. As water moves into the dry film the copolymer begins to
rearrange to generate conformations based on the hydrophobic effect and the
molecular packing parameter. Over time, the concentration of water in the film
increases and the structures produced evolve from highly ordered lytropic
phases to increasingly dispersed mesophases, ending with isotropically
dispersed polymersomes (Figure 7.2). The process has been well documented
for block copolymer systems.11–16 Typically, the initial diffusion of water into
polymer causes molecular orientation due to the solvation and hydrophobic

Figure 7.2 A phase diagram showing the structural transitions from solid copolymer
films through to dispersed polymersomes for polymer amphiphiles. As
discussed, the process of hydrating a dry film of copolymer causes the
movement through these phases before reaching dispersed polymersomes.
On the right TEM micrographs show the inter-connected ‘‘sponge’’ phase
(above) with packed and dispersed polymersomes shown below. Scale bars
represent 200 nm.
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forces discussed previously. In the case of well-characterised, polymersome
forming poly(ethylene oxide)-poly(butylene oxide) (PEO-PBO) diblock
copolymers,12,15 low water content (B80wt.% polymer) films adopt a lamellar
or hexagonal cylinder structure. This difference is based on molecular weight,
where lamellar structures occur for the higher values; this lamellar phase swells
with increasing water concentration, characterised by an increase in d spacing
observed using Small Angle X-Ray Scattering (SAXS). Around 50wt.% to
30wt.% polymer these swollen films enter a new set of phases known as the
‘‘spongy’’ or gel phases, which still display some long-range order. The polymer
molecular weight, the temperature and final mesophase (micelles or poly-
mersomes) have a huge effect on the structure and properties of this region.
Polymersome-forming copolymers produce bicontinuous sponge phases at high
molecular weights and cubic packed multi-lamellar vesicles at low molecular
weights, whereas micelle-forming PEO-PBO polymers are seen to form a series
of close-packed gels with varied optical and mechanical properties based on
temperature. As the water content increases further (20wt.%–10wt.%
polymer) the polymer undergoes a transition from lyotropic gel phases to
isotropic dispersed phases. For higher molecular weights, the bicontinuous
sponge phase transforms into polymersomes grouped together in a hexagonally
close-packed arrangement. The polymersomes then begin to disperse into
individual aggregates around 1wt.% polymer. Lower molecular weight
polymersome-forming copolymers transform from cubic packed multi-lamellar
vesicles to vesicles that are inter-connected with tubular membranes. These
connections are then lost and the polymersomes disperse as single aggregates.

Alternatively, formation of polymersomes can be conducted from homo-
geneously distributed, molecularly dissolved unimers in a solvent environment
suitable for both blocks. The process of self-assembly can then be achieved via
altering the solvent environment, with parameters such as pH, temperature or
water content.17–26 A common model used to describe homogeneous poly-
mersome formation is a two-step process of nucleation and growth. Firstly,
coalescence of copolymer chains occurs via the hydrophobic effect, forming
small spherical micelle aggregates. Aggregates then grow through a range of
architectures of increasingly lower curvatures until spherical polymersomes are
formed. Detailed investigations into these intermediate structures have been
conducted across various polymer systems.20,25,27–29 Eisenberg et al.29 studied
the micelle-to-vesicle transition of polystyrene-poly(acrylic acid) (PS-PAA) as a
function of water to dioxane ratio, and observed the formation of short
cylindrical micelles, followed by longer cylindrical micelles, before forming
small vesicles at 28wt.% water. Larger vesicles were seen at higher amounts of
water and the whole process is reversible through the addition of dioxane. By
studying the kinetics of these transitions and quenching samples at various time
points, the same transition of micelles to vesicles via cylindrical micelles was
observed.27 The presence of ‘‘paddle’’-shaped structures comprised of lamellae
and cylindrical micelle sections was seen between the pure cylinders and pure
polymersome time points. The same group then continued their studies by
investigating the effect of changing PS-PAA block lengths on the transition
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boundaries.24 Their results correlate with packing factor theory, showing that a
longer core-forming block favors the production of polymersomes. pH
responsive poly(butadiene)-poly(methacrylic acid) (PBD-PMAA) has been
used to study the vesicle-to-micelle transition and the intermediate structures
produced as a function of PMAA ionization.19 Transmission Electron
Microscopy (TEM) images taken across the pH range studied show the
production of further intermediate species between polymersomes and cylin-
drical micelles and between cylindrical micelles and spherical micelles;
specifically, structures containing a mixture of bilayers and monolayers
between polymersomes and cylinders, including the striking ‘‘jellyfish’’
aggregate, a precursor to polymersomes (Figure 7.1). More recently, a study
of the self-assembly process was conducted using in situ controlled radical
polymerisation of poly(glycerol monomethacrylate)–poly(2-hydroxypropyl
methacrylate) (PGMA-PHPMA).30 The HPMA monomer is water soluble up
to 13w/v% at room temperature, but forms an insoluble polymer. Therefore,
the evolution of micelles to vesicles was studied in detail by observing the
structures produced at prolonged degrees of polymerisation in water. TEM
micrographs show the transition from spherical micelles to shorter cylindrical
micelles and then to longer cylindrical micelles in accordance with the previous
studies mentioned. However, this approach elucidated significantly more
information on the transitions from cylindrical micelles to complete vesicles. As
the degree of PHPMA polymerisation increases, the cylindrical micelles begin
to branch, and the branching points then swell until they eventually contain
enough material to form a bilayer surrounded by cylinders, a formation
referred to as an ‘‘octopus’’. These octopus structures have been reported
previously in a PEO-PBD system by Jain and Bates.20 The bilayers then curve
to produce the jellyfish morphology mentioned earlier, before the bilayer
segment of the jellyfish then encloses to form polymersomes. These approaches
have elucidated the evolution from spherical micelles to polymersomes as
the copolymer curvature reduces. A variety of striking conformations are
adopted by polymer amphiphiles as they rearrange to find the minimal energy
states between spherical micelles and polymersomes. However, large molecular
weight polymeric amphiphiles display reduced molecular exchange kinetics,
due to their increased hydrophobicity and weakly segregating inter-digitated
membranes,31,32 thus diminishing the likelihood of bilayer ‘‘flip flopping’’33 or
unimer insertion/expulsion events.34 A lack of chain exchange events leads to a
kinetically frozen situation in many cases, wherein polymers produce a range of
non-ergonomic structures that are ‘‘frustrated’’ with regards to their ideal
curvature, but are unable to fuse or exchange with surrounding aggregates
and thus remain in an undesired conformation. The reality of this situation
from a manufacturing perspective is that large amounts of purification and
post-processing are required in order to control the size and yield of the
polymersomes produced. These processes have their own limitations and
problems to overcome that fall outside the scope of this discussion.
Despite these potential processing problems, the polymer membranes of
polymersomes offer several advantages over their lipid counterparts. Firstly,
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the inter-digitated structure leads to greatly improved mechanical properties.
For example poly(ethylene oxide)-poly(ethyl ethylene) (PEO-b-PEE)
membranes have been shown to display mechanical properties roughly 5–50
times tougher than phosphatidylcholine (PC) membranes.7 This leads to a
much greater ability to withstand typical in vivo forces, a topic which will be
covered in detail later on. The use of large molecular weight copolymers also
provides the advantages of very low CMCs. This reduces problems such as
disassembly by dilution.

Each of the two general formation pathways has its advantages and disad-
vantages. Briefly, rehydration of a polymer film is a slower process with longer
time scales for increasing polymer molecular weight, whereas formation from
solution is much quicker, but produces a broader range of structures than
predicted by the molecular packing parameter due to kinetically trapped
formations. Often the decision as to which method to use depends on the
application and polymer chemistry. For biomedical applications, the use of
organic solvents is highly detrimental to polymersome toxicity. Also the
formation method is often determined by the log P of the therapeutic or
diagnostic compound to be encapsulated. These interactions with biological
systems will be covered in greater detail later in the chapter.

7.2 Polymersomes Characterization

The following section will explore the difficulties and innovations that have
been realized in the imaging and analysis of polymersomes as nanoscopic soft-
matter structures. Polymersomes and related soft-matter nanotechnology
present unique challenges with regards to imaging. Their nanoscopic length
scale requires techniques with a spatial resolution of around 200 nm or lower in
order to elucidate individual particles. Furthermore, information regarding
particle surface topology, domain formation and membrane thickness can
require an order of magnitude higher resolution. Alongside this length-scale
issue, the requirement of an aqueous environment in order to exist adds an
additional difficulty when imaging polymersomes. Conventional light
microscopy techniques are continually being refined in terms of spatial
resolution. Breakthroughs in lens technology for conventional confocal
microscopy and techniques such as Total Internal Reflectance Fluorescence
(TIRF)35,36 and Stimulated Emission Depletion (STED)37,38 microscopy are
pushing the boundaries of optical imaging. Often, these approaches require the
presence of fluorescence probes to be incorporated within the polymersome.
Regardless, TIRF and STED are capable of sub-200 nm imaging in liquid with
good temporal resolution.

Electron microscopy (EM) has always been a steadfast approach to imaging
on the nanoscale. The inherently smaller wavelengths of electrons allow for
sub-1 nm resolutions to be readily achieved. However, most electron
microscopy techniques require the presence of a high vacuum in order to avoid
scattering of the electrons. This vacuum creates a problem for polymersome
samples, which require the presence of an aqueous environment. In order to
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circumvent this dilemma whilst maintaining a high degree of spatial resolution,
techniques such as cryogenic electron microscopy (CryoEM) and in situ liquid
electron microscopy are used. CryoEM requires the sample to be rapidly frozen
within an aqueous buffer via a process known as vitrification. This creates a
situation where the sample is suspended within a matrix of solid non-crystalline
water. By having a sufficiently thin section of vitrified sample, nanoscale
resolution is obtainable. This technique has grown rapidly over the last 20 years
in both the life sciences and soft nanotechnology, with many studies on poly-
mersomes using this approach.20,39–43 The direct imaging of cells and nano-
particles in liquid using electron microscopy often uses the approach of creating
a thin layer of liquid between two electron permissive windows.44,45 This
technique is still far from competing with the resolutions achieved by
conventional EM or cryogenic EM; however, it shows great promise for
imaging aqueous processes in real time.

The techniques discussed so far all require the illumination and detection of
electromagnetic radiation. Atomic Force Microscopy (AFM) is able to provide
nanoscale imaging in a range of environments by measuring minute
deformations in a cantilever.46–48 The resolution of AFM is determined by the
tip architecture, a range of tips are commercially available and many provide
subnanometer resolution. Also, topographical, mechanical and chemical data
can be obtained using AFM depending on the analysis mode used and the tip
chemistry. Each measurement point is converted into a pixel, providing an
image where contrast is gained through various perturbations of the tip. AFM
has been used to gain morphological and topographical data on polymersomes.
For example, a streptavidin functionalized tip was used to observe the
formation of biotin domains upon the polymersome surface (Figure 7.3A).
A tapping mode was used to measure the force required to detract the tip from
the surface of the polymersome. In the presence of biotin, the force required is
much greater. Results for each measurement were converted into an image
showing the presence of phase-separated domains upon the surface of hydrated
nanoscopic polymersomes.49 A potential drawback of AFM is the requirement
of the sample to be anchored to a substrate for analysis. For polymersomes this
can be achieved by drying the sample and visualizing the collapsed structures,
as shown in Figure 7.3E. Alternatively, in the study discussed above, hydrated
polymersomes were imaged by immobilizing biotin-functionalized poly-
mersomes to a streptavidin-coated substrate. This enabled the imaging of
stationary polymersomes whilst also allowing the analysis of biotin domains
upon the polymersome surface as discussed above.

Imaging is useful for observing morphological changes and providing a
visual aid in understanding polymersomes. However, imaging a statistically
relevant percentage of the sample is often unfeasible due to a trade-off between
resolution and analysis volume/area. There are many other well-established
techniques used to gain averaged data from entire samples, and a detailed
description falls out of the scope of this discussion. However, we will cover a
few commonly used methods in order to outline some of the parameters
frequently obtained for polymersomes. Scattering techniques provide a vast
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amount of information based on angle-specific elastic interactions between
particles and energy sources such as light, X-rays or neutrons. The amount,
quality and type of data obtainable by scattering techniques vary with the type
of sample and the quality of the energy source. Typically, for polymersomes,
information regarding average particle diameter, particle shape, membrane
thickness, corona brush depth, amount of bound water and average diffusion
coefficient is achievable.50–53 However, many of these parameters require high-
intensity energy sources and long illumination times in order to obtain
sufficient data.

As with most analytical approaches, it is often best to use a combination
of techniques to characterise polymersomes as fully as possible. Often these
techniques are combined with absorbance- or fluorescence-based quantification
techniques, frequently in conjunction with chromatography.

Polymersomes are intriguing nanoscopic structures; however, their mimetic
nature has driven a huge amount of research into using polymersomes as
therapeutic biological delivery systems. The following section will concentrate
on the parameters surrounding polymersomes as delivery vectors.

Figure 7.3 Polymersomes analyzed by various techniques: force mapping AFM
showing the presence of nanoscopic domains on the surface of the poly-
mersome (A); Dynamic Light Scattering (DLS) showing a typical size
distribution for micelles (white points) and polymersomes (black points)
(B); and ambient TEM (C), Cryogenic TEM (D) and amplitude mapping
AFM (E) of the same sample of polymersomes.
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7.3 Polymersomes as Delivery Vectors

Recently, nanotechnology has generated a great deal of interest throughout the
biomedical sciences, due to its potential to offer novel approaches to thera-
peutic and diagnostic drug delivery. Traditional drug formulations are often
associated with poor protection of the compound of interest from the biological
environments and a lack of controlled release, spatially or temporally. This
sometimes results in the need for frequent doses in order to reach a therapeutic
effect, which in turn can result in unwanted side effects.

Nanotechnology takes a multi-disciplinary approach to engineer nanoscopic
devices that offer enhanced transport and protection of bioactive cargo,
increasing the ability to overcome biological barriers and release their cargo at
the cellular or subcellular level. Compound delivery by nanoparticles (NPs) is a
common nanotechnology approach to enhance drug delivery. The type of
nanoparticle is often defined by the material that it is comprised of and the
methods of assembly. There is a range of such particles including hard metal
nanoparticles (gold, iron), carbon-based NPs (quantum dots, carbon
nanotubes) or soft nanotechnology such as lipid nanoparticles (micelles,
liposomes) and polymeric nanoparticles (micelles, dendrimers, polymersomes).
For this discussion we shall focus primarily on polymersomes as drug-delivery
vectors. They are of particular interest due to their ability to encapsulate a
range of hydrophilic, hydrophobic and amphiphilic compounds. As mentioned,
they display enhanced mechanical properties with respect to lipid systems as a
result of the high molecular weight entangled membranes. Also the fully
synthetic nature allows for customisable carrier systems. The principal physico-
chemical characteristics of polymersomes that modulate their behavior across a
range of increasingly complex biological systems are highlighted below.
Strategies specifically to engineer polymersomes in order to produce enhanced
drug-delivery systems are also covered.

Successfully navigating the complex biological barriers experienced by a
drug-delivery device is no trivial task. Nevertheless, an ideal system should be
able to chaperone the compound of interest through these barriers in order to
reach the site of action such as a tissue or a specific group of cells. Therefore,
identifying the biological obstacles that a drug-delivery system must overcome
is essential for engineering an efficient drug-delivery system. Renal clearance
(excretion in the urine after blood filtration by the kidneys) and opsonisation
(the passive targeting of foreign bodies by proteins for subsequent recognition
by the immune system) are major factors determining the lifetime of nano-
particles in our bodies. These processes are strongly dependent on nanoparticle
properties, especially the surface chemistry and size. Nanoparticles with
diameters around 100 nm and neutral hydrophilic surface chemistries are
generally associated with longer blood circulation times and longer residence
times in our bodies.54,55

Blood is continuously cleaned via filtration by the liver and kidneys, with the
consequent excretion of waste products in the feces and urine. Mammalian
vessels have an average natural pore size of 5 nm.56 This means that particles
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smaller than 5 nm can cross the endothelium easily, equilibrating their
concentration in blood and the extra-cellular environment quickly. This can be
beneficial for non-specific extra-cellular delivery. However, a similar cut-off is
found in the kidneys where only a small fraction of the renal filtrate is reab-
sorbed back to the blood circulation (water, glucose and small solutes, though
often through specific transporters). This indicates that nanoparticles below
10 nm or 50KDa56,57 can be efficiently cleared from our bodies via the kidneys.
Fast renal clearance can be avoided in most cases by engineering NPs bigger
than 10 nm in diameter.

As mentioned, another mayor biological obstacle to avoid is opsonisation.
Opsonisation is the binding of blood proteins called opsonins to a foreign
entity, in this case the nanoparticle, in order to alert the immune system to its
presence. Any protein that assists in the immune recognition of a foreign body
can be an opsonin. Typically the most common opsonins are immunoglobulins,
and complement proteins.58 However, albumin, fibrinogen and apolipoproteins
often work as opsonins.59 The opsonised particle is subsequently recognized by
the immune system; specifically by macrophages of the mononuclear
phagocytic system (MPS), also known as the reticuloendothelial system (RES).
In most cases, MPS recognition is translated in nanoparticle clearance from the
blood, with associated accumulation in liver, lungs and spleen, organs
harboring large quantities of MPS macrophages.60 It has been reported that
maintained accumulation of non-biodegradable nanoparticles in MPS organs
can lead to toxic effects.61,62 Blood clearance by opsonisation occurs quickly for
nanoparticles greater than 300 nm,60 within minutes for uncoated nanopar-
ticles58 and more easily for hydrophobic particles than for hydrophilic ones.63

Hydrophobic colloids are unstable in aqueous environments such as the blood,
and present an enhanced tendency to adsorb proteins in order to reduce contact
with the water. On the other hand, hydrophilic particles are surrounded by
water molecules, limiting their interactions with other molecules such as
proteins. The use of neutral, hydrophilic polyethylene glycol (PEG) (also
known as PEO) to coat nanoparticle surfaces is a major strategy in avoiding
opsonisation or ‘‘fouling’’. This has been shown to increase blood circulation
time of the nanoparticle.54 For this reason PEGylated systems are usually
referred as ‘‘stealth’’ systems. PEG with different molecular weights as well as
diverse surface concentrations allows for modification of the non-fouling
properties.64–68 It is generally accepted that a minimum MW of 2000Da is
necessary to impart ‘‘stealth’’ properties to a system.58 Reasons behind this
interesting biological ability can be found in the physico-chemical properties of
PEG. PEG is a neutral, water-soluble and flexible polymer.69 This means that
PEG chains in aqueous medium are surrounded by water molecules, creating
an ordered water shell between the nanoparticle and the environment.
Therefore, a protein trying to interact with a nanoparticle will start to
compress the hydrated hydrophilic PEG chains, forcing the removal of water
from the system, which is energetically unfavorable. This energy barrier will
act against opsonisation, preventing any strong interaction with the
nanoparticle.58
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PEGylation has been used to produce ‘‘stealth’’ liposomes. Nevertheless the
percentage of PEG that liposomes can be coated with is restricted to a
maximum of 10% in order to maintain the formation of a membrane.70 It
would be preferential to have a greater amount of PEG incorporated in the
system. One advantage of polymersomes over liposomes is their synthetic
nature. Therefore, the hydrophilic corona can be entirely composed of PEG,
subsequently improving nanoparticle protection from opsonization. Also, the
increase in amphiphile hydrophilicity can be counteracted by polymerising the
hydrophobic block further, resulting in 100% PEG-based polymersomes.68

Although PEG is the most commonly used hydrophilic polymer for poly-
mersomes, there are many alternatives available. These include poly(2-metha-
cryloyloxyethyl phosphorylcholine) (PMPC), poly(hydroxyethyl methacrylate)
(PHMA),71 poly(N-vinyl pyrrolidone) (PVP)72 and poly(2-methyl-2-oxazoline)
(PMOXA).73 The concept behind generating ‘‘stealth’’ remains the same, i.e. to
cover the particle surface with a hydrophilic polymer in order to hinder the
adsorption of proteins.58 It is important to note that the use of such polymers
only delays the opsonization of the system for a certain time; adsorption of
proteins on the particle surface will eventually happen. Also, it is worth noting
the trade-off between ‘‘stealth’’ systems having prolonged circulation lifetimes
but reduced cellular uptake (Figure 7.4).74

In order to retain the advantage of non-folding polymer coatings whilst
simultaneously enhancing cellular uptake the attachment of ligands is often
exploited. These are molecules that are recognised strongly by receptors
expressed on the cell surface. The attachment of ligands enhances nanoparticle
recognition and uptake by cells. Furthermore, using this approach, we can
specifically target a tissue or group of cells, provided that they overexpress a
biological marker or, better still, present it exclusively. This approach is known

Figure 7.4 Cellular uptake of polymersomes and polymersome-mediated delivery of
different compounds into cells. Cellular distribution of rhodamine-labeled
polymersomes in HeLa cells after treatment with 1mg/mL polymersomes
for 60min (nuclei stained in blue) (A); HeLa cells stained in red after
60min incubation with 1mg/mL of PMPC polymersomes encapsulating
Celluminates red fluorescent dye (B); TEM micrograph of HeLa cells
showing gold nanoparticles distribution trough cell cytoplasm, different
organelles and nucleus, after treatment with PMPC polymersomes
encapsulating gold nanoparticles for 24 h (C). Insert: TEM micrograph of
PMPC polymersomes encapsulating gold nanoparticles 1.4 nm average
diameter.
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as active targeting. The ability specifically to deliver a therapeutic compound
to its site of action is one of the most desirable properties for a drug-delivery
system. Specific targeting means that the drug will be concentrated in an
area of interest rather than being distributed throughout the body. This reduces
side effects derived from interactions between the drug and other areas of the
body. In addition it would be possible to reduce the total amount of drug
needed since it would accumulate at the desired site. Lower side effects and a
lower dose regime result in better patient compliance and reduced costs
associated with side effects and multiple dosing. The synthetic nature of poly-
mersomes makes them an ideal vector for active targeting. Examples of
biological markers that can be used for active targeting of nanoparticles include
the well-studied transferrin and folate receptors, which are overexpressed in
tumor cells.60,75,76 Epidermal growth factor receptors77,78 have also been
recently investigated for tumor targeting. Intra-cellular cell adhesion molecule
1 (ICAM-1)79 and vascular cell adhesion molecule 1 (VCAM-1)80 have been
used to target endothelial cells in atherosclerotic plaques and inflammatory
processes. In recent years, integrins, a family of cell adhesion molecules, have
become promising candidates for active targeting since they are implicated
in many diseases such as cancer, autoimmune disorders and infectious
processes.81,82

Once the drug-delivery device has avoided these biological barriers and
reached its target site it must interact directly with cells in order to release its
cargo. The following section covers the current understanding on nanoparticle
interactions leading to cellular internalisation.

Mechanisms of nanoparticle cellular internalisation have mostly been found
to be energy-dependent processes, rather than passive diffusion through pores
or the membrane.83 Specifically, endocytosis, the internalisation of fluids,
molecules and macromolecules by the controlled deformation of the plasma
membrane, has been identified as the primary cellular internalisation pathway
for many nanoparticles formulations.84 Endocytosis and its consequent
subcellular sorting is a complex process with multiple cellular pathways often
playing interconnecting roles. Understanding these complex mechanisms is key
to improving nanoparticle uptake efficiency and to establishing a greater
understanding of toxicological effects on the system. Endocytosis is tradi-
tionally divided into phagocytosis and pinocytosis. Phagocytosis is almost
exclusive to immune cells such as macrophages and neutrophils and is normally
reserved for the internalisation of large bodies (41 mm in diameter). Cells that
are able to undergo phagocytosis are often called phagocytes. However,
pinocytosis is a process present in almost all eukaryotic cells and it is used for
the uptake of particles smaller than 1 mm. Pinocytosis can be further subdivided
into several mechanisms defined by the specific lipids and proteins involved in
each process. As the particle diameter decreases, it becomes increasingly
difficult to correlate its size with a specific pathway of endocytosis. The precise
boundary between different pathways is still an area for much debate, and
which particular mechanism of uptake remains highly dependent on the type of
cell and nanoparticle formulation. For a more detailed summary of parameters
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affecting drug-delivery system uptake efficiency we direct readers to a recently
published review.85

In recent years, studies have shown that nanoparticle size is associated with
different rates and mechanisms of internalisation. Generally, nanoparticles
o100 nm are internalised faster than particles 4100 nm.86,87 In the case of
receptor-mediated endocytosis the optimal nanoparticle diameter for cellular
uptake has been identified as between 50 and 60 nm.88–93 Nevertheless these
guidelines are strongly affected by other physico-chemical properties of the
nanoparticle and hence should be altered for each formulation. When inves-
tigating studies on the effects of size on uptake in the literature it is important to
define the methods used to calculate optimal nanoparticle size. This can be
measured either in terms of speed of uptake or by the total number of nano-
particles internalised within a given time scale. In some cases, the optimal size
may vary between the two measurements. Furthermore, as most nanoparticles
are designed to be delivery systems, it is important to balance the particle size
for uptake with the optimal size for efficient encapsulation of a therapeutic
and/or diagnostic compound.

Alongside size, nanoparticle shape plays an important role in the success of a
drug-delivery system. Several studies have concluded that spherical nanopar-
ticles are more efficiently internalised than their rod-shaped or cylindrical
counterparts across a variety of cell types.84,90,91,94,95 A reason for this behavior
can be found in the fact that spherical particles are characterised by an aspect
ratio of one, meaning that orientation has no effect on the physical membrane
interactions. Ferrari and Decuzzi84 found the internalisation time for nano-
particles with aspect ratios approaching unity to be the minimum. Moreover,
they observed that particles with large aspect ratios lead to ‘‘frustrated
endocytosis’’, where the particles become partially wrapped by the membrane
but not successfully internalised. It is reasonable to extend this ‘‘frustrated
endocytosis’’ to having negative implications in the toxicological profile of such
particles. Prior to this study, Champion and Mitragotri95 arrived at an inter-
esting conclusion when studying the effect of particle shape on cellular inter-
nalisation. They found that the angle experienced between the particle and the
cell at the initial contact point, along with the volume of the particle,
determines the efficiency of internalisation. Spherical particles are characterised
by a cellular contact angle of 45 degrees. Particles with smaller angles
correspond to a more elliptical morphology, with the smaller edge oriented
towards the cell. This interaction is easily internalised by phagocytes. On the
other hand, phagocytes are unable to internalise elongated particles that are
parallel to the cell (characterised by contact angles greater than 45 degrees) and
will simply spread around them.95 However, studies by DeSimone et al.96

contradict this trend of less efficient internalisation at increasing aspect ratio.
They found higher rates of endocytosis for rod-like nanoparticles compared
with cubic-shaped particles. These findings highlight the importance of particle
curvature as another parameter that influences cellular uptake of nanoparticles.

To our knowledge, there are no published studies that specifically address the
effects of shape on the cellular internalisation of polymersomes. However,
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Discher and coworkers have studied the shape effects on cellular uptake using
block copolymer micelles. These results can be more easily extrapolated to
polymersomes than research conducted on hard nanotechnology, such as gold
nanoparticles and carbon nanotubes. It was found that spherical micelles and
short ‘‘rod-like’’ filomicelles are up-taken more readily by cells than longer
filomicelles.94 However, the filomicelles presented longer circulation times than
the spherical micelles, even at mm length scales. Filomicelles remained in blood
10 times longer than their spherical counterparts.94 Moreover, worm-like
micelles were found to have higher drug-loading capacity than spherical
formulations due to the higher internal volume of filomicelles.97 More inter-
estingly, a variation in tissue distribution as a function of micelle shape was
observed. Filomicelles tended to accumulate less in healthy tissues than
spherical micelles.98 All these findings underline the importance of the shape in
the design of a nanoparticle drug-delivery system.

Due to their nanoscopic length scale, nanoparticles display high surface area
to volume ratios. Therefore, in comparison to micron-sized particles, the same
number of particles has a much greater surface area with which to interact.
Attractive and repulsive forces between nanoparticles and the cellular surface
will strongly influence interactions with the plasma membrane and
subsequently internalisation. Since the plasma membrane of mammalian cells is
covered by anionic polysaccharides called proteoglycans, it presents a net
negative charge.99 Therefore, cationic nanoparticles show a stronger affinity
than anionic or neutral particles towards cell membranes. This has driven the
design of cationic nanoparticles with the aim to enhance cellular uptake.
However, cationic formulations have been related with cytotoxic effects, more
often than their anionic and neutral counterparts. This has been demonstrated
for a diverse range of nanoparticle formulations including dendrimers,100,101

gold nanoparticles102 and liposomes.103–106

Battaglia et al.107 studied the effects of charge on the cellular uptake of
polymersomes, with complementary results to the aforementioned formu-
lations. Triblock copolymer poly(ethylene oxide)-poly(2-(diisopropylamino)
ethyl methacrylate)-poly(2-(dimethylamino) ethyl methacrylate) (PEO-PDPA-
PDMAEMA) polymersomes were studied. The neutral (PEO) and the cationic
(PDMAEMA) can be tailored during the production of the particles, so that
one chemistry or the other is displayed on the outer surface. It was shown that
the polymersomes with cationic PDMAEMA exteriors were up-taken faster
than neutral PEO polymersomes in human dermal fibroblasts (HDF).
However, the cationic formulation induced higher cellular toxicity.107 The
mechanism by which cationic nanoparticles cause this toxicity is still not fully
understood. Nevertheless, it is hypothesised that particles with a high density of
positive charge will interact with phospholipids in the plasma membrane in
such a way as to cause severe membrane damage such as poration.108,109 Still,
there are examples in the literature where the use of cationic polymeric nano-
particles was not related with cytotoxicity. He and coworkers reported that
positively charged chitosan-based nanoparticles were up-taken faster than
negatively charged counterparts, whilst no toxicity was associated with either

Smart Polymersomes: Formation, Characterisation and Applications 193

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
7.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

79
View Online

http://dx.doi.org/10.1039/9781849736800-00179


formulation in both phagocytic and non-phagocytic cells.110 Similarly, Simone
and colleagues detected no cellular toxicity in HeLa cells after incubation with
nanoscale printed cationic particles composed of trimethyloylpropane
ethoxylate triacrylate.96,111

Although anionic formulations are generally associated with lower cyto-
toxicity than cationic ones, the negative charge favors the interaction with
proteins and other components of the blood and extra-cellular matrix. Strong
interactions with proteins can destabilise the nanoparticle structure, promote
particle aggregation and finally hinder their ability to be internalised. Inter-
actions of both cationic and anionic nanoparticles with proteins have been
observed.112–116 In either case this interaction can lead to the recognition of the
particle by immune system cells and their subsequent clearance from circu-
lation. Moreover, adsorption of proteins onto the surface of nanoparticles may
alter the protein structure. As a result, regions of the protein that are usually
shielded in the normal configuration become exposed. This phenomenon can
have biological consequences such as loss of the protein function and aggre-
gation of proteins upon the nanoparticle. This aggregation can cause the
formation of fibrils in a process known as fibrillation.57,117 Fibrillation is
involved in degenerative diseases such as Alzheimer’s. Nevertheless, there are
still insufficient data to conclude that catalysis of fibrillation by some nano-
particles is associated with the disease.118 Neutral formulations would therefore
appear the most suitable approach to improving nanoparticle blood circulation
time, avoiding immune system recognition and interacting with cellular
membranes.

Alongside surface charge, an additional consideration regarding surface
properties that is becoming a crucial aspect in nanoparticle design is the specific
arrangement of domains and the topology of the nanoparticle surface.119

Battaglia and coworkers have shown that polymersomes with diverse surface
topologies can be produced by blending multiple polymersome forming block
copolymers.120,121 Interestingly, it was demonstrated that such topologies are
related to drastic changes in the rate of cellular internalisation (Figure 7.5).
Blended polymersomes were up-taken more efficiently by the cells than
formulations composed of only one block copolymer. More specifically, the
formulation that achieved the highest percentage of cells undergoing poly-
mersome internalisation had PMPC-PDPA/PEO-PDPA 25 : 75 molar ratio.
However, the total number of polymersomes taken up by the cells was higher
for the 75 : 25 molar ratio PMPC-PDPA/PEO-PDPA formulation.120,121

Moreover, the uptake rates were hardly affected by polymersome diameter
for the most efficient blend of polymersomes (25 : 75). This parameter has been
shown to strongly influence the uptake when using 100% PMPC-PDPA
polymersomes.120,121 These results suggest that particle topology and the
arrangement of chemical groups upon the nanoparticle surface is highly
influential in cellular uptake.

Polymersomes show great potential as nanoscopic delivery vectors. Their
synthetic nature allows us to engineer the desirable properties of an ideal drug-
delivery system. Namely, efficient encapsulation of a therapeutic or diagnostic
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compound, high cargo retention, sufficient blood circulation times, specific
cellular or tissue targeting and non-toxic intra-cellular delivery. Nevertheless
nanotechnology is a relatively new field, and as such the long-term impact of
this technology in vivo will require many more years of investigation. The
successful use of polymersomes in vitro has driven research into using poly-
mersomes for biomedical applications. The following section covers examples
of polymersomes being used as therapeutic and diagnostic aids in medicine and

Figure 7.5 Chemical topology has been shown to influence greatly the uptake of
polymersomes. TEM micrographs and Fast Fourier Transform filtered
images of polymersomes formed by a mixture of two amphiphiles are
shown on the left (a, c, e, g and i). When combined in a polymersome, the
two chemistries phase separate to form nanodomains. The effects of size
and chemical topology on cellular uptake are shown to the right for each
composition (b, d, f, h and j).
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pharmacy. It also covers alternative applications being investigated using
polymersomes such as nanoreactors and synthetic organelles.

7.4 Polymersomes in Medicine and Pharmacy

Polymersomes are ideal candidates for many medical applications. For thera-
peutics they can encapsulate hydrophilic and/or hydrophobic compounds,
whilst protecting the molecules from the degradation. They can reduce unde-
sirable side effects by providing targeted drug delivery. Whilst for diagnostics,
polymersome encapsulated imaging compounds such as gadolinium, a
commonly used Magnetic Resonance Imaging (MRI) contrast agent, have been
used. Moreover, polymersomes can encapsulate both therapeutic and diag-
nostic payloads simultaneously, for an approach known as theranostics.

To date, polymersomes have been used in optical imaging, MRI and
ultrasound imaging. Typical limits for these techniques are summarised in
Table 7.1. Traditionally, medical imaging is used to provide morphological and
functional information on organs for diagnostic purposes. By using poly-
mersomes, useful information can be extended to obtaining higher resolution
and monitoring biological pathways and cellular functions in vivo.

Traditional in vivo nanoparticle-based optical imaging relies on detecting the
signal from thousands of nanoparticles that have accumulated in cells. As a
result, spatial resolution is much lower in comparison to in vitro optical
imaging, where one single cell and its internal structures can be observed.
Approaches such as window chambers can overcome this limitation by
allowing direct observation of the internal biological structure, but this is a
highly invasive approach.123 Optical imaging is often cheaper than alternative
medical imaging options such as MRI or PET. However, one main limitation is
the poor tissue penetration of light within the visual spectrum. Moreover,
tissues autofluorescence occurs within this range; resulting in an increase in
background noise and a reduced signal-to-noise ratio. Polymersomes can
improve the signal-to-noise ratio by increasing the local concentration of a
visual dye to the desired site (e.g. after passive or active targeting to tumors).
Furthermore, polymersomes for live imaging are often used in conjunction with
near infrared fluorophores (NIRF). The longer wavelength allows for greater
tissue penetration and reduced background noise. Ghoroghchian and
coworkers labeled PEO-PBD polymersomes with (porphinato)zinc(II) (PZn)
macrocycles as a NIRF. They showed in vivo that polymersomes accumulated

Table 7.1 Limitations of common in vivo imaging techniques. Adapted from
Kim et al.122

System Penetration depth Resolution Probes

Optical imaging o10 cm 1–3mm Fluorochromes, photoproteins
MRI No limit 10–100 mm Gadolinium, iron oxide particles
PET/SPECT No limit 1–2mm 18F, 11C, 15O, 99mTC, 111In
Ultrasound o20 cm 50 mm Microbubbles
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in tumors at a tissue depth of 1 cm, providing a signal intensity 10 times higher
than the background signal.124 Similarly, Discher and colleagues encapsulated
a commercially available lipophilic carbocyanine NIRF DiR in polymersomes
based on a blend of PEO-PBD and PAA-PBD. These polymersomes display a
surface charge similar to that of red blood cells and a PEO brush that provides
stealth properties. In vivo biodistribution studies showed that polymersomes
can be used successfully to image microvasculature.125

MRI is a technique that shares the same principles of Nuclear Magnetic
Resonance (NMR) spectroscopy. When a magnetic field of the appropriate
radiofrequency is applied to any hydrogen-containing sample (e.g. the human
body), the spin state of protons will align with said field. When the radio-
frequency field is removed, the protons will relax back to a disordered state.
This generates a signal that can be translated into a 3D image. Typically, when
used in vivo, the protons are provided by water. However, it is often necessary
to improve contrast between different tissues in order to obtain a higher
resolution. This is achieved by applying contrast agents, such as gadolinium,
which interfere with the relaxation parameter of the surrounding water,
generating higher contrast between locations containing the contrast agent.
MRI benefits from contrast agent encapsulation within polymersomes by
allowing contrast agent loading in certain tissues, for example tumors.126

Cheng and coworkers encapsulated gadolinium conjugated to dendrimers
(Gd-poly(amido amine), Gd-PAMAM) into porous polymersomes based on
PEO-PBD and the degradable poly(ethylene oxide)-polycaprolactone
(PEO-PCL). They showed a significant increase in relaxivity when compared
to non-porous systems. In vivo biodistribution studies on PEO-PBD poly-
mersomes demonstrated sufficient circulation times (B3.5 h) and afterwards
degradation of the vesicles resulted in gadolinium being removed via the
kidneys.127,128

In medical ultrasound imaging, a sound wave with a frequency range of
2–18MHz is directed towards the desired section of the body to image. Lower
frequencies have lower spatial resolution, but a higher tissue penetration in
comparison to higher ultrasound frequencies. The sound wave is then reflected
back towards its point of origin whenever a change in density is experienced,
such as between tissues types. The reflected sound waves are picked up by the
detector and then converted into an image based on intensity. One approach to
improve contrast between different tissue regions is the administration of
microbubbles, such as the Food and Drug Administration (FDA) approved
compound Optison. Zhou and coworkers encapsulated microbubbles in
poly(ethylene oxide)-poly-DL-lactic acid (PEO-PDLLA) polymersomes. Using
a medical ultrasound system, it was shown that the polymersomes were stable
and acoustically active. Therefore they are a promising potential ultrasound
imaging aid.129

In therapeutic applications polymersomes display several advantages over
other carrier systems. They facilitate the crossing of bioactive compounds
across the many biological barriers that stand between the site of adminis-
tration and the final target site. The compounds are protected from degradation

Smart Polymersomes: Formation, Characterisation and Applications 197

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
7.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
01

79
View Online

http://dx.doi.org/10.1039/9781849736800-00179


and immune system clearance within the polymersomes lumen and/or
membrane. Furthermore, polymersomes can be engineered to target a specific
organ or cell population via a combination of passive and active targeting, thus
limiting side effects by confining the drug release to the desired site. One major
recurrent issue for many anticancer drugs is their low water solubility.
Previously, organic solvents have been used to overcome this obstacle.
However, they introduce side effects in addition to the ones generated by the
drugs themselves. Polymersomes offer an enhanced solution to this solubility
problem. Encapsulating such drugs will improve their bioavailability by
entrapping the poorly water soluble compounds within water compatible
carriers. Furthermore, polymersomes isolate the drug from the body until its
arrival and subsequent release. This not only protects the body from potentially
harmful side effects, but also shields the drug, thus stopping it from degrading.
A therapy is deemed a success when the therapeutic compounds are selectively
delivered to the target site, for example a tumor. In order to achieve this,
polymersomes should have a blood half-life long enough to reach the tumor
site, whilst avoiding the RES, and should deliver their cargo only to the desired
cell population or organ. The strategies adopted to prolong blood circulation
half-life have been discussed previously. Amongst these, probably the most
exploited is the use of PEO-based polymersomes. Solid tumor targeting is
achieved by passive targeting combined with active targeting, and sometimes by
an externally influenced controlled release to the tumor.

The development of solid tumors is dependent on receiving an adequate
nutrient supply. For most tumors this is achieved by the rapid growth of a
network of blood vessels, by a process known as angiogenesis. Tumor angio-
genesis is characterised by the formation of a chaotic network of rapidly
changing vessels. This results in the presence of vessel fenestrations (gaps) up to
700 nm in diameter, significantly bigger than the fenestrations of healthy
tissues, which have diameter up to 150 nm (hepatic sinusoid). This difference in
diameter allows polymersomes preferentially to escape the blood stream
around tumors as opposed to healthy tissues. This also demonstrates an
advantage of polymersomes over polymer micelles, which are also used to
deliver poorly water soluble compounds. Due to their size, the typically larger
polymersomes can selectively extravasate in tumors, whilst micelles can
accumulate more readily in several other organs (i.e. liver). Alongside this
increased permeation, tumors often exhibit lower lymphatic drainage, resulting
in greater retention of extra-cellular liquid. This phenomena was firstly
described in 1986, and is known as the Enhanced Permeation and Retention
effect (EPR).130 It has also been reported that the intra-tumor pressure is higher
than the intra-capillary pressure, and that the pressure is highest at the center of
the tumor. This should obstruct the diffusion of particles to tumors. However,
this mostly affects low molecular weight drugs, but it appears to have no effect
on high molecular weight assemblies such as polymersomes. An example of
passive polymersome targeting to tumors was reported by Disher and
coworkers.35,131 They showed how doxorubicin- and paclitaxel-loaded poly-
mersomes efficiently shrank tumors in vivo, subsequently proving tumor
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accumulation of polymersomes. Passive targeting can also be achieved by local
administration, i.e. intra-tumor delivery of polymersomes. Such an approach
was described by Murdoch and coworkers.132

Molecules for cellular targeting can be conjugated to polymersomes by two
main approaches: attachment to preformed polymersomes or by modifying the
copolymer prior to self-assembly. Various chemistries used to functionalise
copolymers have recently been reviewed.133,134 Herein, we will discuss potential
and current targeting modifications to polymersome-based cancer therapy.
Active targeting is the delivery of a cargo to only a specific target, a cell
population or a subset of it. Therefore, active targeting is achieved when a
specific targetable marker is overexpressed by the cells of interest, there is a
specific binding event between the cell overexpressing the marker and the
nanoparticle or the cargo is delivered intra-cellularly. Active targeting increases
the amount of therapeutic agent delivered to the desired site and decreases
potential side effects, resulting in an overall improved therapeutic efficacy.
Another problem related with cancer therapy is known as Multi-drug
Resistance (MDR). Cancer cells possess the ability to reduce drug efficacy by
several different mechanisms. A typical example is by increasing the efflux of
the drug from the cell. This mechanism is mediated by the P-glycoprotein, an
ATP-binding cassette-transporter membrane protein. Active targeting alters
the normal biodistribution of a drug, at the intra-cellular level, ultimately
leading to an improvement in the outcome in the treatment of MDR tumors, as
demonstrated by Kiwada and Gibzon135,136 in their work with liposomes. The
advantages of active targeting have been proven in vitro. However, to our
knowledge, none of the nanocarrier-based formulations approved for medical
use in vivo adopt active targeting. This is mostly likely due to the trade-off that
occurs when ‘‘decorating’’ polymersomes with high molecular weight
antibodies. A greater number improves the targeting ability, but also generates
faster recognition by immune cells such as macrophages. Nevertheless, active
targeting is an attractive and promising approach to improving drug efficiency.
Also, as mentioned, the synthetic nature of polymersomes offers many possi-
bilities in terms of conjugation with control over the number and amount of
different antibodies that can be conjugated to each vesicle. Due to their
biochemical characteristics, tumor specific markers can be actively targeted.
For example, Demirgoz and coworkers137 used the PR b peptide functionalised
PEO-PBD to target receptor a5b1, which is overexpressed by prostate cancer
cells. Tumor Necrosis Factor-a (TNFa) was delivered and it was shown that
selective in vitro targeting was achieved, with internalisation efficiency
dependent of surface density of PR b. This resulted in increased therapeutic
efficacy compared to free TNFa or untargeted polymersomes. A different
approach was chosen by Lecommandoux and coworkers,138 who prepared
polymersomes of poly(g-benzyl l-glutamate)-hyaluronan (PBLG-HYA). HYA
polymer targets CD44, a cell-surface antigen that is overexpressed by certain
cancer cells. Polymersomes loaded with doxorubicin were shown to be more
effective in controlling tumor growth when compared to free doxorubicin in a
mouse model. It was also shown that the encapsulation significantly improved
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blood half-life of doxorubicin. However, the cited work lacked the control of
non-targeted formulation in order to prove a targeted effect.

Finally, tumors can be targeted by controlling the release of the cargo via
applying an external stimulus such as ultrasound, a magnetic field, or a change
in the pH, redox potential or temperature. Tumors have a slightly acidic extra-
cellular environment (pH6.5–7.2). Therefore pH-sensitive polymersomes have
been used selectively to increase the release of therapeutics upon contact with
these areas. Agut and coworkers139 and Chen and coworkers140 proved how
release of anticancer drugs from micelles or polymersomes can be triggered by
lowering the pH of the media, while Ahmed and coworkers35 showed how
tumor volume can be effectively shrunk by intravenously delivering pH-
sensitive polymersomes loaded with both taxol and doxorubicin. Another
approach of stimuli-sensitive release is to exploit temperature. Inflamed tissues
such as tumoral tissue have a slightly higher temperature in comparison with
healthy tissues. Temperature-sensitive polymers can be applied, sometimes
coupled to hyperthermia therapy in order to increase temperature locally
and trigger the release of the therapeutic agent as previously reported for
liposomes modified with the temperature-sensitive polymer poly(N-isopropyl-
acrylamide) PNIPAAm.141 Other approaches to stimuli-sensitive polymersomes
include magnetic field- and ultrasound-sensitive polymersomes. Encapsulating
magnetic field-sensitive gFe2O3 into poly(butadiene)-poly(glycolic acid)
(PBD-PGA) polymersomes or micelles it has been demonstrated that poly-
mersomes can respond to magnetic field and release their cargo.142

Gene therapy is defined as the administration of genetic material (DNA or
RNA) to target specific cellular processes, either to restore an already
suppressed event or to suppress a particular pathological pathway. However,
administering genetic material for therapy presents two major challenges.
Firstly, genetic material is very susceptible to degradation. This reduces the
time available to reach its target site. Secondly, delivery must be as selective as
possible in order to limit side effects caused by off-target delivery. Traditionally,
the approach used has been either to complex genetic material with polycations
or to encapsulate it within lipid carriers, such as commercially available
Lipofectamine. The main disadvantages of such approaches are toxicity and the
poor circulation times as covered in the previous section. Korobko and
coworkers143,144 complexed DNA with amphiphilic cationic poly-(butadiene-
b-N-methyl-4-vinyl pyridinium) (PBD-P4VPQI). The system proved to be an
efficient approach in vitro, but in vivo there were problems with non-specific
uptake. Brown and colleagues145 presented another strategy. DNA was
encapsulated by polymersomes composed of a triblock copolymer based on
PEO, hydrophobic palmitic acid and chains of poly-lysine or poly-ornithine.
They showed successful transfection in vivo to the lung and liver. However, the
system proved to be highly cytotoxic in vitro. To encapsulate DNA, Battaglia
and coworkers used pH responsive, reversibly cationic (PMPC-PDPA)
polymersomes that have been proven to be non-cytotoxic in vitro.146

They efficiently delivered the genetic cargo in vitro to Chinese Hamster Ovary
(CHO) and primary Human Dermal Fibroblast (HDF) cells. Finally, siRNA
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was successfully encapsulated in (PEO-PLA) vesicles by Discher and
coworkers, who proved the system to be as efficient as Lipofectamine 2000
in vitro.147

In order to study the biodistribution and the effect of polymersomes in
therapy, a new approach is the simultaneous encapsulation of an imaging and a
therapeutic agent within the same vesicle, for theranostics. Potentially any
imaging technique could be coupled to any therapeutic approach. Recently,
Lecommandoux and coworkers encapsulated anticancer compound doxo-
rubicin and the contrast agent Ultra-small Superparamagnetic Iron Oxide
(USPIO) into PMTC-PGA polymersomes. They showed vesicles responding to
a magnetic field and being driven to the desired site. The magnetic field also
controlled the rate of doxorubicin release from polymersomes. Simultaneously,
USPIO provided contrast for MRI.148

Another growing field of research is the use of polymersomes not just to deliver
the therapeutic molecule to the cells, but to potentially replace defective cellular
machinery. By taking advantage of the ability of polymersomes to compart-
mentalise volumes at the nanoscale it is possible to confine certain reactionswithin
the hydrophilic lumen. Polymersomes engineered in this way are known as
nanoreactors. With this concept it is theoretically possible to create novel systems
such as artificial organelles or fully synthetic cells. The first step involves the
loading of polymersomes with an active molecule (such as a protein), capable of
performing its reaction within the lumen. A substrate is also added, and the final
product diffuses out of the polymersomes. An example of such a system was
recently reported by van Hest and coworkers.149 Using poly[styrene-b-poly-
(L-isocyanoalanine(2-thiophen-3-ethyl) amide] PS-PIAT polymersomes, they
encapsulated two enzymes that work synergistically to regenerate NADPH, an
important cofactor used by cells in the process of generating energy from catabolic
reactions. They showed that the system was regenerating NADPH, and that the
co-encapsulation of both enzymes was more efficient than surface-anchored
reactions.149 Using the same copolymer (PS-PIAT) Arends et al.150 encapsulated
chloroperoxidase within polymersomes, and showed how the kinetics of substrate
conversion differed, according to their membrane diffusion rates. This process
can be scaled up, with nanoreactors being encapsulated into bigger poly-
mersomes, emulating natural compartmentalization. This was demonstrated by
Leccomandoux and coworkers, with nanosized poly(trimethylene carbonate)-
b-poly(L-glutamic acid) (PTMC-PGA) polymersomes trapped within giant PEO-
PBD polymersomes.151 One example of producing an artificial organelle was
conducted by van Hest and coworkers.152 The surface of PS-PIAT polymersomes
was modified with Tat, a peptide that enhances cellular uptake, while encapsu-
lating Green Fluorescent Protein (GFP) or Horseradish Peroxidase (HRP)
allowed the visualisation of the internalised reactor and its activity. Polymersomes
were successfully up-taken by cells and it was observed that the HRP-mediated
reaction occurred within the cells.152 Possible applications for these systems
range from delivering synthetic organelles for restoring lost cellular functions
to the possibility of creating artificial blood that could be stored for long periods
of time and transfused with no risk of disease.
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CHAPTER 8

Reduction-sensitive Nanosystems
for Active Intracellular Drug
Delivery

RU CHENG, FENGHUA MENG, CHAO DENG AND
ZHIYUAN ZHONG*

Biomedical Polymers Laboratory, and Jiangsu Key Laboratory of Advanced
Functional Polymer Design and Application, Department of Polymer Science
and Engineering, College of Chemistry, Chemical Engineering and Materials
Science, Soochow University, Suzhou, 215123, P. R. China
*Email: zyzhong@suda.edu.cn

8.1 Introduction

In the past decade, stimuli-responsive nanosystems have received tremendous
attention for targeted and triggered drug delivery.1–3 Among the many different
chemical and physical stimuli (pH, temperature, magnetic field, light, etc.),
redox potential has recently appeared as a unique and fascinating trigger for
‘‘active’’ intra-cellular drug and gene release.4–6 In contrast to many stimuli
such as light and magnetic field that are imposed externally with sophisticated
devices, redox is a ubiquitous internal stimulus existing naturally in tumor
tissues as well as in cancer cells. It should further be noted that, unlike pH-
sensitive nanosystems that are intended to release payloads under mildly acidic
endo/lysosomal compartments, reduction-sensitive nanosystems are mostly
designed to rapidly dissociate and efficiently release drugs in the cytoplasm
and/or the cell nucleus (Figure 8.1).5
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The design rationale of reduction-sensitive nanosystems usually involves
incorporation of disulfide linkage(s) in the polymer main chain, at the polymer
side chain or in the cross-linker. The disulfide bonds while stable under an
oxidative conditions are rapidly cleaved, at a time scale from minutes to hours,
under a reductive environment through thiol-disulfide exchange reactions.7,8

This quick-response chemical degradation behavior is distinct from common
hydrolytically degradable polymers such as aliphatic polyesters and poly-
carbonates that exhibit gradual degradation kinetics inside the body with
degradation times ranging from days to weeks, months or years.9–11

The fast and reversible thiol-disulfide exchange reactions play an important
role in maintaining proper biological functions of living cells, including
stabilization of protein structures, enzymatic activity and redox cycles.12–14

Glutathione tripeptide (g-glutamyl-cysteinyl-glycine; GSH) is the most
abundant low-molecular-weight biological thiol and GSH/glutathione disulfide
(GSSG) is the major redox couple in animal cells.15 GSH/GSSG is maintained
at distinct, non-equilibrium potentials in the mitochondria, the cytoplasm, the
nuclei, the secretory pathway and the extra-cellular space.14 In body fluids (e.g.
blood), in extra-cellular matrices and on the cell surface, the proteins are rich in
stabilizing disulfides as a result of a relatively low redox potential, due to a low

Figure 8.1 Schematic illustration of the intra-cellular trafficking pathway of
GSH-responsive nanovehicles including steps of cellular internalization,
endosomal escape, reduction-triggered vehicle degradation and drug release.
The redox potential of the cytosol is primarily determined by GSH/GSSG,
while that of the endo/lysosome is modulated by a specific reducing enzyme
GILT and the co-factor cysteine. GSH-responsive nanovehicles may also be
partially degraded in the endo/lysosomal compartments.
Reprinted from Ref. 5 with permission of Elsevier.
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concentration of GSH (approximately 2–20 mM). In contrast, inside cells the
concentration of GSH is 0.5–10mM, which is kept reduced by NADPH and
glutathione reductase, maintaining a highly reducing environment.15 It should
further be noted that the endosomal compartment is also redox-active and that
the redox potential is modulated by a specific reducing enzyme gamma-
interferon-inducible lysosomal thiol reductase (GILT) in the co-presence of a
reducing agent such as cysteine (but not GSH).16 Moreover, the redox-active
lysosome also contains low-mass iron that is kept in a reduced state (Fe21) by
the acidic interior and high concentrations of thiols such as cysteine within the
lysosome.17 Also of particular interest is that tumor tissues are highly reducing
and hypoxic compared with normal tissues,18 with at least 4-fold higher
concentrations of GSH in the tumor tissues over normal tissues.19

In order to exert therapeutic effects, many bioactive substances including
anticancer drugs, antioxidants, peptide and protein drugs, DNA and siRNA
have to be delivered and released into the cellular compartments such as the
cytoplasm or cell nucleus.20,21 For efficient tumor therapy, nanodelivery
systems should, therefore, be able to overcome not only extra-cellular barriers
(long circulation time, preferential accumulation at diseased sites, selective
binding to the targeted cells, etc.), but also equally important intra-cellular
barriers (such as cellular internalization, endosomal escape or drug release).
The reduction-sensitive nanosystems with excellent stability under extra-
cellular conditions and in blood, while showing fast degradation under intra-
cellular reductive environments, have recently been developed as one of the
most ideal platforms for targeted intra-cellular drug delivery. In the past several
years, various reduction-sensitive nanosystems have been designed and
explored for tumor-targeting ‘‘active’’ intra-cellular drug release.5 It is
anticipated that reduction-sensitive nanosystems will have enormous potential
in targeted cancer therapy. In this chapter, we present and discuss recent
progress in reduction-sensitive nanosystems, covering polymeric micelles,
nanoparticles, capsules, polymersomes and nanogels, for the controlled
delivery and release of anticancer drugs (e.g. doxorubicin, Dox, and paclitaxel,
PTX), photosensitizers, antioxidants, peptide or protein drugs. It should be
noted that the contents of this chapter are mostly based on our previous two
review articles,5,6 which are recommended to readers for further study.

8.2 Reduction-sensitive Polymeric Micelles

8.2.1 Reduction-sensitive Shell-sheddable Micelles

In the past two decades, biodegradable micelles based on poly(ethylene glycol)-
b-poly(e-caprolactone) (PEG-PCL) and poly(ethylene glycol)-b-polylactide
(PEG-PLA) block copolymers have received much attention for tumor-targeted
anticancer drug delivery.22 However, due to the slow degradation of polyesters,
sustained release of drugs over periods of days to weeks via a diffusion-controlled
mechanism, which often results in reduced drug efficacy, is commonly observed.
By contrast, shell-sheddable micelles based on PEG-SS-PCL release Dox
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quantitativelywithin 12h in a reductive environment (10mMdithiothreitol,DTT)
analogous to that of the intra-cellular compartments such as the cytosol and
the cell nucleus (Figure 8.2A).23 Low drug release (o20%) was observed within
24h for reduction insensitive PEG–PCL micelles under the same conditions as
well as for PEG-SS-PCL micelles under non-reductive conditions. PEG-SS-PCL
micelles were shown to be sufficiently stable in water, but prone to fast
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Figure 8.2 Reduction-triggered release of Dox from PEG-SS-PCL micelles (pH 7.4,
50mM); PEG-PCL micelles were used as a reduction insensitive control
(A). Reprinted from reference 23 with permission of Elsevier. Toxicity of
Dox-loaded Dex-SS-PCL micelles versus Dox-loaded Dex-PCL micelles,
free Dox, and empty Dex-SS-PCL micelles in RAW 264.7 cells (B). Dox
dosage was 25mg/mL. The cells were incubated for 24 h or 48 h. Data are
presented as the average� standard deviation (n¼ 6).
Reprinted from Ref. 24 with permission. Copyright (2010) American
Chemical Society.
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aggregation in the presence of 10mM dithiothreitol (DTT), due to shedding of
the PEG shells through reductive cleavage of the intermediate disulfide bonds.
Experiments using amouse leukemicmonocytemacrophage cell line (RAW264.7)
revealed that these shell-sheddable micelles release Dox much faster inside the
cells and show a higher antitumor efficacy, as compared to the ‘‘traditional’’
reduction insensitive control. Very similar results were also observed for dextran-
SS-PCL block copolymer micelles, in which cell viabilities of about 20 and 70%
were recorded for RAW 264.7 cells after 2 days’ treatment with Dox-loaded
dextran-SS-PCL micelles and Dox-loaded dextran-PCL (reduction-insensitive)
micelles, respectively (Figure 8.2B).24

The effect of the disulfide content, controlled by varying the weight ratios of
PEG-PCL and PEG-SS-PCL block copolymers during preparation of micelles,
on reduction-sensitivity, size change, triggered drug release as well as antitumor
activity of Dox-loaded PEG-PCL micelles has been evaluated.25 Intra-cellular
drug release from Dox-loaded biodegradable micelles and, accordingly, their
therapeutic activity can be precisely controlled by reduction-responsive
shedding of hydrophilic shells. This represents a most straightforward and
effective approach to control drug release from ‘‘traditional’’ biodegradable
micellar carriers. It is interesting to note that bioreducible PEG-PCL micelles
maintain good colloidal stability with similar size distributions following
shedding off as much as 90% PEG shells. The enhanced drug release upon
shedding off shells is likely attributed to formation of drug trafficking channels
in the corona, facilitating drug diffusion from the micellar core.

Wang et al.26 discovered that shell-detachable micelles based on disulfide-
linked diblock copolymer of PCL and hydrophilic poly(ethyl ethylene
phosphate) (PCL-SS-PEEP) display GSH-responsive release of Dox and enable
enhanced growth inhibition of A549 tumor cells pretreated with glutathione
monoester (GSH-OEt). GSH-OEt is often used to enhance artificially the intra-
cellular GSH level. These reduction-sensitive shell-sheddable micelles were
shown effectively to overcome the multi-drug resistance (MDR) of cancer
cells.27 In the last few years, many different types of reduction-sensitive shell-
sheddable micelles have been designed and explored for controlled drug release.
Yoo and Park28 reported GSH-triggered drug release from camptothecin
(CPT)-loaded PEG-SS-poly(g-benzyl L-glutamate) (PEG-SS-PBLG) micelles,
resulting in higher toxicity to SCC7 cancer cells than CPT-loaded PEG-
b-PBLG micelles (reduction-insensitive control). Li et al.29 and Shi et al.30

reported that reduction-sensitive PEG-SS-poly(e-benzyloxycarbonyl-L-lysine)
(mPEG-SS-PzLL) and PEG-SS-polyleucine (PEG-SS-Pleu) micelles gave
enhanced Dox release in response to 10mM DTT. Li et al.31 prepared shell-
sheddable micelles based on six-armed star-PCL-SS-PEG, which showed an
accelerated release of Dox in the presence of 10mM DTT. Dox-loaded micelles
displayed GSH-dependent inhibition effect to MCF-7 cells. Huang and Yan32

constructed shell-sheddable micelles based on the amphiphilic hyperbranched
multi-arm star-PLA-SS-poly(2-ethoxy-2-oxo-1,3,2-dioxaphospholane) (PEP)
copolymer, and Oh et al.33 reported the synthesis and reduction-triggered
shell-shedding of PEG-SS-PLA micelles.
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Triple-stimuli sensitive micelles of PNIPAM-SS-P(THP-HEMA) have been
designed to respond to changes in temperature, pH and redox potential
(THP-HEMA: tetrahydropyran (THP)-protected 2-hydroxyethyl meth-
acrylate), which provides a unique possibility to fine-tune the release kinetics of
the encapsulated hydrophobic guest molecules.34 While the pH and redox
stimulus separately cause slow or incomplete release of Nile red over a long
period of time, combination of both stimuli results in significantly accelerated
and more complete release of Nile red.

Hyaluronic acid-SS-deoxycholic acid (HA-SS-DOCA) conjugates self-
assemble into redox-sensitive nano-size micelles and rapidly disassemble in the
presence of 20mM GSH.35 HA-SS-DOCA micelles were taken up by human
breast adenocarcinoma cells (MDA-MB-231) via HA-receptor mediated
endocytosis. In vivo studies in tumor-bearing mice showed preferential
accumulation of payloads in the tumor site 24 hours following injection
(Figure 8.3A). Notably, HA-SS-DOCA micelles displayed enhanced accumu-
lation of Cy7 in the tumor as compared to their reduction-insensitive
counterparts (Figure 8.3B and C).

8.2.2 Micelles with Reduction-sensitive Core

Fan et al.36 prepared reductively degradable micelles from amphiphilic graft
copolymers of disulfide-containing hydrophobic poly(amido amine) (SS-PAA)
and PEG (SS-PAA-g-PEG). Dox was nearly quantitatively released in vitro in

Figure 8.3 In vivo imaging of tumor-bearing mice administrated with Cy7-loaded
micelles (A). Images taken after administration of HA-DOCA10 micelles
at 6 hours (a1) and 24 hours (a3) and HA-SS-DOCA10 micelles for 6 hours
(a2) and 24 hours (a4), respectively. Quantification of the ex vivo tumor
uptake characteristics of micelles in tumor-bearing mice after 24 hours
injection (B).Uptake was expressed as photoflux permm2 of tumor.Results
were expressed as the mean� SD from three independent experiments.
***po0.001. Ex vivo fluorescence images of tumors collected at 24 h post-
injection of HA-DOCA10 micelles and HA-SS-DOCA10 micelles (C).
Reprinted from Ref. 35 with permission of Elsevier.
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10 hours in response to 1mM DTT, due to reduction-sensitive degradation of
the PAA main chain resulting in micelle disassembly, whereas only
approximately 25% Dox was released in 24 hours in the absence of DTT. The
IC50 of the Dox-loaded SS-PAA-g-PEG micelles was determined to be
0.0647 mg/mL for HepG2 cells and 0.0494mg/mL for HeLa cells, which are
only slightly higher than the IC50 of free Dox. Huang et al.37 prepared
reduction-degradable micelles by conjugating azide-functionalized camp-
tothecin (CPT) and azide-terminated PEG to SS-PAA containing alkyne
groups via click chemistry (SS-PAA-g-PEG/CPT). At 40mM DTT, over 85%
copolymer was degraded into oligomers and small complexes in 7 days. In vitro
release studies showed enhanced release of CPT at higher DTT concentration.

Novel reduction-sensitive amphiphilic hyperbranched polyphosphates
(HPHDP) have been prepared by self-condensing ring-opening polymerization
(SCROP) of 2-[(2-hydroxyethyl)-disulfanyl]ethoxy-2-oxo-1,3,2-dioxaphospholane
(Figure 8.4).38 HPHDP self-assembled into nano-sized micelles with a multi-
core/shell structure and a narrow size distribution. Notably, Dox was efficiently
transported into the nuclei of tumor cells, resulting in enhanced antitumor
efficacy. In a subsequent study, micelles were prepared from amphiphilic hyper-
branched block copolyphosphates containing reduction-sensitive hydrophobic
core and hydrophilic periphery, which caused faster Dox release and higher
proliferation inhibition in GSH-OEt pretreated HeLa cells than in those of the
non-treated cells.39

GSH-sensitive micelles can be also prepared from amphiphilic copolymers
containing disulfide bonds in the hydrophobic segments, which can be broken
in response to elevated GSH concentrations leading to the disassembly of
micelles and the concomitant enhanced drug release.40 Although drug release
was relatively slow even in the presence of 70mM GSH, the cytotoxicity of
Dox-loaded micelles was positively correlated with the intra-cellular GSH level
in MCF-7 cells. Reduction-sensitive micelles based on poly(ethylene oxide)-
b-poly(N-methacryloyl-N0-(t-butyloxycarbonyl)cystamine) (PEO-b-PMABC)
diblock copolymers have also shown faster Dox release and higher anticancer
efficacy than the reduction-insensitive controls.41 Other redox-sensitive
diselenide-containing block copolymer micelles exhibited a rapid disassembling
in response to a low concentration of reducing agent (GSH, 0.01mg/mL) as
well as oxidant (H2O2, 0.01% v/v).42 Very recently, side-chain selenium-
containing amphiphilic copolymers were designed to afford oxidation-sensitive
micelles that showed fast release of Nile red upon the addition of 0.1%
hydrogen peroxide.43

8.2.3 Reduction-sensitive Cross-linked Micelles

One practical challenge for micellar carriers is to be stable in vivo, and thus to
avoid premature drug leakage following intravenous administration.44 It has
been shown that cross-linking of micelles effectively overcomes the instability
problem.45 It should be noted, nevertheless, that overly stable micelles are not
ideal either, because the release of drugs may be prohibited once the micelles
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arrive at the target sites, resulting in low drug efficacy. The use of intra-
cellularly reversible disulfide cross-links is an attractive strategy to elegantly
solve the stability/drug release dilemma of micelles. Bronich et al.46 prepared

Figure 8.4 Synthesis of HPHDP and schematic representation of the self-assembled
micelles.
Reproduced from Ref. 38 with permission. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA.
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poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-PMA) micelles using
divalent metal cations (Ca21) as templates and cross-linking the ionic cores
with cystamine. Interestingly, these micelles showed a high level of Dox loading
(50% w/w). In vitro release studies demonstrated significant acceleration of Dox
release from cystamine-cross-linked micelles when GSH or cysteine were present
in the release media, 75% of Dox being released in 1 hour in response to 10mM
GSH.MTT assay revealed that Dox-loaded cystamine-cross-linked micelles were
much more cytotoxic to human A2780 ovarian carcinoma cells, with an IC50

value at least six times lower as compared to the stably cross-linked control.
Stenzel et al.47 obtained stable nucleosides-containing block copolymer micelles
by sequential reversible addition-fragmentation chain transfer (RAFT) copoly-
merization of polyethylene glycol methyl ether methacrylate, 50-O-methacryl-
oyluridine and bis(2-methacryloyloxyethyl)disulfide (DSDMA, bioreducible
cross-linker). In the presence of 0.65mM DTT, the core-cross-linked (CCL)
micelles readily hydrolyzed in less than 1 hour into free block copolymers. As
expected, CCL micelles showed a rather slow release of riboflavin (about 30% in
7 hours). By contrast, the addition of 0.65mM DTT induced fast drug release,
with a pattern similar to that of the uncross-linked control (about 60–70%
release in 7 hours). Liu et al.48,49 also employed RAFT polymerization to
prepare two types of degradable thermo-responsive CCL micelles. In one
approach, the double hydrophilic block copolymer, poly(ethylene oxide)-
b-poly(N-isopropylacrylamide-co-N-acryloxysuccinimide), existing as unimers in
water at room temperature, formed micelles upon increasing the temperature to
above its LCST, which after cross-linking with cystamine yielded stable CCL
micelles.48 The disulfide cross-links could be cleaved in a strong reducing
environment. Moreover, these micelles showed tunable swelling/deswelling
behavior in response to changes of temperature. In the other approach, CCL
micelles were obtained in a one-pot manner via RAFT copolymerization
of N-isopropylacrylamide (NIPAAm) and DSDMA employing
poly(N-(2-aminoethyl)methacrylamide) as a macro-RAFT agent.49 These
micelles could be disintegrated into unimers upon addition of 15.4mM DTT.
The authors have shown that coronas of CCL micelles could be further
functionalized with biocompatible and/or bioactive molecules such as biotin
and galactose.

Disulfide cross-linked micelles based on telodendrimers, comprised of a
linear PEG and a cysteine-containing dendritic cluster of cholic acids, showed
superior drug-loading capacity, enhanced micellar stability, prolonged in vivo
circulation time and preferential accumulation at the tumor site in nude mice
bearing SKOV-3 ovarian cancer xenograft (Figure 8.5A).50 The release of PTX
from micelles while inhibited by cross-linking could be gradually facilitated in a
reducing environment. This disulfide cross-linked micellar PTX was shown to
be more effective in tumor inhibition than the non-cross-linked counterparts
and Taxol (Figure 8.5B).

Dox-conjugated CCL micelles based on N-(2-hydroxypropyl)meth-
acrylamide (HPMA) and 2-(2-pyridyldisulfide)ethyl methacrylate (PDSM) block
copolymers have been prepared by means of simultaneous Dox conjugation
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B

A

Figure 8.5 In vivo and ex vivo near infra-red fluorescence (NIRF) optical imaging (A).
Top: In vivo NIRF optical images of SKOV-3 xenograft bearing mouse
were obtained with a Kodak imaging system at different time points after
i.v. injection of DCMs co-loaded with PTX and DiD. Bottom: Ex vivo
NIR image of dissected organs and tumor was obtained at 72 h after
injection. In vivo antitumor efficacy after intravenous treatment of
different PTX formulations in the subcutaneous mouse model of SKOV-3
ovarian cancer (B). Tumor-bearing mice were i.v. treated with PBS
(control) and different PTX formulations on days 0, 3, 6, 9, 12 and 15
when tumor volume reached about 100–200mm3 (n¼ 8–10).
Reprinted from Ref. 50 with permission of Elsevier.
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to the micellar core via acid cleavable hydrazone bonds and core-cross-linking
via reducible disulfide bonds.51 These micelles disintegrated into unimers
upon treatment with tri(2-carboxyethyl)phosphine hydrochloride (TCEP).
In vitro release studies showed that CCL micelles released 72% and 21% of
Dox in 23.5 hours at pH 5.0 and pH 7.4, respectively. Murthy and Heffernan52

prepared disulfide-cross-linked polyion micelles by electrostatic self-assembly
of PEG-poly(L-lysine) (PEG-PLL) block copolymer with negatively charged
proteins, both of which contain dithiopyridine functions, followed by disulfide
cross-linking. In this way, proteins were chemically tethered to the micellar
core via a disulfide bond, resulting in a high degree of protein retention
under SDS-PAGE. Vaccine delivery systems with ovalbumin and immuno-
stimulatory CpG-DNA were prepared to release the vaccine intra-cellularly
through reduction of disulfide cross-links. These micelles were also evaluated as
long-circulating enzyme carriers that maintain the enzymatic activity of the
antioxidant enzyme catalase within the micelle core.

Shell cross-linked (SCL) micelles have been obtained through self-assembly
of PEG-b-poly(L-lysine)-b-poly(L-phenylalanine) triblock copolymers followed
by cross-linking of the poly(L-lysine) block with 3,30-dithiobis(sulfosuccini-
midylpropionate) (DTSSP).53 The release of methotrexate (MTX) from SCL
micelles, which demonstrated enhanced stability against sodium dodecyl sulfate
(SDS), was greatly retarded as compared to the non-cross-linked counterparts.
The rate of drug release from CCL micelles increased as the GSH concen-
trations in the media rose. The toxicity of MTX-loaded CCL micelles against
A549 cells revealed a clear correlation with the intra-cellular GSH levels.
Reversible SCL micelles prepared using PEG-b-PPESH-b-PCL triblock
copolymer (PPESH: thiol-functionalized polyphosphoester) exhibited enhanced
stability against dilution and addition of N,N0-dimethylformamide.54 Drug
release was retarded by the cross-linking and accelerated in a reductive
environment (20mM DTT). The toxicity of the Dox-loaded SCL micelles
against A549 cells became greater with increasing intra-cellular GSH levels, as
shown by the MTT assay. We have developed reduction-responsive reversibly
cross-linked biodegradable micelles based on PEG-PCL diblock copolymer
containing two lipoyl functional groups at their interface (PEG-L2-PCL).

55

These micelles were readily cross-linked by adding 7.6mol% DTT relative to
the lipoyl groups and, after cross-linking, demonstrated a markedly enhanced
stability against dilution and physiological salt concentration, as well as
organic solvents. By contrast, in the presence of 10mM DTT, micelles were
subject to rapid de-cross-linking. In vitro release studies showed minimal release
of Dox from cross-linked micelles even at a particularly low micelle concen-
tration (i.e. CoCMC of uncross-linked micelles, simulating intravenous
injection). In the presence of 10mM DTT mimicking an intra-cellular reductive
environment, sustained release of Dox from cross-linked micelles was achieved,
with 75% of Dox released in 9 hours. Another group prepared reversibly cross-
linked biodegradable micelles using PEG-PCL block copolymer linked by a
peptide comprising three cysteine residues (PEG-Cys3-PCL).56 The disulfide-
stabilized micelles were stable against high dilution. Sustained release was
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observed in vitro below the CMC at 37 1C (o20% release in 24 h), while
addition of 1mM DTT triggered a burst of Dox. Other novel reversible SCL
micelles were designed using an alkynylated surfactant cross-linked via click
reaction with a diazide containing cleavable disulfide, geminal diol or acetal
bond.57 Hydrophobic guests such as pyrene could be readily loaded into the
SCL micelles, and the micelles remained robust even after significant dilution to
a concentration below the CMC of the surfactant. The entrapped pyrene was,
however, completely released from disulfide-cross-linked micelles in ca. 1min.
upon addition of just 20 mM DTT. Notably, acid-triggered pyrene release
from acetal-cross-linked micelles was found to be much slower.
McCormick et al.58 reported the fabrication of SCL micelles from the pH-
responsive triblock copolymer, PEO-b-poly(N-(3-aminopropyl) methacrylamide)-
b-poly(2-(diisopropylamino)ethyl methacrylate) (mPEO-PAPMA-PDPAEMA),
which is soluble in water at low pH (o5.0) but self-assembles into
micelles above pH 6.0. The micelles were cross-linked with dimethyl
3,30-dithiobispropionimidate (DTBP). The treatment of SCL micelles with
9.4mM DTT for 1 h at room temperature resulted in rapid de-cross-linking.

8.3 Reduction-sensitive Polymersomes

Polymersomes (also referred to as polymeric vesicles) have received enormous
attention due to their intriguing aggregation phenomena, cell and virus-
mimicking dimensions and functions, as well as tremendous potential appli-
cations in medicine, pharmacy and biotechnology.59–61 Several excellent review
papers on polymersomes and stimuli-sensitive polymersomes have been
published.2,62,63 The reader is referred to Chapter 7 for further information.

The clinical success of many protein drugs is intimately dependent on the
advancement of safe, efficient and economically viable targeted intra-cellular
delivery systems. Polymersomes are particularly interesting for intra-cellular
protein delivery.64 We prepared reversibly cross-linked temperature-
responsive nano-sized polymersomes (about 220 nm) from water soluble
PEO-b-poly(acrylic acid)-b-PNIPAM (PEO-PAA-PNIPAM) triblock
copolymers by raising the solution temperature to above the lower critical
solution temperature (LCST), followed by cross-linking at the interface using
cystamine via carbodiimide chemistry.65 The cross-linked polymersomes, while
showing remarkable stability against dilution, organic solvents, high salt
conditions and change of temperature in water, were otherwise completely
dissociated in 1.5 hours in 10mM DTT at pH 7.4. Reduction and temperature
dual-responsive polymersomes with an elevated LCST of 38–39 1C were
obtained by changing the PAA/PNIPAM ratio.66 These smart polymersomes
displayed efficient protein loading under mild conditions, and excellent
stability with restrained protein release under physiological conditions due to
chemical cross-linking of the polymersome shells. Furthermore, a rapid dis-
assembling and protein release was observed under an intra-cellular-mimicking
reductive environment and in cancer cells (Figure 8.6). More recently, pH
and reduction dual-bioresponsive polymersomes based on poly(ethylene
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glycol)-SS-poly(2-(diethyl amino)ethyl methacrylate) (PEG-SS-PDEA) diblock
copolymers facilitated efficient loading of proteins under mild conditions and
rapid release of them intracellularly into cancer cells.67

Peptide vesicles were formed from the amphiphilic oligopeptide SA2 (Ac-
Ala-Cys-Val-Cys-Leu-(Leu/Cys)-Leu-Trp-Glu-Glu-COOH), and stabilized
by introducing two or three cysteine units into the hydrophobic domain
to enable the establishment of intermolecular disulfide bridges.68 The in vitro
release profiles showed that the intermolecular cross-linking of peptides in
the vesicles did not affect the calcein release profile. In subsequent studies,
water-insoluble phthalocyanines (photosensitizer) were quantitatively loaded
into peptide vesicles, which were internalized by cells in their intact form.69

Incubation in the dark of COS-7 cells with phthalocyanine-loaded peptide

Figure 8.6 Illustration of reduction and temperature dual-responsive cross-linked
polymersomes based on PEG-PAA-PNIPAM triblock copolymers with an
elevated LCST for triggered intra-cellular protein release. Protein-loaded
polymersomes are readily prepared in mild aqueous conditions (MES, pH
5.5, 20mM) via simply increasing solution temperature to 40 1C (a);
protein-loaded polymersomes can be stabilized via cross-linking with
cystamine by carbodiimide chemistry (b); protein-loaded Cys-cross-linked
polymersomes are stable in physiological mimicking conditions (PBS, pH
7.4, 20mM, 150mM NaCl, 37 1C) (c); and protein-loaded Cys-
cross-linked polymersomes are rapidly disassembled into unimers inside
cells (d), resulting in highly efficient intra-cellular protein release.
Reprinted from Ref. 66 with permission of the Royal Society of
Chemistry.
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vesicles did not result in any cytotoxicity. However, upon illumination, the
phthalocyanine-loaded peptide vesicles showed an active photodynamic
response towards COS-7 cells, resulting in effective cell killing (IC50¼B2.8 nM
phthalocyanine). Free phthalocyanine and empty peptide vesicles did not show
any cytotoxicity.

Reduction-sensitive, robust and biocompatible SSCB[6]VC vesicles were
prepared from an amphiphilic cucurbit[6]uril (CB[6]) derivative containing
disulfide bonds between hexaethylene glycol units and the CB[6] core.70 The
vesicles were obtained with an average diameter of ca. 190 nm by the thin film
rehydration method, followed by repeated extrusion through a syringe filter.
The vesicles were stable in the presence of 3 mM GSH or 15 mM cysteine.
However, complete disruption occurred in 12 hours in response to 5mM GSH.
Notably, these vesicles could be readily decorated with functional moieties such
as targeting ligands and imaging probes by using their spermidine conjugates.
MTT assays showed that Dox-loaded folate-SSCB[6]VC significantly decreased
cell viability as compared to free Dox (28.1% versus 52.7%).

8.4 Reduction-sensitive Nanoparticles

Biodegradable nanoparticles have been extensively evaluated in vitro and in vivo
for controlled drug delivery.71,72 To obtain nanoparticles with high extra-
cellular stability and fast intra-cellular drug release, reversibly stabilized multi-
functional dextran nanoparticles based on dextran-lipoic acid derivatives
(Dex-LAs) were developed (Figure 8.7A).73 Dextran is a natural analogue of
PEG, while lipoic acid is produced naturally in the human body and commonly
used as an antioxidant drug for treating diseases such as diabetes and HIV. The
nanoparticles after cross-linking with a catalytic amount of DTT were robust
against dilution and high salt concentration. The release of Dox was minimal
(ca. 10%) even under extensive dilution, while over 90% Dox was released in
11 hours in response to 10mM DTT (Figure 8.7B). Confocal laser scanning
microscopy (CLSM) studies using HeLa and RAW264.7 cells revealed a rapid
and efficient delivery of Dox into the cell nucleus. MTT assays showed that
Dox-loaded cross-linked nanoparticles have a similar efficacy as the non-
cross-linked counterparts.

Reduction-sensitive nanoparticles were prepared by introducing disulfide
bridges into the side chains of a thermo-sensitive polymer, p(PEG-MEMA-
co-Boc-Cyst-MMAm), and simply heating the aqueous solution to above its
LCST (LCST varied from 20 to 57 1C depending on copolymer compositions).74

These nanoparticles remained stable in the presence of 2mMDTT for 24 hours at
37 1C, but rapidly collapsed in response to 3mM DTT, likely due to enhanced
water solubility after cleavage of disulfide bonds. Disulfide cross-linked
PEG-streptavidin hybrid particles from biotin-PEG-b-PPDSM block
copolymers have also been obtained.75 The micellar core functionalization (e.g.
with a maleimide derivative of a green fluorophore) and cross-linking were
carried out concomitantly, to afford fluorescent CCL micelles with a diameter
of ca. 54 nm and 75mol% biotin functionality exposed on the micelle corona.

Reduction-sensitive Nanosystems for Active Intracellular Drug Delivery 221

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
9.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
02

08
View Online

http://dx.doi.org/10.1039/9781849736800-00208


0 2 4 6 8 10 12

0

20

40

60

80

100
non-Xlinked 
Xlinked, 10mM DTT
Xlinked, no DTT

C
um

ul
at

iv
e 

R
el

ea
se

 (%
)

t/h

S
S S

S
SS

O

O OH

OHOCH
OH

O

OH
O

O

H N
OH

CH

S
SSS

S
S

Dex-LA

DOX

GSH

SH

SH
SH SH

HS
SH

nucleus

H S
H S 

COOH
n

Self-assembly

in water

Catalytic
amount
of DTT

B

A

Figure 8.7 Illustration of reversibly stabilized multi-functional dextran nanoparticles
(A). Dex-LAs were obtained by coupling lipoic acid to dextran and
formed nanoparticles in water; addition of catalytic amount ofDTT yielded
stable nanoparticles due to cross-linking of the core. In cancer cells, fast de-
cross-linking took place owing to a high concentration of glutathione
(GSH) tripeptides, triggering a rapid release of encapsulated drugs to the
cell nucleus, while the nanoparticles were eventually degraded to non-toxic
products, dextran and lipoic acid. (B) Release of Dox from cross-linked
dextran nanoparticles (DS 80) in the absence or in the presence of 10mM
DTT at pH 7.4 and 37 1C. Non-cross-linked dextran nanoparticles were
used as a control. The experiments were performed in triplicate.
Reproduced from Ref. 73 with permission. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA.
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The micelles were decorated with streptavidin, yielding polymer–protein hybrid
particles with tunable dimensions in the 350 nm–2mm range. In another study
partially thiolated trimethylated chitosan (TMC) and thiolated hyaluronic acid
were used to render disulfide-cross-linked positively charged nanoparticles,
which resulted to be stable in 0.8M NaCl.76 In contrast, particles made from
non-thiolated polymers dissociated under the same conditions.

Feng et al.77 reported redox-responsive nanogated mesoporous silica nano-
particles (MSN) obtained by grafting poly(N-acryloxysuccinimide) (PNAS) to
the pore entrance of MSN particles followed by cross-linking with cystamine.
The polymer coating around MSN was uniform and 2 nm thick. The release
studies demonstrated that loaded rhodamine B was rapidly released in response
to 21.6mM DTT, in contrast with the slow release in 0.216mM DTT medium.
The release rate of rhodamine B was dependent on the DTT concentration. In
comparison, DTT did not induce the release from irreversibly cross-linked
ensembles (with 1,6-hexadiamine). In a following study, the authors designed
multi-responsive nanogated MSN by immobilizing b-CD to PNAS coated
MSN via disulfide bonds and then cross-linking with diazo-linker.78 In the
absence of stimuli, no release of entrapped calcein from nanogated MSN was
observed, while application of UV, DTT or a-CD resulted in instantaneous
release of calcein.

Cysteine was tethered to MSN via disulfide bonds (MSN-SS-Cys) to make
MSN-based controlled intra-cellular cysteine release systems.79 There was no
leaching of Cys in PBS solution prior to the addition of reducing agents.
However, approximately 99, 90, 70 and 60% of Cys was released from MSN-
SS-Cys in 30min following addition of nicotinamide adenine dinucleotide
hydride (NADH), DTT, dihydrolipoic acid (DHLA) and GSH, respectively.
Toxicity studies showed that MSN-SS–Cys was approximately 444 times more
effective in delivering cysteine into HeLa cells than the conventional
N-acetylcysteine (NAC) approach. In comparison, Cys physisorbed to MSN
and Cys tethered to MSN via a non-cleavable thioether bond (MSN–Cys) did
not show any significant effect on the cell growth inhibition. Intra-cellular
cysteine release has also been achieved with ATTO633-labeled cysteine linked
to the inner structure of MSN via disulfide bridges. High-resolution fluo-
rescence microscopy revealed that endosomal escape is a limiting factor for the
redox-triggered release in HuH7 cells of disulfide-bound cysteine from MSN.80

However, after photochemical rupture of the endosomes by means of a
photosensitizer, ATTO633-labeled cysteine was successfully released from
MSN into the cytoplasm, indicating that the reducing milieu of the cytoplasm is
sufficient to cleave the disulfide bonds.

8.5 Reduction-sensitive Capsules

Hollow capsules are a class of highly versatile vehicles that can be applied for
encapsulation and controlled delivery of diverse bioactive molecules including
drugs, nucleic acids, peptides and proteins.81,82 Usually, hollow capsules are
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fabricated by deposition of interacting polymers, mainly using the layer-
by-layer (LbL) technique, onto a sacrificial colloidal template followed by
dissolution of the core.83 The assembly process allows for engineering of
capsules including their composition, size, permeability, colloidal stability and
surface functionality. Further information on LbL techniques to obtain
stimuli-responsive systems can be found in Chapter 17.

Caruso et al.84,85 developed novel reductively degradable capsules based
on LbL assembly of thiolated poly(methacrylic acid) (PMASH) and
poly(vinylpyrrolidone) (PVPON) onto silica particles, followed by the cross-
linking of the thiol groups in the PMASH to form stable disulfide bonds, and the
dissolution of the sacrificial silica core. PVPON was readily removed via
disruption of inter-polymer hydrogen bonds in pH 7 buffer, resulting in single-
component disulfide cross-linked PMASH capsules. These capsules were stable
in oxidizing conditions, but rapidly disassembled in reducing environments
similar to those inside living cells, to release the encapsulated cargo. PMA
capsules were applied for in vitro and in vivo delivery of proteins and peptides
for vaccine applications.86–88 PMA capsules could be efficiently associated with
and internalized by monocytes and dendritic cells. PMA capsules loaded with
KP9 peptide (a model HIV vaccine peptide) stimulated a significant proportion
of the KP9-specific T cells to express simultaneously the cytokines interferon-g
(IFN-g) and tumor necrosis factor-a (TNF-a). The intravenous vaccination of
mice with ovalbumin (OVA) protein- and peptide-loaded PMASH capsules
activated 70-fold and 6-fold the proliferation of OVA-specific CD4 and CD8 T
cells, respectively, compared to the equivalent amount of OVA protein
administered alone.88 These bio-destructible capsules were also investigated for
intra-cellular delivery of Dox and 5-fluorouracil (5-FU), which were loaded in
the form of oleic acid emulsions.89,90 Dox/oleic acid-loaded capsules released in
100mM PBS at 37 1C minimal amounts of Dox (o5%) in 24 hours, while in the
presence of 5mM GSH approximately 80% Dox was released in 6 hours. MTT
assays revealed that treatment of LIM1215 human colorectal cancer cells with
Dox/oleic acid-loaded PMA capsules and 5-FU/oleic acid-loaded capsules
resulted in significant cell death (485%), being more effective than free Dox and
5-FU, respectively. The studies on uptake and intra-cellular fate of PMASH

capsules showed that the internalized capsules were deformed in endocytic
compartments and accumulated in late endosomes and lysosomes.90 Disulfide-
stabilized PMA capsules could also be prepared, with up to three polymer
layers, via a benign method (oxidation free) by sequential deposition of PMASH

and PMA with activated thiol functions, namely 3-carboxy-4-nitrobenzene
sulfide and pyridine-2-sulfide.91 More recently, dual-responsive capsules were
developed via LbL assembly and click chemistry based on alkyne-modified
poly(2-diisopropylaminoethyl methacrylate) (PDPA) and a disulfide-
containing biazide cross-linker (Figure 8.8).92 These dual-responsive capsules
showed reversible size changes with pH and released the cargo specifically
under pH conditions that mimic those of the intra-cellular acidic
compartments.
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Kim et al.93 recently reported a novel template-free synthesis approach to
reduction-responsive polymer nanocapsules, based on self-assembly of
amphiphilic CB[6] followed by shell-cross-linking using a disulfide-containing
cross-linker. The resulting capsules had an average diameter of ca. 70 nm and a
hollow interior, surrounded by an approximately 2.0 nm thickness thin shell.
Most nanocapsules collapsed and aggregated after treatment with DTT for
30min. The encapsulated carboxyfluorescein was quickly released in vitro in
response to 100mM DTT. The capsules decorated with galactose showed
efficient internalization into HepG2 cells and rapid intra-cellular release of
carboxyfluorescein. Zhang et al.94 reported the preparation of reduction-
sensitive hollow polyelectrolyte nanocapsules from cysteamine-conjugated

Figure 8.8 Assembly of poly(2-diisopropylaminoethyl methacrylate), PDPA,
capsules loaded with therapeutics: (i) preloading of cargo onto a func-
tionally modified SiO2 particle template; (ii) PDPA alkyne (PDPAAlk) and
PMA are assembled onto the cargo-loaded SiO2 particles; (iii) PDPA
multi-layers are covalently stabilized by click reaction between the PDPA
alkyne moieties and a biazide cross-linker containing a disulfide bond; (iv)
the particle template is dissolved, and PMA layers are removed by raising
the pH to 7.4, yielding cargo-loaded single-component PDPA capsules;
and (v) the cargo release is achieved by changes in pH and redox-potential.
Reproduced from Ref. 92 with permission. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA.
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chitosan and dextran sulfate by LbL adsorption on b-cyclodextrin func-
tionalized silica spheres, followed by cross-linking of thiols and removal of the
silica core. In vitro release studies showed significantly enhanced release of
bovine serum albumin (BSA) in response to 10mM GSH.

8.6 Reduction-sensitive Nanogels

Nanogels are biocompatible three-dimensional materials with high water
content and sizes ranging from tens of nanometers to submicrons.95,96

Nanogels can be applied for encapsulation and delivery of various agents
including anticancer drugs, proteins, plasmid DNA and imaging probes.96

Well-defined reduction-sensitive functional nanogels have been obtained by
means of inverse mini-emulsion atom transfer radical polymerization (ATRP)
and the disulfide–thiol exchange reaction.97,98 These nanogels were loaded with
various water-soluble biomolecules including anticancer drugs, carbohydrates
and proteins.99,100 Dox-loaded disulfide-cross-linked nanogels (drug loading
efficiency 50–70%) were essentially non-toxic, but addition of 20wt.% GSH led
to the inhibition of HeLa cells growth. More recently, reduction-sensitive
Dox-loaded PEG nanoporous polymer spheres (NPSPEG-Dox) have been
prepared through the following steps: (i) loading and immobilization of alkyne
or azide-functionalized PEG into MSN templates via click chemistry, (ii) click
cross-linking of PEG and covalent attachment of Dox through degradable
linkers containing disulfide bonds, and (iii) dissolution of the MSN
templates.101 Under reductive conditions (5mM GSH), the spheres

Figure 8.9 Multi-responsive nanogels prepared by miniemulsion copolymerization of
monomethyl oligo(ethylene glycol) acrylate (OEGA) and an ortho ester-
containing acrylicmonomer, 2-(5,5-dimethyl-1,3-dioxan-2-yloxy) ethyl acrylate
(DMDEA), using bis(2-acryloyloxyethyl) disulfide (BADS) as a cross-linker.
Reprinted from Ref. 103 with permission of Elsevier.
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disassembled to release Dox over time. Biocompatible and degradable nanogels
(average diameter ca. 380 nm) have also been obtained by cross-linking of
thiol-functionalized star-shaped poly(ethylene oxide-co-propylene oxide) and
linear polyglycidol in inverse mini-emulsion, via formation of disulfide
bonds.102 These nanogels were degraded after 6 hours incubation in 10mM
GSH. Finally, temperature, pH and reduction triple-responsive nanogels were
obtained via miniemulsion copolymerization of monomethyl oligo(ethylene
glycol) acrylate (OEGA) and an ortho ester-containing acrylic monomer,
2-(5,5-dimethyl-1,3-dioxan-2-yloxy) ethyl acrylate (DMDEA), using
bis(2-acryloyloxyethyl) disulfide (BADS) as a cross-linker (Figure 8.9).103 The
swelling, drug loading and drug release as well as degradation behaviors of
nanogels were shown to be facilely controlled by a combination of temperature,
pH and reduction conditions.

8.7 Conclusions

The unique disulfide chemistry has enabled development of versatile smart
nanosystems that are stable under physiological conditions, but rapidly
destabilize under a reducing environment, accomplishing efficient ‘‘active’’
intra-cellular delivery of various therapeutic substances. This superior intra-
cellular drug release approach has been shown significantly to enhance drug
efficacy, overcome multi-drug resistance (MDR) and/or reduce drug and
carrier-associated side effects. The in vivo studies have demonstrated that
reduction-sensitive reversibly cross-linked nanosystems result in enhanced
stability, longer circulation time, improved tumor-targetability and better
therapeutic outcomes, as compared to the non-cross-linked controls as well as
the free drugs. It is anticipated that reduction-sensitive nanosystems have great
potential for targeted cancer therapy.
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CHAPTER 9

Enzyme-responsive Drug-delivery
Systems

PIER-FRANCESCO CAPONI AND REIN V. ULIJN*

WestCHEM/Department of Pure and Applied Chemistry, The University of
Strathclyde, Glasgow, G1 1XL, Scotland, UK
*Email: rein.ulijn@strath.ac.uk

9.1 Introduction

Enzyme-responsive materials (ERMs) are gaining increasing attention as a way
to pursue the ‘‘magic bullet’’,1 conceived more than 100 years ago by Paul
Ehrlich, who discovered the first cure against syphilis and was awarded the
Nobel Prize in 1908. Initially, this concept relied on the ability to target only
(micro-)organisms that participate in or cause a disease, without affecting the
host. Nowadays the initial idea has evolved into the need to target certain kinds
of tissues, e.g. tumors, whilst leaving healthy tissue unaffected. Thanks to
progress in crystallization techniques, molecular modeling and protein engin-
eering, a number of classes of enzymes has been discovered to play crucial roles
in human body biochemistry and it is known that their disregulation, namely
hypo-/hyperexpression, can lead to the development of a range of disease states
(Table 9.1). These findings make enzymes useful as markers for diagnosis and
highly suitable targets to achieve a selective, effective and localized drug
delivery release. Signal amplification is an important and unique property
achievable by exploiting enzymatic catalysis, where each enzyme molecule can
turn over many substrate molecules (typically 106min�1). ERMs are based on
the fact that enzymes can trigger the turnover of a large number of incor-
porated substrate molecules, which lead to macroscopic change in
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Table 9.1 Examples of diseases that can be generated or detected by disregulation of enzyme activity.

Enzyme name Family Role Linked diseases Enzyme malfunction Ref.

Urokinase Serine-protease Participation in thrombolysis
and extra-cellular matrix
degradation

Vascular diseases, cancer
malignity

Anomalous
activation

6

Prostatic cancer specific
antigen (kallikrein-3)

Serine-protease Sperm liquefaction Prostate cancer Hyperexpression 7

Deubiquitase Protease Protein degradation/
trafficking /localization

Tumors, cancers Enzyme mutation 8

Plasmodium falciparum
amidase (PfA-M1)

Amino-peptidase Hemoglobin digestion Malaria Expression by bacteria 9

Nox Oxidase Signal transduction, immune
functions, hormone
biosynthesis

Genome damages,
apoptosis

Overexpression 10

Protein kinase Phospho-transferase Cell signaling, signal
transduction

Alzheimer’s syndrome,
tumors, cancers

Antagonistic
disregulation,
hyperexpression

11

Acid lipase Esterase Fatty acids metabolism Fatty liver, Wolman disease Deficiency 12
Phosphatases Esterase Cell signaling, signal

transduction, bone
formation

Alzheimer’s syndrome,
tumors, cancers,
osteoporosis

Antagonistic
disregulation

12,13
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physical/chemical properties of the system. It is then no surprise that enzymatic
mechanisms are attractive in the field of stimuli-responsive controlled release
and a number of approaches have been developed over the last decades.

9.1.1 Exploiting Enzymes in Drug Delivery

The body of literature on exploitation of enzymes in drug delivery is quite large
and in the last decade an increase in research activity on ERMs has occurred.
Below, other areas where enzymes have been exploited or targeted are briefly
discussed and then compared with the ERM approach.

9.1.1.1 Enzyme Inhibitors

In order to target selectively a malfunctioning or harmfully overexpressed
enzyme, the most direct and intuitive approach is to synthesize drug molecules
that are able to bind and inhibit a specific enzyme (i.e. synthetic enzyme
inhibitors). For example, kinases are known to be overexpressed and to play a
crucial role in the development of tumors. Many examples of kinase inhibitors
can be found in drug treatments that have been recently commercialized. For
example, imatinib mesylate (Gleevecs) and dasatinib (Sprycels) are Abelson
cytoplasmic tyrosine (ABL) kinase inhibitors and are approved by the Food
and Drug Administration (FDA) for use against certain kinds of tumors and
leukemia. Studies are currently ongoing to use these drugs in various other
malignancies.2

Another well-known condition that benefits from the efficacy of targeting
enzymes using synthetic inhibitors is acquired immune deficiency syndrome
(AIDS). Since the human immunodeficiency virus (HIV) was reported at the
beginning of the 1980s,3 no cure has shown good efficacy until HIV protease
inhibitors were discovered and used to treat AIDS in the mid 1990s.4 The mode
of action of this class of drugs is focused on prevention of the correct
production of viral proteins that are responsible for the spread of the infection
to new cells. These therapies have significantly contributed to increasing the life
expectancy and quality of patients.5 One drawback of this very effective
approach is related to the toxicology profiles and pharmacokinetics of new
drugs and the long clinical trials that the new molecules have to pass before
being approved.

9.1.1.2 Prodrugs

An alternative approach that exploits the functionality of enzymes is the
concept of prodrug. A prodrug consists of a drug molecule that is modified with
a moiety that makes it inactive. When the moiety is cleaved upon enzymatic
catalysis, the pharmaceutical activity of the molecule is restored in the vicinity
of the enzyme expression site. This approach is very useful to improve relevant
features of already existing drugs (e.g. pharmacokinetics, bioavailability), but
implicates the chemical modification of the drug molecule. Many prodrugs are
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currently used, and examples can be found in the excellent review by Rautio
et al.14 One example of enzyme triggered prodrug to target cancer tissues
reported in 199915 is currently undergoing clinical trials.16 The investigators
synthesized an N-(2-hydroxypropyl) methacrylamide copolymer and coupled
doxorubicin to it via a peptide linker. The polymer is internalized by
pinocytosis and the peptide linker is cleaved by lysozymes, releasing the drug.
In the case of drug–polymer conjugates, the polymer component has an
important effect on the properties and the characteristics of the whole delivery
system. Most biological applications involve the use of poly(ethylene glycol),
PEG, due to its high biocompatibility. However, PEG is suspected to cause
complement activation. Alternatives, such as poly(acrylamide) or poly(amino
acids), are available and new bio-compatible polymers are under study. The
interested reader is referred to an excellent review that has been recently
published regarding PEG and other polymers suitable for drug-delivery
purposes.17

A more sophisticated prodrug approach that is worth mentioning is the so-
called antibody directed enzyme prodrug therapy, which is used to increase
drug selectivity against tumors. In this approach, monoclonal antibodies for
specific tumor receptors are linked to enzymes, e.g. carboxypeptidase.18 The
concentration of antibodies is considerably higher in tumor tissues compared to
healthy tissues. Thus, if a prodrug is injected, it will be activated by the enzymes
achieving cytotoxicity only against tumor cells.19 This two-step strategy has
proven to be effective and is currently undergoing clinical trials. However, it
also shows limitations such as the antigenicity of monoclonal antibodies and
the difficult control of the concentration and the pharmacokinetics of the drug
in the body. Similar techniques have been developed using different carriers to
achieve selectivity, such as viral-/gene-directed enzyme prodrug therapy20 or
polymer directed enzyme prodrug.21

9.1.1.3 Enzyme-Responsive Materials

The ERM approach is based on responsive polymers that act as carriers able to
release the payload only upon the catalytic action of enzymes. An ERM can be
defined as a system that undergoes macroscopic changes of physical/chemical
properties upon the catalytic action of an enzyme. The response mechanism of
ERMs requires, at least, an enzyme sensitive component, that usually is a
substrate or a substrate mimic of the enzyme, and a second component that is
responsible for changes in the interactions inside the material that can lead to
macroscopic transitions. This strategy does not always require modifications of
existing drugs, as they can be not chemically but physically entrapped, and it
may potentially lower the toxicity of current treatments. Changes in the
properties of an ERM can be due to either i) alterations of covalent bonds as
occurs, for example, in chemically cross-linked hydrogels or ii) modifications in
the balance of combined weak bonds, as in supramolecular assemblies, which
involves electrostatic, hydrophobic, steric or p-p interactions, van der Waals
forces or hydrogen bonding. Although no clinical trials with ERMs are
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ongoing yet, there are currently large efforts in developing ERMs useful for
drug-delivery applications. In Table 9.2 the main advantages and drawbacks of
the different enzyme-related drug-delivery approaches are summarized.

9.1.2 Factors to Consider in the Design of ERMs for Drug

Delivery

9.1.2.1 Particle Size

Depending on the enzyme localization, two classes of targets for ERM can be
defined: i) extra-cellular enzymes, i.e. enzymes that are expressed on cell surface
or secreted by target cells; ii) intra-cellular enzymes, i.e. enzymes that are not
secreted and are only present inside cells. In the first case, the size of the system
is not a primary concern but, in the second one, the ERM should have suitable
characteristics to allow it to enter into the cells. It is not only the size that
matters, but also the shape, the surface chemistry and the overall charge have to
be taken into account, particularly if the cellular uptake involves channel
proteins or charged pores.22,23

Particle size is of capital importance to achieve intravenous (i.v.) delivery to a
target. One of the most used mechanisms to achieve passive targeting to tumor
tissues is related to the so-called enhanced permeation and retention (EPR)
effect.24 This phenomenon relies on the lack of organization of cancer cells that
makes the pores on the blood vessels less tight, allowing bulkier particles to
pass through. Moreover, tumoral tissues have a poor lymphatic system, which
does not drain efficiently, permitting accumulation of polymer-conjugated
drugs. A comprehensive analysis of the relationship between particle size and
accumulation in tumor tissue has been recently reported.25 Furthermore, to
avoid a rapid clearance after i.v. administration, the size of the drug carrier
should be higher than the renal threshold, which is around 10 nm, but smaller
than 100 nm to avoid liver capture. Moreover, since carriers with a particle size
less than 100 nm can be enclosed into endocytes, it is clear that the preferable
size is between 10 and 100 nm.26

Oral and subcutaneous or intra-muscular administration can also be
considered. When orally intended, the enzyme-sensitive part of the ERM must
be protected from the harsh conditions in the gastro-intestinal tract. For such
purpose, pH-responsive polymers that protect the payload from the acid pH of

Table 9.2 Main advantages (|) and drawbacks (‘) of some enzyme-related
drug-delivery systems. Enzyme inhibitors and prodrugs may show
some limitations that can be overcome with ERMs.

Functioning mode

System characteristics

Selectivity Drug biocompatibility Controlled release Amplification

Enzyme inhibitor | ‘ ‘ ‘

Prodrug | | ‘ ‘

ERM | | | |
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the stomach, but can expose the enzyme-responsive part to the luminal content
of the gut, are particularly suitable. On the other hand, depot systems that are
slowly degraded under in vivo conditions provide sustained drug release from a
single application and for a long time.

Different approaches to selectively target enzymes through ERM will be
treated in the next sections. According to the physical and chemical properties
of the delivery system, the ERMs are categorized into three groups: hydrogels,
micelles and nanocontainers (Figure 9.1).

9.2 Enzyme-responsive Hydrogels

One of the first to recognize the unique properties of gels was Thomas Graham
in 1861, a Scottish chemist who is considered the pioneer of studies on
colloids.27 Gels are elastic, three-dimensional structures, constituted of two
phases: a network of molecules that defines the properties of the backbone and
a liquid phase that is trapped inside it. When the liquid is water, they are
commonly named hydrogels; the Greek prefix hydro- indicates their high
content in water (up to 99%w/w). The nature of the building blocks that

Figure 9.1 Schematic description of the enzyme-sensitive part of ERMs and examples
of molecules that are used as enzyme substrates (left) and examples of
enzyme-responsive systems useful for drug delivery (right). From top to
bottom: degradable hydrogel, disruptive micelle, supramolecular
hydrogel, triggered swelling hydrogel and silica nanocontainer.
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constitute the network and the presence of hydrophobic/polar functional
groups greatly influences the properties of the gel, particularly the amount of
water that the hydrogel can incorporate.28 Hydrogels can be formed either by
chemical cross-linking of polymerizable monomers (chemical hydrogels) or by
molecules that self-assemble through non-covalent interactions (physical
hydrogels).29 Both types can be tailored in order to achieve a number of
different particle sizes, from nanometer to centimeter, and potentially admin-
istered through a variety of routes, such as i.v. or intra-muscular.

Hydrogels are highly suitable for drug-delivery applications due to some
advantageous features: i) a wide range of molecules can be used to form
hydrogels, from polymers to naturally occurring building blocks; ii) they
provide a semi-wet environment, ideal for biological interactions; iii) they allow
small molecules to diffuse freely, while larger (macro)molecules are restricted in
mobility; and iv) they can be designed to change physical properties, resulting
in swelling or dissolution, in response to certain stimuli.30

Although it does not fulfill the definition of ERM (in fact, this system does
not respond directly to the catalytic action of enzymes, but to glucose
concentration), a pioneering system that combines the versatility of enzymes
with the responsiveness of hydrogels was developed by Kost and coworkers to
control the release of insulin as a function of glucose concentration.31

Glucose oxidase (GOx), catalase and insulin were trapped inside both
cross-linked and non-cross-linked poly(2-hydroxyethylmethacrylate-co-N,N-
dimethylaminoethyl methacrylate) hydrogels. Simulating in vivo conditions,
GOxs converted the glucose that diffused into the hydrogels in gluconic acid,
causing the swelling and the consequent release of insulin. Catalases were
included to provide oxygen to the oxidation reaction. It was found that the
release rate of insulin was glucose-concentration dependent, and that the non-
cross-linked hydrogels provided better release profiles. This concept, first
reported in 1985,32 is still actively researched today.33

9.2.1 Chemically Cross-linked Hydrogels

Many strategies have been reported to achieve chemical cross-linking, among
which radical polymerization, high-energy irradiation and chemical reaction
with complementary groups are quite common.34 Also enzymatic methods have
been used to create covalently cross-linked hydrogels.35

9.2.1.1 Degradable Hydrogels

There are many examples of enzymatic-degradable hydrogels in literature.
Most of them involve the use of natural molecules, such as polysaccharides and
polypeptides, either on their own or in combination with biocompatible
synthetic polymers, such as PEG. These hydrogels are designed to degrade only
in the presence of specific enzymes, making them suitable for controlled release
purposes (Figure 9.2).
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A system designed for site-specific drug release in the colon was reported in
1995 by Shantha et al.36 The hydrogel contained azoaromatic moieties as cross-
linking agents that stabilize the gel, avoiding its degradation by acidic pH of
the stomach. These gels are easily degraded by azoreductases produced by the
microbial flora of the large intestine, via reduction of azo-compounds in the
presence of NADPH. In this way, after degradation of the azoaromatic
moieties, the pH-responsive hydrogel is able to swell in the neutral-alkaline
conditions of the colon, leading to the release of the drug (Table 9.3, Entry 1).

Also for colon-targeted drug delivery, Kim and Oh37 used a dextran-based
polymer cross-linked with acrylic acid, to obtain a dextranase/pH degradable
hydrogel. Dextranases are naturally occurring enzymes in the colon that
hydrolyze dextran to smaller oligosaccharides. As a model payload, the anti-
inflammatory drug 5-aminosalicylic acid was used. Under in vitro simulated
colon conditions, an increase in 5-aminosalicylic acid release rate was recorded
when the hydrogels were exposed to the enzyme and the cleavage of the a-1,6
dextran bonds led to the swelling and degradation of the hydrogels (Table 9.3,
Entries 1 and 2). Lévesque and Soichet38 reported on a dextran-based hydrogel
with a backbone functionalized with p-maleimidophenyl isocyanate to avoid
the presence of hydrolysable esters. The system was cross-linked with a

Figure 9.2 Schematic representation of a hydrogel with cross-linkers designed to
behave as enzymatically degradable substrates. Upon cleavage of the
substrate the hydrogel degrades, leading to the release of the payload.

Table 9.3 Composition and enzyme-responsiveness of some degradable
hydrogels described in Section 9.2.1.1.

Polymer Cross-linker Enzyme Released molecule

1 Acrylate derivative36,37 Azo linker36 Oxidoreductase36 Drugs36,37

2 Dextran38 Dextran37 Transferase37 Fluorophore38

3 PEG39 Peptide38,39 Hydrolase38,39 Protein39
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modified peptide sequence, which is a substrate for the matrix metallo-
proteinase 2 gelatinase A (MMP-2), an enzyme overexpressed in some disease
conditions, such as arthritis, osteolysis and metastasis. This hydrogel was stable
under physiological conditions but degraded, releasing the payload molecules,
upon the action of MMP-2 (Table 9.3, Entries 2 and 3).

PEG-based hydrogels cross-linked by thiolene photopolymerization of a
peptidic enzyme substrate were developed by Anseth and coworkers.39 The
peptide sequence was selectively cleaved by human neutrophil elastase (HNE),
a protease that is expressed in inflammation sites. The rate of hydrogel
degradation can be tailored by adjusting the peptide substrate, the peptide
reaction constant and the concentration of HNE. Indeed, the payload, albumin
bovine serum and carbonic anhydrase, was released at different rates depending
on the hydrogel composition and on the kinetics of the enzymatic cleavage
(Table 9.3, Entry 3).

9.2.1.2 Triggered Swelling Hydrogels

An alternative strategy to obtain an enzyme-responsive cross-linked hydrogel is
to anchor pendant enzyme-sensitive moieties. In this way, the starting
polymeric structure stays intact, and the macroscopic transition is expressed as
a swelling/change of the material. Chemically cross-linked polyethylene glycol
acrylamide (PEGA) hydrogels have been designed by Thornton et al. to allow
different levels of accessibility to three proteases that differ in substrate selec-
tivity.40 The hydrogels were functionalized with peptidic sequences, made of
zwitterionic peptides flanked by oppositely charged amino acids that have a
high affinity only for one kind of protease. After the enzymatic cleavage of the
sequence, the hydrogel swelled due to the specific interaction of the target
enzyme with the peptide sequence and the removal of anionic aspartic acid
groups. Fluorescently labeled dextran and avidin were used as payload in order
to monitor the diffusion and the release profiles upon swelling. This system was
further developed by functionalizing PEGA hydrogels with peptide sequences
that, after enzymatic cleavage, provided the beads with a different overall
charge.41 Using this approach, it was possible selectively to release oppositely
charged proteins, such as albumin and avidin, taken advantage of the elec-
trostatic repulsion between the payload and the hydrogel. This example shows
that the release mechanism may be matched to the properties of the payload.
An optimization of this system was possible by increasing the charge density of
the pendant amino acid sequences attached to the polymer, adding zwitterionic
branched peptide actuators.42 In this way, a controlled release of the payload
was obtained upon the catalytic activity of proteases on micro-sized hydrogel
particles under physiological conditions; the increased overall charge allowed
the beads not to be affected by salt concentration in solution. This system
enables the loading of a model drug taking benefit of pH-responsive swelling of
the hydrogel and the release only upon the action of a specific enzyme.
However, it should be noted that a more biocompatible matrix would be
required for translation to therapeutics.
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Another interesting example in which enzyme substrates are exploited to
achieve specificity for drug delivery was reported by Tauro et al.43 A cross-
linked poly(ethylene glycol) diacrylate was functionalized with pendant peptide
sequences that are substrate for matrix metalloproteases (MMPs). Platinum, a
well-known chemotherapy agent, was complexated with the Lysy-containing
peptide. The release of platinum was influenced by the peptide sequence chosen
as substrate of MMP; the higher the peptide-MMP affinity, the faster the
release was. Moreover, in vitro experiments on a malignant glioma cell line
showed significant decrease of cellular proliferation in the presence of the
platinum-containing hydrogels and MMPs. Differently from the systems
reported above, the performance of these hydrogels does not rely on the
polymer swelling to trigger the drug release. Instead, the platinum ions are held
in place forming complexes with the charged Lys residues, which are cleaved by
the enzyme, releasing the payload.

9.2.1.3 Supramolecular Hydrogels

Supramolecular assemblies consist of molecules that are held together by non-
covalent links, such as electrostatic interactions, hydrogen bonds, p-stacking,
van der Waals forces, hydrophobic interactions or combinations thereof, in
aqueous or organic media.44 In the last decade a strong interest in the possi-
bility of using enzymes to trigger supramolecular assembly/disassembly has
been raised.

A common strategy to form a supramolecular hydrogel consists of modifying
a drug molecule with a precursor of a hydrogelator functionalized with an
enzyme-sensitive trigger. For example, the analgesic and antipyretic drug
acetaminophen (paracetamol) was covalently linked to a fatty acid through a
lipase cleavable linker.45 Enzyme addition after gelation led to cleavage of ester
linker and to drug release. Curcumin, a hydrophobic drug, was also incor-
porated in the hydrogel network to be released under the same conditions as
acetaminophen, creating a multi-drug release system (Table 9.4, Entry 1). This
technique can be adapted to incorporate a drug into the hydrophobic core of
hydrogel fibers.46 A low molecular weight hydrogelator, amygdalin (a glycoside
present in Nature), was synthesized exploiting enzyme catalysis. Under physi-
ological conditions, lipases triggered the fibre disassembly and the release of
curcumin (Table 9.4, Entry 2).

A two-stage release system, triggered by enzyme and pH, has been reported
by Van Bommel et al.47 6-Aminoquinoline (AQ) was incorporated through an
enzyme cleavable linker, Phe, into a cyclohexane trisamide scaffold func-
tionalized with two ethylene glycol units. The linker was not accessible for the
enzyme when the hydrogel was in the assembled state. In response to a pH or

yAll the amino acids will be referred to using the following three-letter codes: Alanine (Ala);
Arginine (Arg); Asparagine (Asn); Aspartic acid (Asp); Cysteine (Cys); Glutamic acid (Glu);
Glycine (Gly); Histidine (His); Isoleucine (Ile); Leucine (Leu); Lysine (Lys); Methionine (Met);
Phenylalanine (Phe); Proline (Pro); Serine (Ser); Threonine (Thr); Tyrosine (Tyr); Valine (Val).
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temperature change, the gel fibers dissociated into individual molecules that
were cleaved by a-chymotrypsin, resulting in the release of the loaded drug
(Table 9.4, Entry 3). Gao et al.48 designed a hydrogel precursor based on taxol,
a well-established antineoplastic agent. Drug molecules were covalently linked
to a peptide motif (naphthalene-Phe-Phe-Lys) that can self-assemble, and a
group (phosphorylated tyrosine; pTyr) that is cleavable by an enzyme. Upon
the action of phosphatases, the phosphate group was removed and the
precursor transformed into the hydrogelator, which self-assembled leading to
the formation of a nanofibrous gel. The taxol-functionalized gel fibers
preserved the therapeutic efficiency of the drug. Dephosphorylation/
phosphorylation may be a powerful stimulus to control self-assembly by means
of the changes in the electrostatic interactions that occur when the anionic
phosphate groups are removed or added (Table 9.4, Entry 4). The latter two
systems can be considered as prodrug/ERM combinations. An alternative
strategy to the direct incorporation of drugs within the gelator system, which
partially applies to the example just described, is to use peptides building blocks
to obtain supramolecular hydrogels. Peptide-based hydrogels (PBH) have
recently generated great interest for applications in the drug-delivery field, e.g.
injectable implants for subcutaneous and intra-ocular sustained release.49,50

The main advantage of using peptides is that they are natural building blocks
and hence inherently biocompatible, an essential aspect for biological

Table 9.4 Composition and enzyme-responsiveness of some supramolecular
hydrogels described in Section 9.2.1.3.

Starting material
Enzyme-sensitive
component Enzyme Response Ref.

1 Apna-O-[C]n Apn-OBC Lipase Gel-to-sol,
release of Apn
and curcumin

45

2 Amygdalin-O-[C]n Amygdalin-OBC Lipase Gel-to-sol,
release of
curcumin

46

3 Ga-Phe-AQ GBPheBAQ a-chymotrypsin Gel-to-sol,
release of AQ

47

4 Taxol-(Phe)2-Lys-pTyr pTyr Phosphatase Sol-to-gel,
diffusion of
taxol

48

5 Fmoc-pTyr pTyr Phosphatase Sol-to-gel 51
6 Fmoc-Phe-pTyr pTyr Phosphatase Micelles to

fibers
52

7 (Phe)4-Cys-Gly-Leu-(Asp)2 GlyBLeu Matrix Metallo
Protease-9

Sol-to-gel 53

8 Naph-(Phe)2-Gly-Glu-Tyr Tyr/pTyr Kinase/Phosphatase Gel-to-sol/
sol-to-gel

54

9 Lys-(Arg)2-Ala-Ser-Val-
Ala-Gly-Lys-[C12](NH2)

Ser/pSer Kinase/Phosphatase Gel-to-sol/sol-
to-gel, release
ofdoxorubicin

55

10 Fmoc-Tyr-Leu-OMe OBMe Subtilisin Sol-to-gel 56

aApn¼Acetaminophen, G¼ gelling scaffold
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applications. A number of ERMs based on PBH have been developed,
although to the best of our knowledge only one example of enzyme-triggered
drug release from PBH has been reported to date. Some of these ERMs are
summarized below.

In a pioneering work on PBH published in 2004, Xu and coworkers51

reported how enzymes can trigger the formation of gels starting from simple
building blocks, such as N-(fluorenylmethyloxycarbonyl) (Fmoc) amino acids.
This concept has been further developed by a number of research groups
(Table 9.4, Entry 5). Sadownik et al.52 reported on micelle (see Section 9.3) to
fiber transition upon enzymatic dephosphorylation of Fmoc-Phe-pTyr
(Table 9.4, Entry 6). This approach may serve to transform, upon catalysis in
the presence of overexpressed enzymes, micelles with drug molecules loaded in
the hydrophobic cores into gels around a target area, for isolation of the
damaged cells and controlled release of the payload. However, this concept
remains to be tested for its suitability under in vivo conditions. The strategy of
selective isolation of the target area, e.g. cancer tissue, surrounding it with a
hydrogel was previously reported by Yang et al.53 using another enzyme. They
designed a nonapeptide amphiphile to be a substrate for MMP. After
enzymatic reaction, the peptide was cleaved in the expected position. Then, the
self-assembly motif led to hydrogelation due to interactions driven by the four
repeating Phe units (Table 9.4, Entry 7).

Reversibility is also achievable using enzymes. Kinases and phosphatases are
ideal enzymes to create reversible systems, due to their antagonistic behavior
and biological relevance (Table 9.1). To achieve phosphorylation with kinase,
adenosine-50-triphosphate (ATP) must be present in the medium, because it is
the source of phosphate that the enzyme uses to phosphorylate amino acids.
ATP can be seen as the ‘‘fuel’’ that drives the reaction having both the enzymes
present. Xu and coworkers54 studied a pentapeptidic hydrogelator (naph-
thalene-Phe-Phe-Gly-Glu-Tyr) and observed a gel-sol transition when kinases
and ATP were added to the hydrogel; the phosphorylation of Tyr residues led
to a more hydrophilic molecule. Reversibly, adding phosphatases the Tyr
residues became dephosphorylated and the gel was restored. Importantly, they
succeeded in testing this system in vivo in a mouse model, suggesting new
applications for the engineering of biomaterials useful in drug delivery
(Table 9.4, Entry 8). Very recently, a similar approach has been reported by
Stupp and coworkers.55 Using the same antagonistic enzymes, they developed a
system that forms filamentous nanostructures upon dephosphorylation and
disassembles upon phosphorylation. A nonapeptide, containing one serine unit,
covalently attached to a C12 chain was synthesized. To assess the feasibility of
drug release from such a system, they incorporated doxorubicin into the fibers
and studied the cytotoxicity against tumor cells that secrete kinases. Not only
did they observe a faster release from the phosphorylated peptide (not self-
assembled), but also a higher level of toxicity against cells only when kinases
were present. Despite some problems of doxorubicin leaking, these self-
assembled systems represent a big step forward toward the biomedical appli-
cations of enzyme-triggered release PBH systems (Table 9.4, Entry 9).
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The control of the hydrogel structure is quite critical because it can greatly
influence the network properties and, consequently, the drug-release process.
This challenge can be overcome by studying the enzyme role in the self-
assembly, and understanding the dynamics of this process. In this sense,
Hirst et al.56 evaluated hydrogels obtained by the aggregation of several Fmoc-
dipeptides capped with methyl ester functionalities, which occurs when they
are hydrolyzed by subtilisin. The molecular order of the hydrogels
increased, resulting in stiffer networks, as the enzyme concentration raised,
suggesting that the enzyme plays an important role in the self-assembly process
and in the structure of the resultant hydrogel (Table 9.4, Entry 10). This
knowledge suggests a route to processing these gels for regulating the release
profile.

All the systems described in this section are good candidates for sustained or
controlled drug delivery-applications, as well as interesting platforms to shield
molecules with poor water solubility inside hydrogels.

9.3 Enzyme-responsive Micelles

Micelles are structures formed by surfactants, e.g. phospholipids, where a
hydrophilic head is in contact with the water while a hydrophobic tail hides
inside, giving the overall spherical shape. For drug-delivery purposes, micelles
are often made of amphiphilic copolymers or conjugates of hydrophobic/polar
polymers with polar/hydrophobic biomolecules.

The enzyme-responsive micelles that are described in this chapter have sizes
in the nm range, which is generally suitable for administration purposes of
carriers intended to enter into contact with either extra-cellular or intra-cellular
enzymes. Moreover, the physico-chemical properties of micelles are very
appealing for applications in the drug-delivery field due to the possibility to
load hydrophobic drugs in the core and, hence, to lead to lower drug cyto-
toxicity, extended half-life time and tumor accumulation.57 Enzyme-responsive
micelles can be categorized into two classes, according to their physical
response upon catalytic action of the enzyme, as described in the next sections.

9.3.1 Disruptive Enzyme-responsive Micelles

In this category we placed all the enzyme-responsive micelles that, after
enzymatic reaction, lose the original structure of the micelle-composing
molecules (unimers). Namely, the enzyme selectively cleaves a bond which
divides the molecular structure into two or more parts that are not able to self-
assemble any more (Figure 9.3). A conceptually similar approach to prodrugs is
to bond the drug molecules through a linker to a polymer chain, which should
not affect the effectiveness of the drug. Uhrich and coworkers58 designed an
amphiphilic macromolecule with a hydrophobic component, a C12 chain, and a
hydrophilic moiety, a PEG chain, attached to a mucic acid backbone, which is
conjugated to the drug through a hydrazone linker. The macromolecule was
designed to be biocompatible and biodegradable (in less than 6 days) when
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exposed to pancreatic lipase. In contrast, the macromolecule was stable for
weeks in the absence of enzyme (Table 9.5, Entry 1). The release of doxorubicin
was mainly intra-cellular and pH driven.

Another potential drug-delivery system based on lipase-degradable micelles
was reported by Shi and coworkers.59 The micelles were formed by two diblock
copolymers, poly(lactide)-block-poly(ethylenglycol) (PLA-b-PEG) and
poly(lactide)-block-poly(N-isopropylacrilamide) (PLA-b-PNIPAM). When the
temperature exceeded the low critical solution temperature (LCST) of
PNIPAM, a PLA-PNIPAM-PEG core-shell-corona structure was formed.

Figure 9.3 Schematic representation of a disruptive enzyme-responsive micelle. The
enzyme substrate plays a critical role in the self-assembly process. Upon
enzymatic catalysis, the polymeric structure is modified and the inter-
actions leading to self-assembly are lost; as a result the structure disas-
sembles and the payload is released.

Table 9.5 Composition and enzyme-responsiveness of some disruptive
enzyme-responsive micelles described in Section 9.3.1.

Polymer
Enzyme
substrate Enzyme

Released
molecule Ref.

1 PEG-[C12](Mucic acid)4 Hydrazone
linker

Pancreatic
lipase

Doxorubicin 58

2 PLA-b- PEG/PLA-b-PNIPAM PLA Lipase Ibuprofen 59
3 (Ala)2-Lys-Leu-Val-(Phe)2-PEG PheBPhe a-chymotrypsin Amyloid

peptide
fragments

60

4 co-poly(n butyl acrylate)
-polystyrene-b-poly(Glu-co-Ala)

AlaBAla Elastase,
thermolysin

Amino acid
fragments

61

5 OEG-polyester Ester
chains

Proteinase K Doxorubicin
and
rifampin

62

6 Dendrons Ester linker Porcine liver
esterase

Pyrene 63
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The PEG corona enabled an adjustable diffusion of lipase, an enzyme able to
degrade PLA and hence to trigger the release of ibuprofen from the micelles
(Table 9.5, Entry 2).

Castelletto et al.60 reported on a polymer-peptide conjugate that self-
assembled forming micelles; the corona being formed by PEG and the core by a
heptapeptide containing two b-alanines and hydrophobic amino acids that
form helical structures. Upon exposure to a-chymotrypsin, the peptide
sequence was cleaved and the micelles fell apart. The amino acid sequence
chosen contained a self-recognition motif that can specifically bind to amyloid
protein. The authors suggested that this method could be used in the future to
develop an enzyme-responsive peptide delivery system for therapeutics or
diagnostics (Table 9.5, Entry 3).

Heise and coworkers61 exploited the selectivity of a protease to cleave a
polypeptide diblock copolymer. In this case the peptides (poly(L-Glu) with
variable amounts of L-Ala) are used as corona, while the core is formed by
hydrophobic poly(N-butyl acrylate)-co-polystyrene. Exposure to proteases led
to a degradation rate that was proportional to the content in Ala of the
polymeric peptide, which opens the possibility to design copolymers with
tunable degradation times. Moreover, by incorporating different peptide
sequences, it is possible to design materials that may be triggered by different
target peptidases. The enzyme/substrate specificity guarantees that the ERM
only responds to one specific enzyme, while it remains unaltered when exposed
to other enzymes (Table 9.5, Entry 4).

Another way to obtain disruptive micelles is to use polymers that are
themselves substrates of enzymes. Wang et al.62 synthesized amphiphilic
alternating polyester polymers, containing oligo(ethylene glycol) (OEG)
pendant chains to minimize non-specific interactions. Micelles containing
doxorubicin and rifampin released the drugs at a higher rate in the presence of
proteinase K and at pH 5.5. Both enzymatic and acid hydrolysis enabled the
cleavage of polymer backbone, resulting in micelle degradation. In the absence
of enzymes only 10% of the drug was released. Moreover, in vitro studies
showed that the micelles were able to penetrate into cancer cells and to release
doxorubicin, providing higher antitumoral efficacy than the drug alone
(Table 9.5, Entry 5).

Disruptive micelles were also obtained from amphiphilic dendrimers that
contain an enzyme cleavable ester moiety between the hydrophobic and
hydrophilic units. These dendrimers self-assembled as a result of the orthogonal
placement of hydrophilic and lipophilic units in every repeating unit of the
dendrimer.63 Upon esterase exposure, the micellar aggregates disassembled
(Table 9.5, Entry 6).

9.3.2 Switchable Micelles

A common feature of switchable micelles is that the disassembling process
occurs without disrupting the original composition of the polymer. All
available prototypes are based on the catalytic activity of phosphatases, which
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highlights the great interest that this class of enzymes, together with their
antagonistic counterparts, kinases, is generating (as seen in Section 9.2.1.3).
The first two examples were reported in close succession in 2009. Hawker and
coworkers64 prepared water soluble block-copolymers by copolymerization of
polyethylene glycol (PEG) macroinitiator with vinyl monomers bearing an
enzymatically cleavable solubilizing moiety, namely phosphate groups. These
copolymers self-assemble under physiological conditions upon action of
phosphatases that removed the solubilizing phosphate moieties from the vinyl
polymer backbone, which turned out to be hydrophobic. Consequently, the
polymer became amphiphilic and formed colloidal nanoaggregates. The
enzymatic reaction occurred slowly and the dephosphorylation was not
complete after 7 days, probably due to the self-assembly of the polymer after
only a partial conversion, which does not allow the enzymes to cleave all the
phosphate moieties. Kühnle and Börner65 synthesized a poly(ethylene oxide)-
block-peptide copolymer (PEO-peptide conjugate). The peptide segment had a
primary structure with five repeating units of threonine and valine diads
((Thr-Val)5), which have a strong tendency to form b-sheets aggregates in
water. This behavior was suppressed by introducing three phosphothreonines
into the (Thr-Val)5 peptide aggregation domain. After the addition of phos-
phatase in the solution, the transition from random coils to b-sheets in overall
fibrillar structures was achieved. Therefore, in this case the formed structures
are not micelles.

A dual-responsive phosphatase/temperature material has recently been
developed starting from poly(2-isopropyl-2-oxazoline) chains that were func-
tionalized with Fmoc-pTyr, which is known to self-assemble upon dephos-
phorylation.66,67 This structure, besides combining the numerous advantages of
the starting polymer chain, such as stealth behavior and low toxicity profiles,
adds to the system the temperature responsiveness. The enzymatic dephos-
phorylation and thus the micelle formation were reported to be faster
compared to the ones described above – full dephosphorylation was achieved
within one hour – due to the presence of only one phosphate group per polymer
chain. Fmoc allowed monitoring the reaction by spectroscopy, but it could be
replaced by a more biocompatible molecule, ideally purely peptidic. When the
temperature exceeded the LCST, the hydrophilic corona became hydrophobic
and collapsed around the hydrophobic core formed by Fmoc-Tyr, considerably
reducing the particle size of the micelles. The temperature responsiveness was
reversible, a feature that could be used to enhance tissue-targeting or help in
loading the payload.

Another way to exploit phosphatases consists in employing the enzyme to
trigger the disassembly of the micelles instead of the self-assembly of
polymers.68 The hydrophilic block copolymer methoxy-poly(ethylene glycol)-
block-poly(L-lysine hydrochloride) (PEG-b-PLKC) can interact with negatively
charged molecules, such as ATP, through the cationic PLKC block. The ionic
interactions physically bind ATP and PLKC together, incorporating the
hydrophobic functionality of adenosine, turning the polymer amphiphilic and
leading to self-assembly as micelles. Upon enzymatic dephosphorylation, the
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ATP is degraded to adenosine and single charged phosphate groups, which are
not able to bind anymore to PLKC, and then the micelles fall apart.

Although the systems reported in this section have not yet been tested as
drug-delivery systems, the great amount of work that has been done in the last
few years on this topic makes us believe that in the near future the current
limitations of these systems will be overcome and applications will be feasible.

9.4 Enzyme-responsive Silica Nanocontainers

Enzyme-responsive silica nanocontainers (SN) are mesoporous supports that
can host molecules to be released upon the catalytic action of enzymes
(Figure 9.4). Silica mesoporous systems have a number of advantages for drug
delivery, such as high loading capacity due to their large pore volume,
biocompatibility and stability. They also provide good protection of the
payload molecules because silica is not affected by external stimuli, such as pH
or temperature.69 Silica particles have been used to sustain drug release,70 but
what makes these systems really interesting is the possibility to ‘‘cap’’ the pores
with stimuli-responsive molecules that allow the release of the payload under
certain conditions. The first example of silica support with capped pores was

Figure 9.4 Schematic representation of an enzyme-responsive silica nanocontainer.
Mesoporous particles are functionalized with enzyme substrates, which
obstruct the pores due to steric hindrance or weak interactions. Upon
enzyme catalysis, the substrates are removed from the particles and the
payload is released.
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reported in 2003 by Mal et al.,71 who realized a light-sensitive reversible gate
system through the photodimerization of coumarin. After this first study, a
number of systems responsive to pH,72 temperature73 or antibody-antigen
interactions74 were developed. There is still a paucity of in vivo studies about
biocompatibility of silica nanoparticles and how specific characteristics of the
material, e.g. particle size, may influence the toxicity.75,76 Comprehensive
information on smart drug delivery from silica nanoparticles can be found in
Chapter 15.

Since enzyme-responsive SNs are quite recent – the first one was described in
2008 by Patel et al.77 – most of the reports are still proof-of-concept studies
with materials not yet used in drug delivery. In this first example, the authors
functionalized mesoporous silica particles, having B400 nm diameter and 2 nm
pore diameter, to obtain a linker composed by ethylene glycol with a free azide
group terminus. Following the loading of the luminescent probe rhodamine B
by diffusion, the particles were incubated with a-cyclodextrin for one day, and
then the pendant azide groups were ‘‘clicked’’ on adamantyl stoppers with
pendant alkyne groups to obtain a [2]rotaxane. Two different adamantyl
stoppers were synthesized; the first one had an ester linker susceptible to
esterase catalysis, while the second was an amide analogue used as a control.
After exposure to porcine liver esterase, it was found that rhodamine B was
released only from the particles with the ester linked stopper, while no release
was detected for the control. With the removal of the stopper, the a-cyclo-
dextrin molecules became free, not being threaded any longer, leaving the pore
open and allowing the diffusion of the luminescent probe (Table 9.6, Entry 1).

Another example exploiting cyclodextrins has been reported by Kim and
coworkers,78 who used smaller particles (B60 nm diameter) with the same pore
size (2.5 nm diameter). A similar functionalization strategy was applied; first the
surface was coated with alkyne groups, and then the cyclodextrins were
‘‘clicked’’ on the surface after the loading of the fluorescent calcein. Under
exposition to a-amylase, an enzyme that catalyses the degradation of starch
into sugar cleaving the a-1,4-glycosidic bond, the nanoparticles released calcein
from the pores. No calcein release was noticed when the particles were not
exposed to the enzyme or incubated with its denaturated form. Moreover, they
synthesized a second population of dextran-based functionalized particles that
had a different linker, containing an ester bond, without major changes in the

Table 9.6 Composition and enzyme-responsiveness of the coatings of some
silica nanocontainers described in Section 9.4.

Surface material Enzyme substrate Enzyme Released molecule

1 Saccharide77–80 Ester linker77,78 Esterase77,78,80 Fluorophore77–84

2 Peptide81,82,84 Glycosidic bond77–80 Glycosyl
hydrolase77–80

Oligonucleotide84,85

3 Oligonucleotide84,85 Peptide81–84 Protease81–84

4 Oligonucleotide85 Nuclease85
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functionalization strategy. After exposure to lipases, the ester was cleaved and
the calcein was released (Table 9.6, Entries 1 and 2).

A lactose-derivative disaccharide was used by Bernardos et al.79 to func-
tionalize particles having 2.4 nm average pore diameter. In this study, before
coating the SNs, the mesopores were loaded with the [Ru(bipy)3]Cl2 dye to
monitor the release upon enzymatic catalysis. The release took place upon the
catalytic action of b-D-galactosidase, able to cleave the 1-4 glycosidic bond
between b-D-galactose and b-D-glucose monosaccharides in the lactose
structure. After the rupture of the bond, the bulky disaccharide that was
sterically hindering the release of [Ru(bipy)3]Cl2 disappeared. This process
occurred under conditions that resemble those at which b-D-galactosidase is
located in the intestine. The performance of this system was also tested simu-
lating the pH conditions of the gastrointestinal tract. At the acid pH of the
stomach or at pH 7.5 of the gut, negligible dye release was noticeable in absence
of the enzyme. Finally, the system was tested for selectivity against other
enzymes, e.g. proteases, and no significant loss of payload was observed
(Table 9.6, Entries 1 and 2). This system was further developed by func-
tionalizing the surface of the particles (100–200 nm diameter and 2.3 nm pore
diameter) with different starch derivates, composed by various mixtures of
polysaccharides.80 When exposed to pancreatin, a mixture of amylases and
lipases extracted from the pancreas, the particles exhibited a controlled release
of the payload molecules. The release rate depended on the composition of
saccharides used to functionalize the surface. Finally, the starch-functionalized
particles that showed the best release profile were tested in in vitro and ex vivo
assays using doxorubicin as guest molecule instead of [Ru(bipy)3]Cl2. In vitro
experiments confirmed that the release of the drug only occurred when the
enzyme was present in the dissolution medium. Ex vivo assays showed that the
nanocontainers were internalized by the cells through endocytosis, and then
transported to the autolysosomes where enzymes able to degrade saccharides
are present. After incubation of cancer cells with this enzyme-responsive
doxorubicin-loaded SN, a decrease in cell viability and an increase in cell death
were observed (Table 9.6, Entries 1 and 2).

Thornton and Heise81 used a protease cleavable Fmoc-tetrapeptide sequence
to functionalize the surface of silica particles (5 mm diameter, 30 nm pore
diameter) using fluorescein isothiocyanate (FITC) functionalized dextran,
rhodamin B and fluorescein as model payloads to test the ability to trap
molecules of various molecular weights. The particles were functionalized with
two tetrapeptides with different affinity for two proteases: elastase and
thermolysin. Due to the hydrophobic and p-p interactions and to the steric
hindrance of the Fmoc moieties, in the absence of enzyme the pores were closed
and the payload was retained. Upon exposure to the two proteases, the tetra-
peptides were cleaved at a rate that depended on the substrate specificity for the
selected protease and on the enzyme concentration, and the dyes were released
in a controlled manner (Table 9.6, Entries 1, 2 and 3).

Coll et al.82 reported another example in which peptide sequences act as
enzyme-responsive gate guardians. Different peptides of various lengths were
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synthesized and used as substrate of proteolytic enzymes from Streptomyces
griseus after trapping a dye inside the SNs (B100 nm diameter, 0.9 nm pore
diameter). The length of the peptide sequence determined its efficiency to cap
the gate and to trigger the release upon the catalytic action of enzyme. The
enzyme-responsive SNs coated with the longest peptide (18 amino acids)
showed zero-order release before exposure to enzyme, while with the particles
functionalized with shorter (11 and 6 amino acids) sequences a significant
leakage was observed (Table 9.6, Entries 1, 2 and 3).

The avidin/biotin interaction was also exploited to design enzyme-responsive
SNs.83 The particle surface was modified with biotin and, after trapping
fluorescein in the pores, avidin was added to the solution. Due to the strong
interactions between biotin and avidin, the pores closed and no leakage of
fluorescein was noticed. Upon exposure to trypsin, a protease that can digest
avidin, amounts close to 100% of the payload were released in less than three
hours. To further prove that the avidin/biotin interaction was closing the pores,
the release of dye was monitored at higher temperatures, at which this inter-
action became weaker. Under these conditions, fluorescein was gradually
released (Table 9.6, Entries 1 and 3).

So far, all the SNs reported above exploited enzyme catalysis to cleave one
part of the molecule coating the surface, preventing steric hindrance or self-
assembly interactions. Another strategy that uses the total degradation of
coating molecules to trigger the release has been recently reported by Hanagata
and coworkers. Particles of 500 nm diameter and a pore size between 2.4 and
2.6 nm diameter were loaded with fluorescein and then coated by layer-by-layer
deposition of a negatively charged oligodeoxinucleotide and positively charged
poly(L-Lys).84 Upon in vitro exposure to a-chymotrypsin, the release of fluo-
rescent dyes and genes was triggered due to degradation of the polymer
(Table 9.6, Entries 1, 2 and 3). In a subsequent study,85 the SNs were coated
only with the oligodeoxinucleotide. Deoxyribonuclease was able to degrade the
model gene and to provoke the release of fluorescein. This approach, besides
exploiting non-covalent interactions to coat the particles, allows the triggered
release of a second molecule, i.e. an oligonucleotide (Table 9.6, Entries 1, 2, 3
and 4).

9.5 Conclusion

Enzymes offer a number of advantages as potential tools to improve drug
delivery. They are often involved in the development of diseases, making them
extremely useful to address one of the biggest challenges of drug delivery:
selectivity. The examples treated in this chapter illustrate how the versatility of
enzymes offers multiple approaches to trigger drug release. Indeed, possible
strategies involve degradation, self-assembly, disassembly, cleavage and
swelling, upon the catalytic action of enzymes, which lead to the release of
drugs. There are several examples in which the release system was entirely
composed of natural building blocks, of naturally occurring building blocks
conjugated to synthetic materials or of solely synthetic materials. The
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development of new biocompatible materials is exerting a very important effect
on the advances made in ERM for biomedical applications, and most recent
research relies on the availability of materials that show low cytotoxicity
profiles or are even FDA approved. The majority of the research discussed in
this chapter is currently in the ‘proof of concept’ stage. These systems help to
uncover the design rules for ERM and clearly demonstrate the versatility due to
the modularity of these systems. Over time, applications in drug delivery are
likely to become a clinical reality.
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Bioresponsive Polyplexes and
Micelleplexes
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10.1 Introduction

The delivery of therapeutic biomacromolecules such as nucleic acids (NAs) is
problematic for many reasons, not least of which is their size. While most
therapeutic proteins and nucleic acid oligomers are less than 20 nm in
hydrodynamic radius, these molecules are still of a much greater size than
‘‘standard’’ drugs, and present severe challenges for any carrier system to gain
entry into a target cell.1 For gene therapy constructs such as plasmid DNA, or
mammalian artificial chromosomes, the sizes can reach micron dimensions, and
thus conventional encapsulation and conjugation strategies cannot be
employed. Accordingly, a number of methods for condensation of NAs and
other biomacromolecules have been developed, many of which employ poly-
electrolyte complexation strategies to screen or eliminate charge–charge
repulsion and hence collapse polyanionic nucleotide strands.

The wealth of literature on polyelectrolyte complexes (often termed ‘‘poly-
plexes’’) of nucleic acids with cationic species is beyond the scope of this
chapter, and interested readers are referred to specialized reviews.2–8 In any
case, a few points are worthy of note to inform the discussion on responsive
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polyplexes. In the absence of condensing carrier molecules, which are poly-
cationic in nature, nucleic acids can be easily degraded by enzymes such as
DNAses or RNAses within seconds of being injected into the bloodstream.9,10

Therefore, in order to improve the delivery properties across these barriers and
increase the stability of nucleic acids against enzymatic degradation, the
biotherapeutic needs to be stabilized as well as condensed. A number of studies
have shown that polycations are better for nucleic acids delivery than cationic
lipids in several aspects. Polycations confer i) relatively small complex size
and narrow size distribution;11 ii) high stability against nucleases; iii) ease
of manipulation of physical factors (e.g. hydrophilicity and charge); and
iv) feasibility of changing polycationic polymer structure by chemical modifi-
cation or copolymerization with proper monomers in order to achieve higher
efficiency or cell targeting without loss in activity.2

Various synthetic polycations, e.g. poly(ethylene imine) (PEI),12 and poly-
amidoamine (PAMAM) dendrimers,13,14 have been proposed for delivering
DNA encoding genes of interest, after formulation of DNA polyplexes, and
increasingly these systems are being modified or optimized for small interfering
ribonucleic acid (siRNA) delivery too. However, for all the ‘‘conventional’’
polycations, the need for strong condensation of a nucleic acid to retain
polyplex stability conflicts with the requirement for unpackaging of the
biotherapeutic at the target site. As a consequence, stimuli- and/or biore-
sponsive polyplexes continue to be a major research goal in many laboratories.

In principle, for successful synthetic gene delivery to take place, the carrier
vectors must inherently have some form of stimuli response. This is because in
order to promote release of complexed NA at target site, the gene carrier must
undergo a change in a property triggered by the environment it is in, which
allows the NA to escape. Typically this change in state is needed to take place as
a function of subtle modifications in the biochemistry at the intended subcellular
location. For instance, it is well known that the pH in the endosome drops to
5.5–6.0, while in the lysosome it can become as low as pH4.5. Because the
endosome is the most likely route for nano-sized polyplexes to be internalized,
the most widely used synthetic vectors have relied on the pH-responsive
polymers that can change their degree of protonation, such as PEI,12

poly(dimethyl amino ethyl methacrylate) (pDMAEMA)15,16 or histidine-rich
peptides.17 This protonation is normally associated with a buffering capacity that
promotes the proton uptake by endosomal ATPases, and an increase in the
concentration of chloride ions. This in turn induces a change in the osmolarity of
the endosome, which, coupled with the swelling of the polymer network due to
internal charge repulsion, leads to the destabilization of the endosomal vesicle.
This phenomenon has become known as the ‘‘proton-sponge’’ effect.18 Other
systems, such as several fusogenic peptides, undergo a pH-dependent change in
hydrophilicity, conferring amphiphilicity, membrane-disruptive properties and
capacity to form pores or destabilize membranes.5 In addition to pH, the change
in glutathione concentration inside cells (approx 100-fold compared to that in
the plasma),19 or the local increase of the temperature in a target tissue,20,21 have
also been considered as biostimuli to enhance gene delivery.
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In this chapter we describe synthetic gene vectors that have been designed to
exploit these subtle changes in physiological conditions for promoting physical
changes in the vector structure and function, leading in turn to an increase in
gene delivery efficiency.

10.2 pH-responsive Polyplexes

As described earlier, most synthetic gene delivery vehicles are pH responsive,
and have the ability to protonate in the endosome to promote efficient transit to
the cytosol and/or the nuclei. The detailed mechanisms of endosomal escape by
pH responsive polyplexes are beyond the scope of this chapter, so we focus
primarily on synthetic gene delivery vehicles that take advantage of changes in
pH to promote specific alterations in properties. These include systems that
decrease in stability through depolymerization or cross-links cleavage, and thus
exhibit a reduction in affinity towards the NA or the loss of a protective corona
layer. This latter effect was reported independently by the groups of Park and
Kataoka for the delivery of oligodeoxynucleotides (ODNs) to mammalian cells
(Figure 10.1). PEG was conjugated to ODN using a phosphoramidate,22 or a
b-thiopropionate,23 and the recovery of the free NA at pH5 could be
monitored using HPLC. An increase in gene knockdown was observed for these
conjugates when compared to a non-cleavable conjugate.24 In order to increase
uptake by HUH-7 cells, lactose was conjugated to the distal end of the PEG
chain,24,25 and growth inhibition of tumor spheroids could be demonstrated
using poly(L-lysine) (PLL) or branched PEI (b-PEI) as polycations to complex
the cleavable PEG-NA conjugates.26 Using the same strategy, the group of
Mahato was able to improve the pharmacokinetic properties of galactose
functionalized PEG-ODN conjugates in rats, without the use of a polycation.27

The same principle was investigated by Wagner et al.28 for the systemic
delivery of pDNA (plasmid cytomegalovirus-luciferase gene reporter, pCMV-
Luc) to severe combined immunodeficiency (SCID) mice. PEG was conjugated
to PLL via a hydrazone linkage (Figure 10.2a), and polyplexes incorporating
b-PEI to aid endosomal escape and transferring (Tf) or epidermal growth
factor (EGF) to increase targeting were prepared. Cleavable polyplexes were
significantly more efficient in transfecting K562, Neuro2 and Renca-EGFR

Figure 10.1 Scheme of a pH-responsive polyion complex (PIC) micelle, indicating
some relevant properties for gene delivery, reproduced from Ref. 24 with
permission from Wiley-VCH Verlag (a), and structures of PEG-ODNs
(b) and pH-sensitive linkage (c).
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cells. In vivo, a 10-fold increase in transfection into SCID mice bearing
subcutaneous HUH-7 hepatocellular carcinoma was observed, when compared
to the targeted non-cleavable shielded and the non-shielded polyplexes. The
same chemistry has been used more recently by Kataoka and coworkers to
prepare PLL-PEG conjugates (Figure 10.2b) that were able to deliver pDNA
containing a luciferase reporter across a wide range of cell lines.29 The authors
suggested that by partially reacting the hydrazides of a poly(aspartic acid)
(p(Asp)) derivative, PEG-(pAsp-hydrazide)-PLL copolymers with a dual pH
response could be obtained. While PLL amines are expected to be permanently
charged during endocytic uptake and processing, hydrazides (pKaB5) will
protonate in the endosome, in a similar fashion to PEI or histidine-rich
peptides, providing gene vectors with a higher capacity to reach the cytosol.

In a related strategy to provide a removable ‘‘corona’’ for gene carriers,
Wagner et al.30 reported the use of pH-sensitive ketal linkers to prepare PEG-
b-PEI conjugates (Figure 10.2c) for the delivery of pCMV-Luc to K562 and
Renca-EGFR cells in vitro, while Li and coworkers described pH-sensitive
PEG-pDMAEMA conjugates (Figure 10.2d), using the same chemistry, that
were able to deliver pDNA to 293T cells.31 In this case, preparing an acid labile
PEGylated atom transfer radical polymerization (ATRP) initiator provides an
easy way to control pDMAEMA chain length in the conjugates. In a similar
fashion, PEG-cholesterol conjugates were synthesized byMiller and coworkers,
using an oxime linker (Figure 10.2e).32 Systemic administration of a liposomal
formulation incorporating these pH-sensitive conjugates to deliver siRNA to
hepatitis B virus (HBV) transgenic mice resulted in up to 3-fold suppression of
markers of HBV replication.

Figure 10.2 Representative pH-sensitive gene vectors. The pH-responsive linkers are
highlighted in red.
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While all of these examples relied on the cleavage of a pH-sensitive linker to
remove the PEGylated corona and increase transfection efficiency once poly-
plexes are internalized, Bae and coworkers employed pH-sensitive block-
copolymers to coat the surface of pDNA/b-PEI polyplexes, increasing in this
way the biocompatibility.33 Poly(sulfonamide) (PSD), a sulfonamide-based
pH-responsive polymer,34 protonates at endosomal pH so that the PEG-PSD
corona is removed inside the endosome. An increase of transfection efficiency
was observed for these coated pH-sensitive polyplexes when transfection of
A2780 carcinoma cells was done at pH6.6.

A similar shielding strategy has been described by Kataoka et al.35 to
improve the transfection efficiency of a di(ethylene imine) derivative of p(Asp),
p(Asp-DET), in HUVEC cells. In this case, positively charged p(Asp-DET) was
reacted with succinic anhydride or cis-aconitic anhydride, to mask its positive
charge and produce negatively charged polymers (Figure 10.3). These
negatively charged polymers were used to coat p(Asp-DET) polyplexes

Figure 10.3 Scheme of a charge-conversion ternary polyplex with an endosome-
disrupting function, and structure of the representative synthetic
components.
Adapted from Ref. 35 with permission from Wiley-VCH Verlag.
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containing a luciferase reporter, resulting in overall negatively charged
particles with high stability in serum and low cytotoxicity, when compared to
non-coated polyplexes. Once internalized, maleic amides degraded at weakly
acidic pH (5.5), unmasking the positively charged amines of p(Asp-DET), and
deshielding the polyplex. In addition, the buffering capacity was significantly
enhanced with the increase in p(Asp-DET) concentration, leading to
endosomal escape and an improvement in transfection when compared to the
non-shielded polyplex.

pH-Sensitive linkers can be employed to improve the biocompatibility of
synthetic gene delivery vectors. For instance, PEI, one of the most widely
adopted synthetic gene delivery vectors for laboratory transfections, has several
limitations: Its high cation content can lead to extremely stable polyplexes, which
may not be able to release the complexed DNA under the slightly acidic
conditions of the endosome, a requisite for efficient delivery. On the other hand,
PEI has a high cytotoxicity, often associated to its membrane disruption
ability.36 Decreasing the molar mass and the degree of branching can reduce
cytotoxicity, normally at the expense of decreasing its transfection efficiency as
well.37 Alternatively, conjugation with neutral polymers such as PEG has been
described as a way to increase PEI biocompatibility and reduce its toxicity.38 In
this regard, Kim and coworkers described cross-linking of low molecular
weight (Mw) b-PEI (1.8 kDa) using glutaraldehyde to generate materials able to
efficiently deliver pCMV-Luc to 293 T cells and A7R5 cells.39 Imine cross-linked
b-PEI could be degraded at endosomal pH (5.4) and resulted in significantly less
toxicity than 25kDa b-PEI with similar transfection efficiencies. A similar
approach was independently reported by the groups of Wagner and Kwon, using
ketals in this case to cross-link PEI.40,41 These pH-sensitive polycations have
shown efficiency in the delivery of both pDNA and siRNA across a range of
mammalian cells.42,43

Rozema et al.44 proposed a masking strategy, using pH-sensitive maleic
amides, to reduce the toxicity of melittin, a cationic membrane-active peptide.
At neutral pH, the lysines of melittin were covalently acylated with
2-propionic-3-methylmaleic anhydride, stopping its membrane disruption
properties. This pH-sensitive conjugate could deliver a phosphorodiamidate
morpholino oligonucleotide (PMO) that allowed for the recovery of luciferase
expression in HeLa-Luc/705 cells.

10.3 Reducible Polyplexes

Under normal conditions, there is a difference in the reduction potential between
the extra-cellular environment and the cytosol,19 which can be used to reduce
disulfide linkages. This reduction has been exploited as a trigger to provide
polyplexes with improved stability and circulation times outside the target cells,
while offering minimized toxicity and controlled delivery once internalized.

Some of these principles were early illustrated by Behr and coworkers, with
the templated complexation of pDNA with a cysteine-based cationic
detergent.45 Using a detergent : pDNA 1 : 1 charge ratio, individual anionic
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pCMV-Luc molecules were cooperatively collapsed into small spherical poly-
plexes (20–30 nm), that were then ‘‘fixed’’ by spontaneous oxidation of the
cysteine moieties. These polyplexes were more stable to serum nucleases than
naked pDNA. On the other hand, the negative charge (–40mV) of these
particles prevented fast uptake by BNL Cl.2 murine hepatocytes, which lead to
marginal gene expression. Transfection efficiency for this type of stimuli-
responsive polyplexes could be improved increasing the N/P ratio to 3 at the
expense of producing larger particles (4500 nm),45 which could be further
improved by tailoring the length of the hydrophobic chain of the detergent
(C10oC14oC16).46 Keeping the size of these polyplexes small, while main-
taining a negative or neutral charge, was considered advantageous in order to
overcome someof the physiological barriers present in vivo. Therefore, the authors
suggested that performing pDNA complexation under thermodynamic control,
using N/P ratios close to 1, would lead to small-size polyplexes. Decoration of the
surface of the particles with targeting ligands such as folate,47,48 or arginine-
glycine-aspartic acid (RGD) peptides,49 led to an increase in uptake that
did not correlate with an increase in transfection efficiency. On the other
hand, the introduction of a transfection helper such as 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE),50 and performing transfection experiments in
the presence of chloroquine led to an expression of pCMV-Luc in endothelial cells
comparable to that of b-PEI control (Figure 10.4).49 A similar templating strategy
was developed by Hagstrom and coworkers for the condensation of pDNA into
particles of small size (o150nm), which were able to induce luciferase expression
inNIH/3T3 cells, with a 100-fold increase in gene expression when comparedwith
similar complexes prepared from non-templated polymers.51

Low Mw peptides derived from Lys residues have been shown to be
active gene delivery vectors, which can be optimized through controlled
synthesis. In order to overcome some of their limitations, such as stability in
blood, the group of Rice reported the preparation of reducible derivatives of
tryptophan-lysine (Trp-Lys19) that could condense pDNA and spontaneously
oxidize to yield stable polyplexes,52–55 in a similar fashion to the cationic lipids
described by Behr and coworkers.49 Several factors such as the number of
cysteine (Cys),52 length of the peptide,53 the presence of histidine as a buffering
residue to promote endosomal escape,53 the strength of the S-S bond,55 the
presence of D-aminoacids55 or the introduction of targeting ligands were
investigated.55 In general, reducible polyplexes were more stable against
sonicative shear than those prepared with the parent compound, with
increasing stability as a function of the number of cross-links, and polyplex
sizes could be kept below 100 nm. Cys-Lys4-Cys was the smallest peptide able
to produce stable polyplexes with efficient transfection activity in vitro, while
the presence of histidine residues allowed for transfection in the absence of
chloroquine. Targeting to hepatocytes in vivo could be achieved using a
combination of a cross-linkable peptide that incorporated a glycan as a
targeting ligand, a PEGylated peptide and a backbone peptide. In addition, the
half-life of DNA in the liver could be extended up to 2 h using a backbone
peptide composed of D-amino acids.55
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Figure 10.4 Templated complexation of pDNA with 1 equivalent of cysteine-based cationic detergent (1) in the presence of DOPE and
integrin-targeting lipid (3). Polyplexes are stabilized by oxidation of the detergent into a lipid-like molecule 2, leading to stable
and cRGD-decorated DNA complexes.
Adapted from Ref. 49. Copyright (2009) American Chemical Society.
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A similar strategy has been employed by the groups of Preece and Seymour
to produce reducible gene delivery vehicles. In this approach, using
Cys-Lys10-Cys as the parent peptide, linear reductively cleavable polycations
(RPCs) were prepared in a first step by oxidative condensation, which were
then used to complex pDNA at different N/P ratios.56,57 Factors such as
polymer length,56 peptide length,58 presence of histidine residues58–60 and pKa

of the starting peptide60 were thoroughly investigated (Figure 10.5). In all cases,
the authors showed that the enhancement in gene expression by these RPCs is
related to intra-cellular levels of glutathione, which is the major endogenous
antioxidant produced by the cells, confirming the responsiveness of the
materials. These systems are able to deliver not only pDNA but also
siRNA,58,59 which due to its smaller size and its mode of action requires gene
vectors different from pDNA. Introducing histidine residues allows for trans-
fection to be performed in the absence of reagents to facilitate endosomal
escape such as cationic lipid 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) or chloroquinone. In order to produce neutral polyplexes with
increased potential for in vivo applications, the authors coated some of the
polyplexes with an amine reactive poly(2-hydroxypropylacrylamide)
(pHPMA), introducing basic fibroblast growth factor (bFGF) to improve
uptake by human retinoblastoma 911 cells.56 Targeting can be performed
alternatively using a peptide derived from Plasmodium falciparum circum-
porozoite protein, which is attached to the terminal end of the RPCs and allows
not only for an increase in uptake, but for selectivity towards hepatocytes.59

These peptidic RPCs have been recently described by Fabre et al.61 as useful
synthetic vectors to deliver pDNA to HUH-7 and HeLa cell lines and to

Figure 10.5 Structure of polypeptidic linear reducible cleavable polycation (RPC)
vectors incorporating histidine residues for endosomal escape, and
scheme of their response once internalized.
Reproduced from Ref. 60 with permission of The Royal Society of
Chemistry.
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post-mitotic rabbit corneal endothelial cells using luciferase as a reporter. PLL
or non-reducible polyplexes were unstable in the presence of negatively charged
fusogenic peptides based on the amino terminus of the hemmaglutinin subunit
2 (HA2) moiety of influenza virus hemagglutinin.62,63 On the other hand,
reducible polyplexes could be coated with these fusogenic peptides, leading to
increased endosomal escape and higher transfections.

The group of Oupicky has reported a similar strategy to prepare polyplexes
based on TAT-peptide, the amino acid residues 47–57 of the transactivating
transcriptional activator protein from human immunodeficiency virus (HIV-1).
This peptide has the ability to translocate across cell membranes in a receptor-
and temperature-independent manner, making it a good candidate to inves-
tigate gene delivery vehicles.64,65 Luciferase expression in B16F10, HeLa and
EA.hy926 cell lines for TAT-based polyplexes was strongly dependent on the
presence of chloroquine, suggesting uptake via an endosomal route and a
reduced capacity to escape the endosome for these vectors when compared to
b-PEI.66 In a similar fashion, Oupicky and coworkers reported RPCs
containing different ratios of a histidine-rich peptide and nuclear localization
sequence peptide to modulate intra-cellular trafficking of transfected siRNA
and primary RNA transcripts (pri-miRNA). This way, RNAs could be
delivered to the nuclei with low toxicity.67

As described earlier, low Mw linear PEI (l-PEI, 800–2000Da) has
significantly fewer cytotoxic effects than high Mw b-PEI (f.i. 25 kDa), but its
ability as gene delivery vector is limited, probably because of its reduced size,
which leads to a lower capacity to compact NAs into well-defined polyplexes.
In order to improve the potential of lowMw l-PEI, Lee and coworkers reported
that cross-linking of l-PEI (800Da) with reducible linkers (Figure 10.6) could
increase its transfection efficiency in CHO cells, using pCMV-Luc as a
reporter.68 Transfection, depending on the cross-linking reagent, the extent of
conjugation and the N/P ratio, could be increased up to similar levels compared
to those of 25 kDa b-PEI, while retaining biocompatibility. In a related work,
Goepferich et al.69 reported cross-linking of l-PEI (2 kDa) using a similar
strategy and evaluated its transfection efficiency across seven different cell lines
using enhanced green fluorescent protein (EGFP) as a reporter. The same
polymers were later employed to complex siRNA and reduce EGFP expression
in CHO-K. Uptake of reducible polyplexes was lower than for b-PEI, but their
responsiveness allowed for better transfection efficiencies.70 A similar strategy
has been recently employed by the group of Yeo to deliver pEGFP or pBR322
to NIH/3T3 and M109 cells lines.71 Reducible cross-linked l-PEI (2.5 kDa) was
able to condense pDNAs into small polyplexes (approx. 100 nm) that were
coated with hyaluronic acid to yield neutral polyplexes with high transfection
efficiencies in the presence of serum proteins.

In order to prepare synthetic gene delivery vectors with low toxicity a series
of closely related polymers based on N,N0-cystaminebisacrylamide have been
reported by the groups of Engbergsen, Wan Kim, Oupicky and Cho.72–80

Michael addition of different primary amines to the acrylamide moieties in
N,N0-cystaminebisacrylamide yielded reducible gene delivery vectors. This
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Figure 10.6 Synthesis of reducible b-PEI using reducible cross-linkers.
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approach can be easily modified and allows for the introduction of different
functionalities, such as secondary amines and imidazoles with buffering
capacities,73–75,80 alcohols and ethers,74 or aliphatic primary amines to increase
DNA binding affinity.76 Reducible polymers based on 1,6-diaminohexane
were able to deliver prostaglandin E2 (PGE2)-modified siRNA promoting
Fas gene silencing and inhibition of cardiomyocyte apoptosis in vitro,77 while
those based on spermine were able to deliver pEGFP to the lungs of ICR mice.80

For synthetic gene delivery vectors to be successful in the clinic, not only
should they be stable towards polyion exchange and nucleases, but aggregation
in the presence of serum proteins should be prevented. As described earlier, this
can be achieved by using polyplexes with neutral or negative surface charge.
The group of Kataoka proposed the application of double hydrophilic block
copolymers incorporating a cationic block that can effectively induce
complexation of negatively charged polymers such as pNAs, to form core-shell
type polyplexes with a hydrophilic corona, also known as polyion complex
(PIC) micelles. PEG was chosen as the hydrophilic corona based on its
biocompatibility and low toxicity and, in this way, PIC micelles using PLL as
the cationic polymer and pDNA were prepared.81 In order to improve the
stability of the polyplex towards the extra-cellular environment, and induce the
release of the pDNA once internalized, the core of the polyplex was reversibly
cross-linked using two different disulfide cross-linkers. Transfection was
dependent on the degree of cross-linking, and PIC micelles from pDNA82 or
siRNA were reported.83 Also, the authors showed that depending on the degree
of cross-linking, a specific N/P ratio has to be chosen to get small well-defined
polyplexes.84 In order to promote uptake and enhance luciferase expression in
HeLa cells, RGD peptides were conjugated to the surface of the PIC micelles.85

Using VEGF as the targeting ligand, and choosing the right degree of cross-
linking to allow enhanced stability and sustained release, antiangiogenic pDNA
could be delivered in vivo to the tumor vasculature of a subcutaneous
pancreatic tumor model implanted in Balb/c nude mice.86

Reducible linkers have also been described as useful moieties to promote
removal of components that can limit transfection efficiency once polyplexes
are internalized. Seymour et al.87 reported coating of reducible polyplexes made
from small l-PEI-based RPCs with p(HPMA) using a reducible bond. This
way, the p(HPMA) corona was removed once internalized, leading to an
increase in transfection of A549 cells with pGL3 when compared with a non-
reducible coating. Kataoka and coworkers reported a similar strategy to
conjugate PEG to a di(ethylene imine) derivative of p(Asp) via a reducible
linker, and efficiently transfect HeLa cells with pGL3 luciferase reporter in the
presence of serum and without the need of chloroquinone.88

Conjugation of small NAs, such as siRNA or antisense oligodeoxynucleotide
(asODN), to PEG via a reducible linker can provide a way to improve their
pharmacokinetic properties in a reversible manner. This was illustrated by the
group of Kataoka with the conjugation of PEG to asODN (Figure 10.7), which
was then complexed with b-PEI or PLL to yield PIC micelles with a removable
PEG corona. These polyplexes were able to reduce luciferase expression in
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HUH-7 cells to a greater extent than a non-reducible PEG-asODN-b-PEI
polyplex.89 Using a similar approach, the same group has recently reported
reducible PEG-siRNA conjugates that were used to template the precipitation
of calcium phosphate into well-defined nano-sized hybrid particles with similar
effects in luciferase expression in HUH-7 cells.90

The group of Park has reported closely related polyelectrolyte complexes of
reducible PEG-siRNA to knockdown VEGF expression.91 Using b-PEI to
complex the PEG-siRNA block copolymer, well-defined polyelectrolyte
complexes micelles were produced that could provide protection for siRNA
in vivo, without significant induction of siRNA-mediated immunostimulation.
Passive targeting to the tumor site leads to successful suppression of tumor growth
of prostate cancer cells in female mice.92 Alternatively, KALA, an amphipathic
peptidewith endosomal disruptive properties,93was used to complex PEG-siRNA
conjugates. Similar gene inhibition to that exhibited by b-PEI/siRNA could be
observed with lower toxicity.94 Additionally, using a KALA derivative modified
with cysteine residues at both termini, RPCs were produced that could complex
the reducible PEG-siRNA conjugates and yield polyplexes with increased stability
against heparin, which was used as a model polyion.95

Because of its reduced size when compared with pDNA, polyplexes made
with siRNa are more susceptible to exchange with large polyions leading to
higher instability in vivo. Increasing the overall length of the siRNA by the
introduction of overhangs96 has been proposed to improve its stability. The
groups of Kwon and Park independently reported the polymerization of thiol-
modified double-stranded siRNAs as a way of reversibly increasing the molar
mass of the siRNA without affecting its final properties.97,98 Polymerized
siRNA was complexed with b-PEI, resulting in polyplexes more stable against
polyanion displacement and RNAses in serum. In addition, polyplexes made
with reducible polymerized siRNA were able to induce greater gene
knockdown in different cell lines.

A different way to increase reversibly the length of siRNA has been reported
by Kataoka et al.99 To produce multimeric siRNA, a thiol derivative was
conjugated to the backbone of p(Asp) using a reducible linker, and then was
complexed with a di(ethylene imine)-p(Asp) derivative, similar to that
previously reported by the same group.88 In such a way, molar mass was

Figure 10.7 Schematic illustration of a reducible PIC micelle and some of its relevant
properties for gene delivery.
Reproduced from Ref. 89. Copyright (2005) American Chemical Society.
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increased without the need to conjugate to an antisense strand, as in the
previous two examples. These polyplexes showed a potent inhibition of luci-
ferase expression in B16F10-Luc cells without cytotoxicity or immunogenicity.

10.4 Thermo-responsive Polyplexes

The application of temperature to control the delivery of NAs was first
introduced by Yokoyama, Okano and others with the delivery of pDNA
(pCMV-lacZ) to COS-1 cells by poly(N-isopropylacrylamide (NIPAAm)-
co-2-(dimethylamino)ethyl methacrylate (DMAEMA)-co-butylmethacrylate
(BMA).100,101 The ability of random copolymers of NIPAAm and DMAEMA
to complex pCMV-lacZ and deliver it to NIH/OVCAR-3 cells had already been
reported by Hennink and coworkers,102 but the effect of changing the
temperature in transfection was not investigated at that point. In their work,
Yokoyama et al.103 introduced BMA as a comonomer in order to decrease the
lower critical solution temperature (LCST) of the polymer to 21 1C, and to
improve transfection efficiency. Transfection with thermo-responsive poly-
plexes showed increased b-galactosidase activity, when a hypothermic shock
(3 h at 20 1C) was introduced halfway through the incubation of cells under
normal conditions (37 1C) (Figure 10.8). This effect was not observed in the case
of p(DMAEMA), which showed reduced transfection upon cooling, probably
due to a lower metabolic activity at lower temperature. The authors also
showed that the timing of the hypothermic shock was important, and an
incubation time at 37 1C prior to lowering the temperature was needed, in order
to prevent delivery of encapsulated pDNA before uptake of the polyplexes by
the cells. It was also concluded that complexes formed at temperatures above

Figure 10.8 Effect of incubation temperature and temperature cycle on gene
expression using p(NIPAAm-co-DMAEMA-co-BMA) as the gene
vector. *Po 0.01, **Po 0.001.
Reproduced from Ref. 100 with permission of Elsevier.
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the LCST increase transfection efficiency probably due to the formation of
tighter complexes, which are taken up more efficiently by cells with a lower
degree of enzymatic DNA degradation.

Thermo-responsive polymers have also been conjugated to PEI in order to
reduce its toxicity and modulate gene transfection as a function of the
temperature. For instance, the group of Pis-kin reported the synthesis of
PEI-g-pNIPAAm, by attaching acid-functionalized pNIPAAm to the terminal
amine of PEI.104 As PEI toxicity and transfection efficiency are known to
depend on the Mw and branching of PEI, the authors modified 2 and 25 kDa
b-PEI and 25 kDa l-PEI to yield polymers with LCSTs in the 35–40 1C range.
While b-PEI (25 kDa) showed the best results in terms of uptake by HeLa cells
of a green fluorescent expressing plasmid (pEGFP-N2), complexes prepared
with l-PEI (25 kDa) showed the highest transfection efficiency without inducing
significant toxicity. l-PEI-g-pNIPAAm was latter evaluated with smooth
muscle cells, and its transfection efficiency improved by introducing a hypo-
thermic shock (28 1C for 45min) after an initial incubation at 37 1C.
Preliminary in vivo evaluation of both b-PEI and l-PEI (25 kDa) polyplexes
with 5-week old female nude mice revealed that, by cooling the injection area,
the amount of GFP expressed subcutaneously could be increased.105

Polycationic systems of this class have been employed in order to understand
what ‘‘design’’ elements govern efficiency in the delivery of DNA. For
this purpose, a PEI-g-pNIPAAm derivative (LCST 32 1C) and several
poly(DMAEMA-co-NIPAAm-co-hexyl acrylate (HA)) copolymers (LCST
ranging from 22 to 50 1C) were prepared and compared to b-PEI (25 kDa).106

Gel retardation experiments showed that, while b-PEI-g-pNIPAAm had a
higher affinity for pX61 at temperatures higher than the LCST, high Mw
p(DMAEMA-co-NIPAAm-co-HA) copolymer showed reduced affinity above
the LCST. All polymers showed toxicity to C2C12 cells, but this toxicity was
significantly reduced when the polymers were complexed with pX61 (N/P 2–4),
except in the case of the high Mw p(DMAEMA-co-NIPAAm-co-HA)
copolymer.107 In addition, all polymers were able to promote fast uptake of
YOYO-1 labeled pX61, but only b-PEI-g-pNIPAAm was efficient in trans-
fecting a plasmid encoding GFP in this cell line. This complex showed enhanced
GFP expression when a period of 1 h transfection below the LCST was
introduced, in agreement with Pis-kin’s and Yokoyama’s observations.103–105

Lower molar mass NA such as ODN or siRNA can be synthetically
prepared, which allows for covalent conjugation as an alternative for polyplex
preparation. This was the strategy taken up by Maeda et al.108,109 for the
delivery of a synthesized ODN containing the antisense sequence for the
ribosomal binding site of the mRNA encoding EGFP. 30- and 30,50-Meth-
acryloyl-modified ODNs were independently copolymerized with NIPAAm
(1 : 4000 ratio) and antisense activity evaluated as a function of temperature.
Interestingly, the copolymers were unable to inhibit the expression of EGFP
unless the temperature was decreased to below the LCST of the polymer (33 1C,
assay performed at 27 1C). It was proposed by the authors that the polymer
would collapse above the LCST shielding the ODN and preventing the
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ribosome from binding to the antisense sequence. In addition, 30,50 derivatives
provided a better shielding and protected ODN from nucleases at 37 1C.

All of these examples show the potential that thermo-responsive gene
delivery vehicles have for the smart delivery of NAs. However, they all rely on
local hypothermia, which is difficult to achieve in vivo with high spatial
resolution. On the other hand, locoregional hyperthermia, that is, the local
increase of the temperature in a target tissue, is an approved method to improve
drug delivery, especially in tumors.20,21 Selective heating of the tissue, among
other effects, increases the blood flow and the permeability of the area allowing
for the extravasation of macromolecules. It was reasoned by Wagner and
coworkers that, by designing PEI-g-PNIPAAm copolymers with LCSTs
between 37 and 42 1C, improved transfection efficiencies should be obtained,
without the induction of hyperthermic associated toxicity. By applying short
hyperthermic cycles (30min at 42 1C followed by 30min at 37 1C, up to four
cycles) luciferase expression in Neuro2A cells could be enhanced almost two
orders of magnitude when compared to cells transfected at physiological
temperature.110 The authors showed that hyperthermic shock had a bigger
impact in transfection when applied during incubation, with marginal effect on
the uptake of the polyplexes. Based on these observations, the authors
suggested that thermo-responsive polyplexes were probably taken up as larger
particles when the temperature was increased, in agreement with the aggregation
experiments done in the absence of cells. These larger aggregates led to bigger
quantities of PEI trapped in the endosome, so that endosomal disruption by the
proton sponge effect was more likely to happen, leading to higher transfection.
Similar effects were observed in A/J mice bearing a syngeneic Neuro2A neuro-
blastoma tumor subcutaneously.111 Hyperthermic treatment of the tumors right
after intra-peritoneal injection of the polyplexes improved pDNA accumulation
in the tumor tissue, improved luciferase expression and, interestingly, improved
selectivity towards the tumors, for those thermo-responsive polyplexes.
However, these polyplexes still showed reduced gene expression when compared
to PEI complexes, probably arising from the fact that they tend to form
irreversible aggregates with sizes in the mm range. Therefore, they accumulate in
the tumor vessels, but are not as likely to diffuse into the tumor tissue.

While some of these reports approach thermo-responsive delivery of NAs
in a variety of ways, several common conclusions can be drawn (Figure 10.9):
i) preparing thermo-responsive polyplexes above the LCST provides tighter
complexes and improved shielding of the complexed NAs; ii) temperature
above LCST seems to have a positive effect on thermo-responsive polyplexes
uptake, probably by promoting passive endocytosis of larger particles, and
increasing the amount of polycation ‘‘loaded’’ into the endosome; and iii)
incubation of thermo-responsive polyplexes within cells at temperatures below
the LCST provides a mean to weaken NA-polymer interactions within the
endosome. As a result, polycations are able to act as proton sponges, leading to
endosomal disruption and allowing endosomal escape. In addition, weaker
NA-polymer interactions are expected to lead to higher accessibility for tran-
scription enzymes.
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Figure 10.9 Schematic view of the mode of action of thermo-responsive polyplexes.
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Following these principles, other polycationic carriers such as chitosan,112,113

polyarginine114 and thermo-responsive polymers such as pluronics115,116 or
poly([2-(2-methoxyethoxy)ethyl methacrylate] copolymers117,118 have also been
investigated.

10.5 Other Stimuli-responsive Polyplexes

The group of Rotello developed a light-regulated system to release DNA in
mouse embryonic cells.119 Positively charged dimethylethylammonium moieties
were conjugated to the surface of the nanoparticles using an o-nitrobenzyl ester
linkage. o-Nitrobenzyl ester is a biocompatible photolabile group, that has
long-term stability under ambient light, but can be removed quickly and
efficiently by UV light (4350 nm) with low side effects on biological
systems.120,121 This way, the surface charge of the nanoparticles could be
changed to negative, leading to destabilization of the DNA-nanoparticle
complex and release of the DNA (Figure 10.10).

Using light cleavable (6-nitropiperonyloxymethyl)-caged thymidine
residues,122 a masking strategy was developed by Dieters et al.123 to control
luciferase expression in mouse fibroblasts. A phosphorothioate DNA antisense
agent, previously reported to target the Renilla luciferase reporter gene,124 was
modified with three or four light-responsive phosphorothioates, and luciferase
expression in NIH or 3T3 mouse fibroblasts measured before and after brief
UV irradiation at 365 nm. Luciferase expression was significantly reduced for
those antisense DNAs with cleavable residues and spatial control over gene
expression could be achieved.

A different response to light was investigated by Lee and coworkers in the
delivery of asODNs to block expression of EGFR2 in breast carcinoma
cells.125 asODNs were hybridized onto ODNs immobilized on the surface of
gold nanorods. Controlling the aspect ratio (3.5) the absorption of gold
nanorods could be tuned to the near infrared (NIR) wavelength range

Figure 10.10 Schematic illustration of the release of DNA from light-responsive nano-
particles uponUV irradiation within the cell. The insert shows a scheme of
light-induced charge inversion on the surface of the nanoparticles.
Adapted from Ref. 119 with permission of Elsevier.
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(758 nm) so that upon excitation of the particles with a laser, minimal
disruption of the carcinoma cells was caused. Local heating around the gold
nanorods during laser excitation triggered melting of the dsODN and release
of the asODN in a spatially controlled fashion. A similar strategy was
employed by Reich et al.126 for the knockdown of GFP expression in mouse
endothelial cells C166-GFP. In this case, dsRNA was immobilized onto 40 nm
gold nanoparticles, and then coated with a TAT-modified lipid, in order to
improve uptake and endosomal escape. The S-Au bond is cleaved upon laser
excitation at 800 nm, leading to the release of the RNA and efficient gene
inhibition with spatial control.

10.6 Dual Responsive Polyplexes

Possibly the best approach to achieve virus-like behavior, and therefore
similar transfection efficiencies to viral systems, is the combination of more
than one stimulus in the delivery of NAs. In this regard, Rozema and
coworkers reported the combination of pH and reducible stimuli for the
delivery of siRNA to hepatocytes in vivo;127 namely, conjugation of siRNA
to the backbone of an amphipathic poly(vinyl ether) via a disulfide bond. The
primary amines in the polymer backbone were masked using a PEGylated
carboxy dimethylmaleic anhydride, to increase circulation time, and an
N-acetylgalactosamine carboxy dimethylmaleic anhydride derivative, to
improve hepatocyte targeting. As a consequence, the activity of the polymer
was masked until it reached the endosome, where pH-sensitive maleic amides
degraded, promoting endosomal escape and the delivery of the siRNA under
the reducing conditions in the cytosol. The efficiency of gene knockdown was
assessed using two endogenous genes in mouse liver, apolipoprotein B (apoB)
and peroxisome proliferator-activated receptor alpha (ppara), leading to
clear phenotypic changes such as reduction in serum cholesterol by apoB
knockdown, and significant increase in serum triglycerides after delivery of
ppara siRNA polyconjugate. A similar strategy was employed by Wagner
et al.128 for the delivery of siRNA to Neuro2A-eGFPLuc cells. In this case,
melittin was conjugated to a PEGylated polycation (PLL or PEI) via a
reducible linker and its membrane activity masked using maleic amides. This
way, luciferase expression could be efficiently inhibited even in the case of
PLL, which has no endosomal activity on its own.

The synthesis of virus-like particles that incorporate pH-sensitive and
reducible moieties for the delivery of pDNA (gWIZ-Luc) in vitro has recently
been reported.129 Reducible polyplexes made from peptidic RPCs were
coated with pH-responsive polymers, bearing acetal linkers (Figure 10.11).60

Once internalized by A549 and bEND.3 cells, pH-sensitive coatings were
degraded leading to increased luciferase expression when compared to non-
pH-sensitive coated polyplexes. This approach proved highly modular, with
the ability to tune peptide affinity towards DNA and their endosomal
activity, the stability of the pH-sensitive coating or the introduction of
targeting ligands to improve uptake, opening the path to gene delivery
vectors with viral-mimetic activity. A similar strategy has recently been
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described by Shi and coworkers for the delivery of pDNA to 293T cells
in vitro.130 Lys15 peptides were PEGylated via a reducible linker, and the
resulting conjugates cross-linked with glutaraldehyde. The imine cross-linked
polyplexes could be degraded under the acidic conditions of the endosome,
leading to transfection efficiencies similar to b-PEI, as measured using a
luciferase and a GFP reporter.

10.7 Conclusions

In this chapter we have selected some examples that demonstrate the breadth and
depth of studies into bioresponsive polyelectrolyte complexes for nucleic acid
delivery. There has been considerable progress in refining the chemistries of these
systems to respond to a variety of biological stimuli, and similar improvements in
pharmaceutical formulation strategies such that nucleic acids can bepackaged and
released with high efficiency. At the same time, there have been advances in the
study of biological pathways and processingmechanisms and, although the details
of trafficking routes such as those leading from endosomal uptake through to
cytosolic release are still not completely understood, there is nevertheless much
new insight fromwhich pharmaceutical scientists can gain inspiration. It should be
stressed that, at present, none of the bioresponsive polyplexes described can
outperform viral gene vectors in terms of improved transfection efficiency,
although synthetic systems do have the advantage of non-infectivity. Improved
understanding of the mechanisms by which these new gene carriers operate will
greatly facilitate the design of ‘‘next-generation’’ materials, which combine the
design-in properties of synthetic systems with improved transfection, and perhaps
scale-up to practical use in the clinic.

Figure 10.11 Schematic view of reducible polyplexes with pH-cleavable coatings.
Reproduced from Ref. 129. Copyright (2012) American Chemical
Society.
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Cell Lines Mentioned in this Chapter

Organism Designation Details

Human 293T Kidney Epithelial
Human 911 Retinoblastoma
Human A2780 Ovarian Epithelial Carcinoma
Human A549 Epithelial Lung Carcinoma
Human EA.hy926 Endothelial
Human HeLa Cervical Epithelial Carcinoma
Human HUH-7 Hepato Cellular Carcinoma
Human HUVEC Endothelial
Human K562 Erythromyeloblastoid Leukemia
Human NIH/OVCAR-3 Endothelial Ovariy adenocarcinoma
Mouse B16F10 Epithelial Melanoma
Mouse bEND.3 Brain endothelioma
Mouse BNL Cl.2 Hepatocytes
Mouse C166 Endothelial
Mouse C2C12 Muscle Myoblast
Mouse CHO-K Ovarian Epithelial
Mouse M109 Lung Carncinoma
Mouse Neuro2 Neuroblastoma
Mouse Neuro2A Neuroblastoma
Mouse NIH/3T3 Fibroblast
Mouse Renca Renal Cortical Adenocarcinoma
Rat A7R5 Muscle Fibroblast
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105. M. Türk, S. Dinçer and E. Pis-kin, J. Tissue Eng. Regener. Med., 2007,

1, 377.

280 Chapter 10

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
7.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
02

56
View Online

http://dx.doi.org/10.1039/9781849736800-00256


106. B. R. Twaites, C. de Las Heras Alarcón, D. Cunliffe, M. Lavigne,
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CHAPTER 11

Advances in Drug-delivery
Systems Based on Intrinsically
Conducting Polymers

MANISHA SHARMA,a DARREN SVIRSKISa AND
SANJAY GARG*b

a School of Pharmacy, Faculty of Medical and Health Sciences, University of
Auckland, New Zealand; b School of Pharmacy and Medical Sciences,
University of South Australia, Adelaide, Australia
*Email: Sanjay.Garg@unisa.edu.au

11.1 Introduction

Intrinsically conducting polymers (ICPs) are organic polymers with unique
capabilities including the conductance of electricity. In 2000, the Nobel Prize in
Chemistry was awarded to Heeger, MacDiarmid and Shirakawa for the
pioneering work they achieved discovering and developing ICPs in the late
1970s. In over three decades since, research into the properties and abilities of
these materials has exploded. There has been a movement of late from
fundamental science into more applied areas, with ICPs finding use in inte-
grated circuits, light-emitting devices, electromagnetic shielding, antistatic
coatings, corrosion inhibitors, functional coatings, field effect transistors and
sensing devices.1,2 ICPs have been used in the biomedical setting as biosensors
and devices for nerve regeneration and wound healing, and have an increasing
interest as components in drug-delivery systems (DDS).3–5 The contribution
this group of materials can make to drug delivery is the ability to electrically
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tune drug release rates depending on patient need. The release of drugs from
ICP-based DDS can be modified using electrical signaling to alter the redox
state of the ICP, which leads to subsequent changes in polymer charge and
volume.5 Polypyrrole (PPy) is the most investigated ICP for drug-delivery
purposes; however, other ICPs including PPy derivatives,6 polyanaline (PANI)7

and PEDOT (poly(3,4-ethylenedioxythiophene))8 have also been used.

11.2 Polymerisation

ICPs are polymerised through oxidation of monomer units. Oxidation, as
represented in Figure 11.1, can be achieved either chemically or elec-
trochemically. An increasing range of monomers and functionalised monomers
have been used to form various polymers with different properties.2 The final
polymer product is not only the result of the monomer selected, but is also
influenced by the dopant anions used (A�), the rate and extent of poly-
merisation, the concentration of reactants, temperature, stirring and the
physical setup of the electrochemical cell.9

Common chemical oxidants include ferric chloride and ammonium
persulfate. However, it is difficult to control the rate and extent of poly-
merization chemically, and often electrochemical approaches are used. By using
a set current to cause oxidation, the rate and the extent of polymerization are
controlled by the magnitude and the time interval that the current flows for,
respectively. Keeping other parameters constant, more rapid polymerization
results in relatively irregular polymers, with rougher surfaces, more porous
structure and lower densities.10–12 For drug-delivery purposes, polymerization
conditions must be optimized not only for drug loading, but also to provide
ideal polymer morphology as this will influence the mobility of drug in the
polymer and the release profiles. Although the efficiency of electrochemical
oxidation is less than 100%, the total amount of current passed during poly-
merisation will dictate the quantity of polymer formed. This can provide a
rough estimation, and efficiency appears to change with the total thickness of
polymer produced, but reported estimates of charge density of 240mC cm�2 to
600mC cm�2 are required to produce a 1 mm thickness of PPy.12–14

To create an electrochemical cell for polymerization either two or three
electrodes can be used; a working electrode, a counter electrode and optionally
a reference electrode. Both the working and the counter electrodes should be
clean, inert materials so as not to take part in any electrolysis reaction them-
selves. The working electrode surface is the site of polymer formation, and the
surface material can influence the initial polymerization reaction. However,

Figure 11.1 Polypyrrole polymerization.
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while this influences very thin polymer films, the influence of the material is lost
in the formation of thicker films, as the newly forming polymer is laid down on
the existing polymer.15 Ideally the voltage generated in the cells is monitored
using a reference electrode (commonly a silver/silver chloride or saturated
calomel electrode), to ensure the polymer is not exposed to too large a voltage.
Excessive voltage results in overoxidation and subsequent loss of conductivity
and reversible redox activity.14,16 During synthesis, solutions are usually left
unstirred, since stirring can negatively influence the deposition of insoluble
oligomer units onto the growing polymer film.17

As displayed in Figure 11.1 the newly formed polymer is in the oxidized form
with positive charges distributed along the backbone, with a single positive
charge every three to four subunits.18–21 These positive charges must be
balanced by anionic dopant molecules for the successful formation of the
polymer. The dopant anion selected will have a major influence on the
morphology, properties and the function of the polymers produced.17,18 For
example, keeping other variables constant, the same PPy films prepared with
chloride ions (Cl�) were two to eight times thicker than those prepared using
p-toluene sulfonate (pTS) or poly(styrene sulfonate) (PSS), with PPy-Cl having
the roughest surface and PPy-PSS the smoothest surface.22

11.3 Properties

11.3.1 Conductivity

ICPs, as the name suggests, conduct electricity. The degree of conductivity
usually falls into the range commonly associated with the semi-conductors. The
conductivity is due to the uninterrupted p-conjugated backbone. The level of
conductivity is variable and ultimately it depends on mobility of the electrons to
carry charge along the polymer.1,23 In the oxidized state, electrons have been
removed from the ICP backbone leaving ‘‘holes’’. Surrounding mobile
electrons are able to move into these holes effectively shifting the hole along the
polymer backbone explaining the resultant conductivity. The regularity and
degree of branching of the polymer backbone are, therefore, major deter-
minants to conductivity.

11.3.2 Stability

Various ICPs display differing levels of stability. PPy is regarded as
relatively stable in the oxidized form.17,18,24 There are very few reports on the
stability of ICP based DDS,25 and this is an area that will require more
in-depth investigation in the future. Conductivity has been used as a marker for
stability.26–29 The dopant used influences stability; PPy films prepared with pTS
have been shown to be more stable than PPy prepared with ClO4

�, BF4
�,

NO3
�26 or with dodecyl sulfate.27 Temperature plays an important role in

environmental breakdown. With increasing temperatures, conductivity has
been shown to reduce in shorter time periods.26,28,29 Truong et al.27 found that
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for PPy-pTS stored at 150 1C in air, the conductivity began to fall immediately.
However, when the same polymer films were stored in oxygen-free environment
at 150 1C there was no decrease in conductivity after 3 days. Subsequent
introduction of oxygen resulted in an immediate decline in conductivity. The
reaction between PPy and oxygen seems to be accelerated at high temperatures,
leading to an irreversible loss of conjugation and consequently of conduc-
tivity.26 This has been examined by FTIR where the appearance of a band at
1690 cm�1, characteristic of a, b-unsaturated ketones, indicates the irreversible
oxidation at the b0-position of PPy.30

11.3.3 Biosensing

ICPs biosensing capabilities are constantly being developed.3,31,32 Immobilized
enzymes on ICP films form amperometric biosensing devices with the ability to
signal a concentration-based response to glucose,33–35 cholesterol,36 lactate37 or
urea.38 Looking forward, it may be possible to combine the biosensing and the
drug-delivery capabilities of ICPs, creating a single material with the ability to
self-tune the rate of drug release as a function of a sensed change in the local
environment.39

11.3.4 Solubility

While oligomers of ICP monomers may be soluble, the polymer products are
almost always insoluble due to strong inter- and intra-molecular forces.23

However, soluble PPy can be produced through chemical polymerization by
doping with sulfate anions.40 Chemical modification of the monomer units has
also been used to produce PPy with limited solubility.41 These approaches have
resulted in solubility in some organic solvents, however the polymers remain
insoluble in water.

11.4 Characterization

Several techniques are frequently utilised to characterize ICPs including
Infrared and Raman spectroscopy, Atomic Force Microscopy and Cyclic
Voltammetry. Here we briefly discuss these techniques and how they can be
used to assess the ability of ICPs to act as DDS.

11.4.1 Infrared (IR) and Raman Spectroscopy

Infrared (IR) and Raman spectroscopy are complementary techniques that are
used to examine the vibration, stretching and bending of intra-molecular
bonds. These techniques allow for ICP identification,12,42–44 can give an indi-
cation of doping levels45,46 and can be used to detect overoxidation of PPy,44

and enable the identification of dopants or other molecules that may be present
in the ICP.12,42,44,47
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11.4.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a useful surface probing technique that
has been utilised to assess both the surface characteristics and volume changes
in ICP films.5,48–51 The surface features are important as they can influence
drug release and biological interactions, including cell adhesion.22 Out-of-plane
volume changes of PPy films have been linked to drug release5 and, therefore,
the assessment of this feature by means of AFM is highly useful.

11.4.3 Cyclic Voltammetry

Cyclic Voltametry (CV) is an electrochemical technique used to assess
reversible electroactivity and to determine the potentials at which the redox
state of the polymer can be switched. During CV analysis, the potential is
increased or decreased between two set points, at a predetermined scan rate,
while the current is measured. By constructing potential vs. current plots, useful
information can be extracted. When a redox active material or species,
including an ICP, is examined, peaks may be observed correlating to oxidation
or reduction processes. A peak represents current flow into or out of the
material, indicating reduction or oxidation, respectively. By integrating the
area under each peak, the amount of charge passed during the redox process
can be calculated. The peak’s position roughly indicates the potentials at which
oxidation or reduction occurs. As a change in the redox state can be utilized to
trigger drug release, this technique provides information on the potentials
required to force such a change. An ideal reversible system exhibits very little
difference between the potential at which oxidation and reduction occur.52

However, ICPs typically show significant separation between broad oxidation
and reduction peaks (Figure 11.2).16

11.5 Biocompatibility

For biomedical applications the biocompatibility of ICPs must be considered.
Polypyrrole is the ICP that has been most widely investigated for biomedical
applications and is regarded as biocompatible.3,47 As ICP synthesis requires the
presence of anionic dopants, it is not only the biocompatibility of the polymer
be considered, but also that of the entire system. Specific dopants can be used to
promote the biocompatibility of the polymer.53 However, while some dopants
are capable of imparting desirable functionality into the polymer, they should
be avoided for biomedical applications due to their toxicity. Ideally a
biologically inert dopant molecule will be used, however it may be possible to
use a non-biocompatible dopant for synthesis, and to impart desired func-
tionality, and subsequently exchange it out of the polymer.

In addition to the dopants used, the physical properties of the material,
including morphology and mechanics, can modify biocompatibility.49,54 As
seen in the polymerization section, the physical properties of the polymer can
be controlled to some degree depending on the synthesis conditions employed.
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Another way to improve the biocompatibility is by modifying the surface of the
ICP after polymerization.55 The electrical stimulation used to regulate drug
release from ICP-based DDS can also be used to modify cell behavior and,
thus, the biocompatibility.56,57 As ICP-based DDSs advance toward clinical
applications, the biocompatibility aspects of these systems need to be more
completely investigated.

11.6 Mechanisms for Controlled Drug Release

In a broad sense, modifiable drug delivery from ICPs is achieved by utilizing
either alterations in electrostatic forces or volume, as ICPs undergo a change in
redox state. Hydrophilic–hydrophobic interactions also play a role, but have
not been fully investigated. Frequently, it is a combination of these different
mechanisms that results in drug incorporation as well as release. However, for
the purposes of explanation, electrostatic forces and volume changes will be
discussed separately.

11.6.1 Utilizing Electrostatic Forces in ICPs

When the redox state of an ICP is altered, there is an accompanying change in
the charge of the polymer backbone. PPy is positively charged in the oxidized
state (PPy1) and neutral in the reduced state (PPy0). In the simplest scenario, a
negatively charged drug can be used as the dopant anion during

Figure 11.2 Cyclic voltammogram of PPy doped with dodecyl benzene sulfonate
cycled in 0.1M NaNO3 between þ0.8V and �0.8V at a scan rate of
50mV s�1.
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polymerization. Subsequent reduction of PPy1 to PPy0 leads to a loss of elec-
trostatic attraction between the anionic drug and the polymer, and the excess
negative charge along with diffusion drive drug release.58 Often, however,
polymer is not formed or desired polymer properties are not attained when using
a drug as the dopant anion. To overcome this, an ideal anionic dopant can be
selected and, if it is mobile, following polymerization it can be exchanged out of
the polymer by redox cycling in favor of an anionic drug.10 The anionic drug is
subsequently available for release on reduction of the polymer.

The release of cationic drugs can also be controlled through electrostatic
forces. If an ICP is prepared with an immobile anion, when the polymer is
reduced from PPy1 to PPy0, a net negative charge remains due to the immo-
bilized anions. This feature can be utilized to load the polymer with a cationic
drug. Subsequently, if the polymer is oxidized back to PPy1, the cationic drug
is expelled out of the polymer due to electrostatic repulsion.59 Clearly the
utilization of electrostatic forces is somewhat limited in requiring the drug to be
charged. When selecting candidate drugs, attention must be paid to their pKa

and to the pH of the intended environment of the ICP based delivery system.

11.6.2 Volume Changes in ICPs

When the redox state of the polymer changes, the charge of the polymer
backbone is also altered. These changes in polymer charge need to be balanced
and solvated ions move into and/or out of the polymer.48 In predicting
alterations in volume of an ICP, the polymer structure and the mobility of ions
in and around the polymer must be considered. Expansion or shrinkage of the
polymer can be designed to occur solely on either oxidation or reduction of
the polymer, or a mixed response may be observed.

If PPy was prepared with an immobile anion (often large and multi-charged),
when PPy shifts from the oxidized state (PPy1) to the reduced state (PPy0),
there is a net negative charge in the polymer due to the presence of the immobile
anion. This net negative charge is balanced by an influx of mobile cations and
thus the polymer expands. Subsequent oxidation of the polymer from PPy0 to
PPy1 results in a net positive charge, which causes the mobile cations to be
expelled out and the polymer to shrink. This phenomenon is referred to as
cation driven actuation. Conversely, if PPy is polymerized with a mobile anion,
as PPy is reduced from PPy1 to PPy0 a net negative charge evolves in the
polymer. Some of the anion will therefore be expelled out, and the polymer will
shrink. It follows that expansion of the polymer will occur on oxidation of PPy0

back to PPy1 and the re-entry of the solvated anions into the polymer bulk.
The situation described is referred to anion driven actuation. Such clear cation
driven or anion driven actuations are rarely seen since they require precise
control over ionic species present in the polymer and surrounding environment.
Certainly in in vivo environments or environments mimicking the in vivo
situation a broad mix of species is present. In this situation mixed-ion
actuations are likely to be observed, where both anions and cations are mobile
to enter and exit the polymer.60
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11.7 Drug-delivery Systems

In the last two decades many different ICP based DDSs have been described in
both academic literature and as intellectual property. Recent work has
described combinations of ICPs with other biomaterials to enhance the
performance of the DDS. For easy understanding, this section has been divided
according to the method of drug loading and the mechanism of drug release.
The following categories are presented; reservoir systems, actuating devices,
matrix systems and miscellaneous systems.

11.7.1 Reservoir Systems

Reservoir systems have been quite successful for controlled release of
therapeutic agents as they can provide zero-order kinetics for longer periods.
Youngnam et al.61 detailed the preparation of a reservoir type drug delivery
system by encapsulating a growth factor in PPy. Two approaches were used
to encapsulate the biomolecule. In the first approach, neural growth factor
(NGF) was absorbed into mesoporous silica nanoparticles (MSNs) by elec-
trostatic interactions between free silanol groups on the wall of the pores and
the positively charged amine groups on the NGF at neutral pH (Figure 11.3).
The particles were then used as a template on a clean indium tin oxide (ITO)
surface for PPy or COOH-PPy electropolymerization at a constant þ0.7V to
form PPy/MSN-NGF composites. Carboxylation was used to impart hydro-
philicity to the polymer. The inorganic MSNs provide a protective shell to the
biological agent against in vivo degradation and thus enhances stability and
increases therapeutic effect. In the second approach NGF was immobilized into
the porous PPy films applying the N-hydroxysuccinimide (NHS), ethyl-
3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride (EDC) coupling

Figure 11.3 Schematic representation of MSN particles assembled within PPy.
Application of electric potential releases NGF from PPy/MSN-NGF
composites by redox cycling.
(Reproduced with the permission of IOPScience from Ref. 62.)
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reaction. The PPy films were made porous by dissolving the MSN templates in
20% hydrofluoric acid for 24 hours. Delivery systems prepared by both
methods were tested for their efficacy to promote proliferation of PC 12 cells.
In vitro release of NGF from PPy/MSN-NGF composites was observed with
and without electrical stimulation. Cells grown on electrically stimulated
composites showed 40% greater proliferation and neurite extension, compared
to nerve cells cultured without stimulation. This was further confirmed by SEM
analysis, which showed increased attachment and neurite extensions as shown
in Figure 11.4.62

Similarly, various conducting polymer based reservoir-type devices have
been investigated by Carlsson et al.63 The devices include a conducting polymer
element and a substance incorporating element, i.e. a drug reservoir assembled
together on to the substrate. The release of the drug from the reservoir is
characterized by the redox property of the ICPs. On application of the
appropriate potential, the ICPs can switch between oxidized and reduced
states. This redox change is also accompanied by a volume change and, as a
result, a significant amount of the solvent and associated ions can be dragged in
and out of the ICPs. However, the applications of such kinds of devices in drug
delivery are limited by the fact that many drugs are uncharged or are hydro-
phobic in nature.

Figure 11.4 SEM images of cells and neuritis cultured on unstimulated (a and b)
and electrically stimulated (c and d) PPy/MSN-NGF composites.
(Reproduced with permission of IOPScience from Ref. 62.)
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11.7.1.1 Microchips

Over the past decade there has been much interest in the application of
microfabrication technology to drug delivery. Ge et al.64 developed a microchip
by electrochemically depositing a drug-doped PPy film onto gold micro-
electrode arrays. Such reservoir based microchips have numerous advantages
such as the ablility to release multiple drugs at a given time, small size, and the
ability to release small precise amount of drug and provide pulsatile drug
release. Each microchip consisted of gold microelectrodes microfabricated on a
silicon substrate. Each of the gold microelectrodes can be controlled indi-
vidually. PPy containing drug (sulfosalicyclic acid) was electropolymerized on
gold microelectrodes by galvanostatic polymerization using a current density of
2.5mA cm�2 for 800 s. The study showed that over 2 to 4 hours, 100% of
loaded sulfosalicylic acid was released on electrical stimulation. However, when
a second layer of PPy was electropolymerized onto the chip, the bilayer setup
prevented spontaneous release of the drug from the microchip, and stimulated
pulsatile release of drug was achieved over a period of several days.64

11.7.2 Actuating Devices

11.7.2.1 Peristaltic Pumps

The general structure of an ICP actuating device comprises a closed fluid
delivery channel (drug reservoir) with inlet and outlet ports, an ICP as an
actuator and a controller to regulate the expansion and contraction of
actuators. Morgan et al.65 discloses a conducting polymer actuating peristaltic
pump for the delivery of a therapeutic agent to selected sites. The peristaltic
pump consists of a flexible tubing, the outer surface of which is composed of the
electroactive polymer actuators. The conducting polymers, when electrically
stimulated, generate a mechanical force or movement. This dimensional change
occurs due to the transfer of ions into and out of the polymer, therefore causing
expansion and contraction of the polymer. As a result, the fluid from the
reservoir is conveyed from one end of the flexible tube to the other, imparting a
peristaltic pumping action. The developed device could be in the form of an
endocardial medical lead or catheter. Similarly, Cannell et al.66 reported the
development of a ‘‘micropump’’, a microfabricated pumping device for the
delivery of drugs. The device consists of a drug reservoir, an actuator made of
conducting polymer arranged within the reservoir and an electrode array,
which acts as a controller. The electrode array facilitates phased cyclic
actuation of the conducting polymer to effect the peristaltic pumping action.
Particularly polypyrrole, polypyrrole derivatives and polyaniline are used as
actuating elements because, compared to other materials, they have low voltage
requirements (1–5 volts). The micropump can be integrated with a micro-
processor to provide refined control for drug delivery. Therefore dosages can be
altered externally to the patient’s body by means of a processor and a wireless
interface.66 Such pumps also have application as infusion devices for infusing
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liquid medications such as insulin for the treatment of diabetes, opiates infusion
for use in severe pain, local infusion of drugs for cancer chemotherapy, infusion
of stimulants for the treatment of heart failure or arrhythmia and infusion of
drugs for seizure treatment.67

11.7.2.2 Microneedle-based Nanoactuators

Microneedles represent a breakthrough technology in drug delivery, science.
These can be inserted into the skin without any pain to create micrometer size
pathways across the skin to deliver the drug molecules. Gabriela et al.68

reported the development of a multiplexed novel drug delivery system
consisting of an array of microneedles coupled with conducting polymer
nanoactuators for the controlled release of therapeutic molecules. The device
consists of several components as shown in the Figure 11.5. PPY act as the
actuating element after it has been electrodeposited on the gold sputtered
polycarbonate membrane. The release characteristics of the developed device
were evaluated by loading the reservoir with the dye methylene green. On
application of a negative potential, the PPy membrane switches to the reduced
relaxed state, resulting in closure of the pores with no dye release. On switching
the membrane to the oxidized state by applying positive potential, the

Figure 11.5 (A) Schematic representation of the microneedle-based multi-plexed
drug-delivery system. The main components are (i) hollow microneedle
array, (ii) gold-sputtered polycarbonate membrane electrodeposited with
dodecylbenzenesulfonate-doped polypyrrole (PC/Au/PPy/DBS) and (iii)
polydimethylsiloxane (PDMS) reservoir. (B) Schematic illustration of the
assembled dual-channel drug-delivery system outlining the reservoirs for
(iv) drug 1 and (v) drug 2. (C) Schematic of main components of single
microneedle during drug delivery: (i) reservoir, (ii) lumen (342 mm
diameter), (iii) hollow microneedle, (iv) Au/PPy/DBS nanoporous
membrane, (v) PC membrane and (vi) the released drug.
(Reproduced with permission from Ref. 67.)
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membrane contracted thereby facilitating the opening of the pores, allowing
the dye to flow through the membrane. The actual actuation of the PPy
membrane was well demonstrated and was stable for up to 10 actuating cycles.
This type of microdevice provides an avenue for targeted therapy where the
drug doses can be modulated according to the patient’s conditions.

11.7.2.3 Smart Membranes

Smart membranes are delivery devices specifically designed to achieve pulsatile
release of drugs on electrical stimulation. Jeon et al.69 developed nanoporous
PPy membranes doped with dodecylbenzenesulfonate (DBS). The PPy was
electropolymerized on anodized aluminium oxide (a hard template to create
porous PPy). PPy/DBS exhibits a very large volume change (up to 35%)
depending on the electrochemical state and has excellent biocompatibility. The
polymeric membrane was actuated by altering the electrochemical state. The
activating potential is less than 1.1V, which is relatively low compared to the
voltage, required for the operation of an artificial heart (c.a. 3 V). The actuation
of the pore size was successfully demonstrated by an in situ AFM study; a
reduction in pore size was observed in the reduced state, while the pore size
increased in the oxidized state (Figure 11.6). These smart membranes showed a
quick response time (less than 10 s) and pulsatile drug release, and therefore
could have potential application in emergency conditions such as angina
pectoris, migraine and hormone-related disorders, which requires precise and
on-demand drug delivery.69

11.7.2.4 Hydrogel-conducting Polymer Composites
(Electro-conductive Hydrogels)

The combination of the electrically switchable properties of conducting
polymers and the swelling/deswelling capabilities of hydrogels, make these
composite materials an exciting prospect for various biomedical purposes,
including drug delivery. Tsai et al.70 fabricated a cylindrical electro-conductive
hydrogel to investigate the electro-tunable release of the drug indomethacin.
The ICP polyaniline was co-blended with poly(vinyl alcohol) and cross-linked
with diethyl acetamidomalonate to form a polymeric hydrogel system. The
drug entrapment efficiency of the polymeric hydrogel ranged from 65 to 70%.
On application of different electrical potentials, between þ0.3V and þ5.0V for
60 seconds, cumulative drug release ranged from 4.7 to 25.2% after four release
cycles respectively. It was observed that there was an increase in the percentage
of drug released with an increase in the applied potential difference. However, a
constant drug release was obtained between þ1.5V and þ3.5V. The electro-
stimulated release of indomethacin was associated with the degree of cross-
linking, the polymeric ratio and the drug content. The main mechanism of
indomethacin release was ascribed to the erosion of the hydrogel upon
exposure to electrical stimulation.70 Similarly, Torresi et al.71 blended
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Figure 11.6 (A) Schematic representation of smart electro-responsive nanoporous membrane.72 (a) Fabrication of anodized aluminium oxide
(AAO) membrane. (b) Thermal deposition of thin gold (Au) layer on the AAO membrane. (c) Polypyrrole was electropoly-
merized on the Au layer. (d) Reversible change of pore size between oxidation and reduction states on electrical stimulation. (B)
In situ flux and AFM results of a membrane with initial pore diameter of 200 nm at two different electrochemical states. (a) In situ
flux versus time. Data points were taken every 15 s. Open (blue) and closed (magenta) circles indicate the oxidization and
reduction states. (b, c) Figure represents the in situ AFM height images corresponding to the oxidization and reduction states.
(Reproduced with the permission of Elsevier from Ref. 68.)
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polyacrylamide hydrogel with PPy electrochemically to characterize the
controlled release of model drug safranin. The synthesis parameters were
optimized using a fractional factorial design. The hydrogel was quite stable
under neutral pH conditions, which is essential for in vivo applications.
Sirivat and Chansai72 developed blends of PPy and poly(acrylic acid) doped
with an anionic drug for transdermal delivery. Such stimuli-responsive
hydrogels exhibit great potential for triggered drug therapy.

11.7.3 Matrix Type

Dubois-Rande et al.73 described an implantable metallic stent for the
prevention of post-angioplastic restenosis. The stent was coated with
conducting polymer with an encapsulated antisense oligoneuclotide to
selectively inhibit the expression of genes preventing the proliferation of
smooth muscle cells on the arterial wall. The polymerization of the ICP onto
the stent is two stage processes. In the first stage the ICPs is electropolymerized
directly on to the metallic support in presence of another hydrophilic polymer
like polyethylene glycol, polyvinylpyrrolidone or polyethylene oxide. This is
followed by stage two where the oligoneucleotide is attached to the polymer by
oxidation or reduction. The presence of hydrophilic polymers in the polymer
matrix enhances the permeability of the polymer to anionic molecules such as
oligonucleotides. Oligoneucleotides have a very short life as they are rapidly
digested by nucleases in the body. Therefore, the present invention is advan-
tageous as it protects the oligoneuclotides in the polymer matrix and delivers
them on the desired site where they can act effectively. In-vivo studies were
carried out in New Zealand rabbits and the coated stents were implanted in
abdominal aorta. After 15 days the artery was removed and histology was
performed. It was observed that there was no thrombus formation and the
proliferative layer which covered the stent was more organized and had a layer
of endothelial cells on the top. This shows that the stents were well tolerated
after implantation.73 A similar device has been described by Jager et al.74

Medical devices such as catheters, guidewires, pacemakers and defibrillators
coated with conducting polymer doped with therapeutic molecule have proved
quite effective.

Minteer and Ulyanova75 are inventors on a patent which also discussed
similar matrix type devices and their method of fabrication. The patent
classifies the therapeutic agent as an imprint molecule (IM) and the conducting
polymer as an electroactive molecularly imprinted polymer (EMIP). The
release of the drug molecule at the target location is dependent upon the change
in electro-conformation of the conducting polymer on the application of
electric potential. The state of the art defines the IM incorporated into the
polymer during electropolymerization occupies a three dimensional space, the
binding site, within the EMIP. The IM is encapsulated within the polymer
matrix and is held by various electrical and mechanical forces without the
formation of any covalent chemical bound. Such a device has wide application
in drug delivery and biosensing.
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Weber et al.76 reported the development of implantable drug delivery device
for localized drug delivery, specifically to the interior of the blood vessel. The
device is also equipped with a sensor that detects the presence of any lesions or
plaques on the interior of the vessels. By combining sensing and drug delivery
elements the drug can be delivered by the electroactive polymer matrix
according to the conditions in the local environment.

11.7.4 Miscellaneous Devices

11.7.4.1 Implantable Electrodes

Cochlear implants consist of an electrode array implanted into the scala
tympani of the cochlea to electrically stimulate spiral ganglionic neurons
(SGNs) and, therefore, provide auditory perception to individuals with hearing
loss. However, such implants can themselves cause loss of residual hair cells
and apoptosis of SGNs due to the delivered charge. To overcome this problem
Richardson et al.77 developed an electrode array in which PPy encapsulating
therapeutic neutrophins (NT3) was coated on to the implantable electrodes.
The developed electrode array is presented in the Figure 11.7. Neutrophins
have protective effects and prevent the loss of SGNs. About 2 ng of NT3 was
encapsulated in the electrode array and was able to release 0.1 ng/day with
electrical stimulation when implanted into deafened guinea pig cochleae. The
electrode array not only provided electrical stimulation but was also able to
deliver the trophic agents to the SGNs preventing its degeneration after
hearing loss.

11.7.4.2 Nanostructured Conducting Polymers for
Drug Delivery Systems

To date functionalized nanostructured conducting polymer surfaces have
gained much interest in the field of DDS. Various methods such as hard-
templates and soft-templates have been introduced in the synthesis of
conducting polymer micro- or nanostructures.78 The references cited here
particularly highlight the specific attributes in the synthesis of nanostructured
surfaces and their application to drug delivery. Luo and Cui79 developed
electrically controlled DDS based on sponge-like nanostructured PPy. They
utilized self-assembled polystyrene nanobeads as the hard template for forming
nanostructures. After electropolymerization of PPy, the template was removed
leaving nanopores in the PPy film. The proposed system can load multiple drug
molecules in the polymer backbone during PPy polymerization as a dopant,
and a second drug can be loaded into the nanostructures inside the polymer
film. These nanostructures then can be sealed by electroploymerizing a second
thin layer of PPy on top. This kind of system therefore significantly improves
the drug loading capacity as the overall effective surface area of the film is
increased and the initial burst effect is prevented by the bilayer. Upon electrical
stimulation, drug molecules incorporated in the backbone were released via a
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dedoping process, while those physically encapsulated in the nanopores were
squeezed out owing to the actuation of the nanoporous film. This kind of drug
delivery system has applicability in cases where delivery of a combination of
drugs is necessary.

The actuation of conducting polymer nanotubes is another approach that
has been used to achieve controlled release.80,81 An advantage of this approach
is that drug loading and release can be achieved regardless of whether or not
the drug is charged. Nanotubes consist of an open lumen enclosed by a
cylindrical ICP layer. The lumen can be filled with drug. Presumably, drug
release is achieved by electrically altering the permeability of drug through the
ICP wall.

Figure 11.7 Four-ring platinum electrode array for implantation in guinea pigs (GP).
(a) The electrode array consisted of four active electrodes individually
wired for stimulation as electrode pairs and an extra-cochlear electrode
as a marker for insertion depth. Diagram is not drawn to scale. (b) An
electrode array coated with Ppy/pTS implanted into a GP cochlea. The
fourth electrode can be seen protruding from the cochleostomy in this
example. The fifth uncoated platinum extra-cochlear electrode is also visible.
(Reproduced with permission from Ref. 76.)
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Sirivisoot et al.81 used multi-walled carbon nanotubes grown out of anodized
titanium (MWNT-Ti) as a template to electrodeposit PPy by cyclic volt-
ammetry. PPy was doped with therapeutic agents such as penicillin/
streptomycin or dexamethasone. Drug release was studied on application of a
negative voltage. The results showed a controllable biphasic release profile and
the cumulative amount released was about 80% after 5 cycles of the applied
voltages at a scan rate of 0.1 Vs�1.

Abidian et al.80 developed conducting polymer nanotubes utilizing biode-
gradable poly(L-lactide) (PLLA) or poly(lactide-co-glycolide) (PLGA) as
templates onto gold coated silicon wafers as a substrate. The drug (dexa-
methasone) was incorporated into the template. The biodegradable polymer
was electrospun onto the substrate, followed by electropolymerization of
conducting polymer (PEDOT). The PLLA/PLGA nanofibers were then
dissolved creating nanotubular PEDOT. The nanotubes were electrically
actuated by applying a positive potential of 1V. With the electrical stimulation
of nanotubes the release of bioactives can be precisely controlled and achieved
for 58 days. Later the approach was transformed into an implantable medical
device capable of controlled delivery of bioactives.82 Such devices can be useful,
in the manufacture of improved microelectromechanical systems (MEMS),
electrode-based devices for long-term implantation in the central nervous
system (CNS), development of new generation of cardiac, musculoskeletal-
electrophysiological devices, and implantable electrical and biomolecule
sensors and drug delivery devices.

Ferain et al.83 disclosed the development of a drug eluting nanowire array.
The nanoscopic sized wire in the array is available in two configurations. In one
configuration it is a conductive metallic wire, made up of metals including Cu,
Pt, Au, Ni or Pd coated with conducting polymer doped with drug molecules.
In the second configuration the array is present as hollow nanoscopic wire
formed from electroactive conjugated polymer, containing a therapeutic
molecule. Such types of nanowire array can be incorporated into stimulation
electrodes at the interface with biological tissues. They can act to reduce both
nerve damage and contact impedance. Impedance is reduced as the capillary
like structure of the nanowires increases the real area to geometric area ratio of
the electrode in contacts. Such systems also provide an accurate and controlled
local drug delivery and therefore are suitable for neurological disorders related
to spinal cord injuries.

11.8 Demonstration of Biological Applications

The exciting potential of ICPs to achieve tunable drug delivery is frequently
described in the literature; this is slowly becoming a reality in biological
systems. Ge et al.84 developed a novel dual stimuli responsive nanoparticle
system in which the rates of drug release can electrically controlled. Polypyrrole
nanoparticles loaded with drug molecules were prepared by an emulsion
polymerization technique. These nanoparticles are then suspended in a
temperature sensitive hydrogel, which is a liquid at low temperature but
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becomes a gel at body temperature. They successfully demonstrated the in-vivo
drug release in mice by applying an external electric field. Similarly cochlear
implants loaded with neutrophins as developed by Richardson et al.77 have
demonstrated their in-vivo effectiveness in delivering neurotrophic agents
neurons in a controlled manner to preserve their activity. In addition the
electrical stimulation provided by the implant minimizes the degeneration of
SGNs after hearing loss. Implantable heart valve prosthetic devices including
annuloplasty rings and bands coated with ICPs when implanted in animals
exhibited a tremendous reduction in inflammation and pannus formation.85 As
DDS based on ICPs become more sophisticated and reliable we will see an
increasing number of reports moving these systems from the lab bench into
biological models. To date, these delivery systems have found use where local
delivery of drug is required. Before these systems can be applied to a wider
range of medical conditions the level of drug that can be loaded and released
must be increased. This will allow the systemic delivery of drug and will
demonstrate the versatility of ICPs to act as a drug delivery platform which can
be used to treat a range of health conditions.

11.9 Conclusions

ICP based devices are beginning to fulfill their exciting potential in drug
delivery science. The inherent redox properties and the actuation behavior on
electrical stimulation make ICPs a promising platform for delivering drugs at a
controlled rate to desired locations. The rate of drug release can be modulated
according to an individual patient’s condition. Apart from reservoir and matrix
systems, nanostructured systems such as nanotubes, nanowires, nanofibers and
nanofilms appear to be promising, as increased surface area allows enhanced
loading of the therapeutic molecule. These nanostructured ICPs can be
appropriately functionalized or tagged and can act as excellent biosensing
materials. ICP-hydrogel composites combine the swelling properties of
hydrogels and the electroactivity of ICPs making them a versatile tool for
delivering drugs at a controlled rate. On-demand release of drug is possible
from these smart polymers by simply switching between redox states. With the
novel technologies discussed in this chapter practical applications of ICPs are
imminent. Hence research and development is currently exploring further
applications of these interesting materials in drug delivery and biomedical
science.
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CHAPTER 12

UV and Near-IR Triggered
Release from Polymeric Micelles
and Nanoparticles
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12.1 Introduction

Strong efforts are being expended in the drug-delivery field to design nano- or
microvehicles (referred to as nano-/microcarriers) that can protect, transport
and release dose-active therapeutic molecules on demand to any desired site of
action, thus achieving greater efficiency/safety ratios.1 Among the different
kinds of carriers proposed for oral, transdermal, mucosal and parenteral
routes,2 polymeric drug-delivery systems (DDSs) are especially suited to release
a wide range of therapeutic agents, comprising from small-molecule drugs to
biomacromolecules like proteins, DNA and RNA.3–5 Recent approaches
pursue the design and implementation of DDSs capable of controlling the site,
timing and duration of drug release, allowing in turn the remote, non-invasive,
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repeatable and reliable switching of therapeutic agent flux (with negligible
release in the ‘‘off’’ state).6,7 To accomplish this aim, the DDS should integrate
components responsive to well-focused triggering stimuli.

Triggering mechanisms for drug-delivery applications can be induced by
either i) interaction between a ‘‘smart’’ material and changes in its surrounding
environment related to the progression of the disease or to certain functions/
biorhythms (e.g. changes in temperature, pH and/or concentration of some
substances);8–13 or ii) external stimuli (such as magnetic and electric fields, heat,
compression, ultrasound or light) whose intensity can be controlled by an
operator or by the patient him/herself.14–22 Although most efforts have been
dedicated to systems that respond to changes in pH9,10 and temperature,11–13

light irradiation is receiving growing attention as photoregulated activation and
transport of bioactive materials is better understood.14,18–24

This chapter focuses on phototriggered polymeric DDSs, with a special
emphasis on light-sensitive micelles and nanoparticles. Approaches proved to
be useful for imparting these systems with the desired light-responsiveness and
the underlying drug release mechanisms are analyzed in detail. Polymeric
systems in which the light responsiveness arises from the presence of photo-
sensitive groups/ligands in the polymeric structure are comprehensively
discussed. Other kinds of photosensitive systems such as those that combine
polymers with inorganic or metallic nanoparticles are covered elsewhere in the
present book, mainly in Chapters 13 and 15.

12.2 UV and Near-IR Light Irradiation

Light-responsiveness is receiving increasing attention owing to the possibility of
developing DDSs sensitive to electromagnetic irradiation, particularly in the
UV, visible and near-IR ranges.18 Light is a particularly attractive stimulus for
drug delivery because it provides a precise, temporal (i.e. by adjusting the
intensity and duration of exposure) and spatial (i.e. by adjusting the irradiation
wavelength and beam diameter) control over the activation and release of
therapeutic agents. The present section is devoted to the interactions of light
with the biological tissues and how they can affect the use of light as a triggering
stimulus for drug delivery and related applications. UV and near-IR light
irradiation are particularly addressed.

12.2.1 UV-visible Light

Far- (ca. 10–200 nm) and near-UV (ca. 200–400 nm) have been proposed as
triggering stimuli for a plethora of applications including drug delivery,25

cosmetics26 and agriculture.27 Irradiation at these regions presents pros and
cons depending on the selected wavelength. Far-UV light (lo200 nm) offers
the possibility of provoking irreversible changes in polymeric carriers with a
concomitant almost instantaneous drug release,28 which might be beneficial for
certain applications. Far-UV irradiation is energetic enough to ionize, saturate
and cleave covalent bonds (with energies of the order of 100 kcal mol�1) of the
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polymer by laser ablation;29,30 however, it might also be destructive for active
molecules and tissues, which makes these wavelengths unsuitable for thera-
peutic purposes.31 By contrast, irradiation at longer wavelengths (4200 nm)
and continuous wave (CW) lasers are known to preserve the integrity of both
drugs and tissues to a higher extent.32,33 In these cases, the mild radiation acts
over chromophores and optically active dyes present in the nanocarrier,
producing either reversible34 or irreversible structural and/or permeability
changes.35,36 Although much safer than far-UV, the irradiation with near-UV
(l4200 nm) of optically active dyes in direct contact with skin might be
dangerous, because irreversible photobleaching of dyes constitutes a source of
active degradation products such as highly toxic radicals.35 One additional
disadvantage of UV light is that it cannot penetrate deeper than 1 cm into the
body, since it is absorbed by endogenous components such as oxy- and
deoxy-hemoglobin, lipids and water.15,37,38 Hence, the usefulness of light
irradiation below 650 nm is limited to trigger drug release for topical treatment
of pathological processes on skin and mucosa, or in the external layers of some
internal organs.15

12.2.2 Near-IR light

Near-IR has proven to be a promising tool for triggered drug delivery, in vivo
imaging39–41 and photothermal cancer treatment,14,15,18 overcoming many of
the drawbacks of UV and visible light irradiation. A key advantage of using
light in the near-IR window (650–900 nm) is its minimal absorption by skin and
tissues, enabling penetration into the body up to 10 cm because hemoglobin
(the principal absorber of visible light), water and lipids (the principal
absorbers of infrared light) have low absorption in this region.42,43 Moreover,
near-IR light does not cause a significant heating in the application area.
Therefore, it can be useful for triggering drug release in areas of the body with
difficult accessibility. Near-IR irradiation of nanocarriers that absorb in this
region can be exploited to induce structure/conformation changes or to increase
the local temperature, as the nanocarrier transforms the incoming energy into
heat. Both effects lead to changes in the nanocarrier’s permeability that can tune
cargo release rate.44,45 Some organic chromophores can simultaneously absorb
two photons of low-energy near-IR light, and undergo the same chemical
transformations as upon absorption of one photon of high-energy UV light.46,47

To construct efficient near-IR-triggered DDSs, it is essential to design
materials that can be used safely without injuring tissues. Near-IR triggered
materials must preferentially be irradiated with continuous-wave power flux in
the range of 0.1 to 10W cm�2 in order to avoid side-effect damage to organs
and tissues. Based on ocular tests, the American National Standards Institute
(ANSI) published in 1993 the maximum permissible exposures (MPEs) to laser
light irradiation. In the case of a light source that is not collimated (e.g. light
emitted by a fiber optic cable, which spreads in a conical fashion), the MPE for
700 nm light from a continuous wave source is 200mW cm�2 steradian (sr)�1

for long exposures, and as high as 10W cm�2sr�1 for exposures no longer than
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a second. For collimated light, acceptable levels are much lower: 0.2mW cm�2

for extended exposures or 2mW cm�2 if the exposure is not above 1 s. For
longer wavelengths, higher power fluxes are permissible. When ultrafast laser
pulses are applied, the MPE depends on the pulse duration and the interval
between pulses, as well as on the light wavelength.48

12.3 Mechanisms of Light-triggered Release

There exist several mechanisms to achieve a phototriggered and photo-
controllable release of a cargo from a nanocarrier, which may involve partial or
complete destruction and recycling of the DDS.49

A) Photo-isomerization is related to a conformational change around a bond,
usually a double bond, that is restricted in rotation. This phenomenon can be
irreversible (due to the cleavage of the chromophore group upon photo-
induced structural transformation) or reversible (the photo-excited molecules
undergo internal rearrangements). This latter process predominantly involves a
trans to cis isomerization upon irradiation (e.g. in azobenzenes, which have a
-N¼N- group with phenyl rings on either side), or the generation of charged
species (e.g. the conversion of spiropyrane to merocyanine). Photo-
isomerization is usually accompanied by a change in the hydrophilic/
hydrophobic balance of the photo-excitable molecules. Thus, if these molecules
are assembled in a nanocarrier, light can serve as a remote trigger for particle
disassembly and drug release.50

B) Polymer backbone photodegradation enables light-triggered drug delivery
through the ablation of polymeric chains, which causes the disassembly of the
DDS. Degradation of polymers in small fragments may facilitate the clearance
from the body.

C) Photo-cross-linking or photopolymerization may lead to the cargo release
upon irradiation of polymerizable double bonds either directly or in the
presence of a radical initiator/sensitizer. The procedure causes shrinking of the
nanostructure, disruption of the initial packing of the molecules and formation
of pores throughout the DDS.51 The opposite process photodecross-linking
(rupture of light-sensitive cross-links) also increases the porosity of the DDS
network and induces the release of the payload.

D) Photosensitization-induced oxidation implicates the generation of a strong
oxidizing agent, singlet oxygen, upon illumination of a sensitizer molecule
included in the DDS either as a loaded agent or as a part of the structure.
Irradiation at an appropriate wavelength causes the disruption of the
nanocarrier.52

E) Photo-excitation. Photo-induced release can also be attained by exploiting
the ability of metal nanoparticles to absorb light efficiently due to coherent
oscillation of conduction band electrons in strong resonance with certain
frequencies of light (which depend on nanoparticle size, shape, level of aggre-
gation and composition).53 Photo-excitation of metal nanostructures results in
the formation of a heated electron gas that rapidly cools down by exchanging
energy with the nanoparticle lattice.54 Metal nanoparticles can reach
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temperatures well above 600–800 1C,55 which induce significant thermal and
mechanical stresses in the structure of the nanocarriers, leading to their rupture
and subsequent payload release. Moreover, the nanoparticles rapidly transmit
the energy to the surrounding medium causing localized heating, although the
increase in temperature is limited to a few degrees.

12.4 Light-sensitive Polymeric DDSs

Light has long been recognized as an external stimulus and applied to modulate
the aggregation features of conventional surfactants,56–60 but is still scarcely
exploited as a trigger for drug release from polymeric DDSs, compared to other
stimuli like changes in pH and temperature.8–13 In this section, strategies
applied to make polymeric carriers sensitive to light are described.

12.4.1 Light-sensitive Polymeric Micelles

Polymeric micelles are particularly attractive core-shell nanocarriers.19,61

Amphiphilic block copolymers (BCPs) spontaneously self-assemble in block-
selective solvents when the BCP concentration surpasses the critical micelle
concentration (CMC).8,61–63 In aqueous medium, the hydrophobic blocks
associate to form the core of the polymeric micelles primarily by hydrophobic
interactions to minimize contact with water, although electrostatic inter-
actions64,65 and stereocomplex formation66 can also be important. Meanwhile,
the hydrophilic blocks of the copolymers form the shell of the micelles,
stabilizing the micellar structure. Drugs can be loaded by physical means or
chemical conjugation, resulting in an enhancement in the apparent solubility.67

BCP micelles are more advantageous for drug delivery than conventional
micelles, due to their larger cores enabling higher solubilization capacity68 and
physical stability (slower dissociation upon dilution) even at concentrations
well below their CMC. Such stability extends their circulation time in
blood.65,69,70

The application of polymeric micelles as DDSs was pioneered by the group
of Ringsdorf in 1984.71 In the early 1990s, Kataoka et al.72 developed drug-
conjugated block copolymer micelles, and Kabanov et al.73 incorporated non-
covalently linked drugs inside micellar cores. Nowadays, polymeric micelles
(typically in the size range of 10–50 nm) are extensively studied as drug nano-
carriers since they can fulfill most requirements for selective drug delivery.74–76

In particular, they enable the formulation of hydrophobic drugs in aqueous
medium, avoiding the use of toxic adjuvants like ethanol or Cremophor EL,
increase drug bioavailability avoiding their rapid clearance by liver and/or
kidneys and passively target the drug to certain tissues (for example, tumors) by
means of the enhanced permeability and retention (EPR) effect.77,78 The
interest in polymeric micelles is accentuated by the possibility of modulating
drug release by external stimuli, mainly ultrasound (addressed in Chapter 6)
and light irradiation.18 For polymeric micelles to be light-responsive,
their constituting BCPs must incorporate/conjugate chemical groups
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reactive/sensitive to light.79 In line with the triggering mechanisms described in
Section 12.3, photoresponsive polymeric micelles can be grouped into four
different categories depending on the photo-induced structural changes that
cause the cargo release: a) a shift in the hydrophilic/hydrophobic balance of the
BCPs, b) a break of block junctions within the BCPs, c) a BCP chain degra-
dation process or d) a reversible cross-linking reaction (Figure 12.1).61 The
release of the loaded guest molecules does not necessarily require complete
micelle disassembly, but a structural rearrangement to allow the diffusion of the
cargo out of the micelle. These strategies can also be applied to other types of
polymeric nanostructures.

12.4.1.1 Shifts of the Hydrophilic/Hydrophobic Balance

This approach consists in incorporating a chromophore in the block copolymer
chain to render its hydrophilic/hydrophobic balance sensitive to illumination.

Figure 12.1 Schematic view of the different mechanisms by which light alters the
structure of a sensitive copolymer micelle.
Reproduced from Ref. 61. Copyright (2012) American Chemical Society.
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The photo-isomerization leads to a change in both the net dipole moment and
the water solubility of the hydrophobic block, giving rise to micelle destabili-
zation and subsequent disassembly by bringing the BCP concentration below
its CMC. The key concept to photo-induced dissociation of polymeric micelles
is that the isomer formed upon irradiation should have a significantly higher
polarity than the non-irradiated, more stable isomer form. This process enables
the release of molecules encapsulated inside the polymeric micelles at a chosen
time and location. Both reversible and irreversible dissociation of BCP micelles
upon irradiation with UV, visible or near-IR light have been achieved.18,62,79

Nevertheless, a photo-induced shift of the hydrophilic/hydrophobic balance
does not always result in an easy dissociation of micelles, provided that photo-
induced changes are also coupled to structural parameters such as the block
composition and polymer chain length.61 If the photoreaction is reversible, the
initial balance can be restored upon exposure to light at a different wavelength,
and the micelle can be reassembled in solution (Figure 12.2).

Two different photoreactions enable micelle disassembly: those implying
removal of pendant photochromic moieties upon photo-induced cleavage
reaction (that transforms the hydrophobic block into a hydrophilic one,
resulting in a permanent structural change that triggers the release);18,19 and
those that involve a change in the block copolymer polarity keeping attached
the chromophore (Figure 12.2(a) and (b)). Photochemical groups involved in
the first type of reactions include UV-activated pyrene,80,81 o-nitrobenzyl
(ONB)82,83 and coumarin (both UV and near-IR-activated).84,85 The hydro-
phobic blocks have the common feature of possessing an aryl methylester
group linked to the chain backbone. In all cases, the photoreaction cleaves the
photochromic moieties and converts the hydrophobic block into a hydrophilic
one by forming carboxylic groups. For controlled drug-delivery purposes, it
may be advantageous that the photoreaction does not involve the cleavage of
the chromophore from the polymer, because the released compounds may lead
to toxicity problems. Photochemical groups that do not cleave upon photo-
reaction are, for example, azobenzene, spiropyran, dithienylethene, diazo-
naphthoquinone (DNQ), stilbene, cinnamoyl, fulgides and triphenylmethane
leucohydroxide.18 Most of them cause UV-induced dissociation of polymeric
micelles through a photo-isomerization process, which can be reversed under
visible light, such as trans-cis isomerization of azobenzene and stilbene,
isomerization of spiropyran and spirooxazines to merocyanine, conversion
between ring-open and ring-closed forms of dithienylethene and fulgide or
isomerization of cynnamoyl groups to more hydrophilic species due to electric
charge generation or dimerization (Figure 12.3). By contrast, DNQ groups
display a Wolf-rearrangement reaction (i.e. a conversion of an a-diazo-ketone
group into a ketene one) that is irreversible. Triphenylmethane leucohydroxide
undergoes a charge generation process under UV irradiation, which is only
reversible under certain temperature conditions.

The first demonstration of the interest of photocontrollable BCP micelles
based on shifts of the hydrophilic/hydrophobic balance as DDSs dates back to
2004,34,86 when Zhao and coworkers reported the reversible dissociation of

310 Chapter 12

 o
n 

01
/0

9/
20

13
 1

0:
25

:5
6.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
03

04
View Online

http://dx.doi.org/10.1039/9781849736800-00304


Figure 12.2 Photo-induced shifting of the hydrophilic/hydrophobic balance in a block copolymer with o-nitrophenyl units that are removed
after irradiation (a); with spiropyran units without removal of the photochromic moieties (b) (adapted from Ref. 61. Copyright
(2012) American Chemical Society); and schematic view of the reversible micelle disassembly/reassembly process thereby
produced (c).
(Reproduced from Ref. 47. Copyright (2005) American Chemical Society).
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micellar aggregates of azobenzene-containing polymethacrylate and poly(tert-
butyl acrylate) (PAzoMA-b-PtBA) upon exposure to UV and visible light
irradiation. The polymers with azobenzene groups in the trans form aggregated
as core-shell micelles or vesicles depending on the preparation conditions.
Upon illumination of a micellar solution with UV light (360 nm), trans

Figure 12.3 Some photochromic moieties that exhibit reversible photoswitching.
Reproduced from Ref. 21 with permission of The Royal Society of
Chemistry.
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azobenzene groups were converted to cis isomers, which resulted in a large
increase in the polarity of the PAzoMA block and caused the micellar
disruption. When the singly dispersed block copolymer chains were irradiated
with visible light (440 nm), the reverse cis-trans isomerization restored the initial
polymeric micelles. Two conditions have to be met to guarantee reversible UV
light-induced micellar dissociation: i) the azobenzene group conjugated to the
hydrophobic block should have a small (close to zero) dipole moment in the
trans form and a considerably higher dipole moment in the cis form in order to
ensure a significant change in polarity upon irradiation; and ii) the hydrophilic
block should be weakly hydrophilic. The commitment of these two conditions
can make the light-induced shift of the hydrophilic/hydrophobic balance great
enough to achieve the reversible change in the aggregation state.34,86 However,
there are cases in which the trans-cis isomerization proves to be unfavorable for
micellar disruption. For example, if azobenzene is para-substituted with an
electron-donor and an electron-acceptor group,87,88 the stable trans form
actually has a greater dipole moment than the cis one, which implies that upon
UV or visible irradiation the trans-cis isomerization would result in a decrease
in polarity for the hydrophobic block, making the dissociation of BCP micelles
unlikely to occur.19

Liu and Jiang89 took benefit of the solubility change in azobenzene
derivatives to induce the formation of micelles in a non-polar organic medium
by using a complexable polymer pair consisting of poly(4-phenylazoma-
leinanil-co-4-vinylpyridine) (AzoMI-VPy) and polybutadiene with a terminal
carboxy group.89 The hydrogen bonding between the pyridyl and carboxy
groups enabled the formation of ‘‘graft-like’’ inter-polymer complexes in
toluene. The ‘‘graft copolymer’’ was toluene-soluble when the azobenzene units
of AzoMIVPy were in the trans conformation. Under UV irradiation, the
azobenzene units were isomerized into the polar cis form, which caused a
decrease in the solubility of the AzoMI-VPy chains and the assembly in core-
shell structures of the photo-induced amphiphilic ‘‘graft copolymer’’. This
process was found to be reversible, namely following irradiation with visible
light, the azobenzene returned to the trans form and the micelles quickly
disassociated into transparent inter-polymer complexes.89 The cis-trans
isomerization was also used to modify (normally, to increase) the lower critical
solution temperature (LCST) of thermo-sensitive polymers. Since the cis
conformer is more hydrophilic, these polymers could be used to produce
temperature and light dual responsive micellar systems.90

Extending this approach to other photochromic molecules, Lee et al.91

reported BCPs that undergo reversible aggregation based on the photo-
isomerization between spiropyran and merocyanine.91 The BCP was composed
of poly(ethylene oxide) (PEO) as the hydrophilic block and a polymethacrylate
bearing spiropyran moieties (PSPMA) as the hydrophobic block. Upon UV
irradiation (365 nm), spiropyran was isomerized to charged merocyanine,
which increased the polarity of the polymethacrylate block and led to micelle
dissociation. Subsequent exposure to visible light (620 nm) caused merocyanine
to transform again in spiropyran and then the polymer micelles could be
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reconstituted (Figure 12.4).91 Encapsulated coumarin 102, a hydrophobic dye,
was released under UV irradiation, and some dye molecules were re-entrapped
by the micelles reformed upon visible light exposure. As compared to the
trans-cis isomerization of azobenzene, the conversion of spiropyran to charged
merocyanine induces a larger increase in polarity for the hydrophobic micelle
core-forming block.

Irreversible micelle disruption was demonstrated by Zhao et al.80 with an
amphiphilic diblock copolymer composed of PEO and poly(1-pyrenylmethyl
methacrylate) (PPyMA). Upon UV irradiation of PEO-b-PPyMA micelles in
aqueous medium, the photosolvolysis of pyrenylmethyl esters took place,
cleaving 1-pyrenemethanol from the polymer and converting the ester groups
to carboxylic acid ones. By this way, the hydrophobic PPyMA is converted to
the hydrophilic poly(methacrylic acid) (PMAA). The concept was validated
employing a BCP composed of PEO and poly(2-nitrobenzylmethyl metha-
crylate) (PNBMA).92 By this case, the photolysis of 2-nitrobenzyl groups
resulted in the cleavage of 2-nitrosobenzaldehyde from the polymer, trans-
forming the hydrophobic PNBMA into hydrophilic PMAA and triggering the
micellar dissociation (Figure 12.5).49 Nile red was released upon the photo-
induced micelle dissociation (80% after 420 s of irradiation), while no release
was observed in the absence of UV irradiation. This micellar system also
released the dye via two-photon near-IR, but at a much slower rate due to the
low efficiency of two-photon absorption of 2-nitrobenzene. Remarkably, the
possibility of using light to control the release rate of encapsulated molecules by
varying the irradiation intensity was demonstrated.92 Other controlled release
processes employing the cleavage of different chromophore groups conjugated
to BCPs to produce irreversible micelle disruption were reported later on.93,94

Conjugation of aromatic drugs to the hydrophobic block of an amphiphilic
copolymer through photocleavable links may enable the light triggering of
simultaneous micellar dissociation and drug release at a chosen time and
location. For example, the anticancer drug 5-fluoruracil was covalently linked
to the coumarin side groups on the hydrophobic block of a diblock copolymer
through a UV-induced cyclo-addition process. Drug release from micelles of
this copolymer occurred upon shorter-wavelength UV irradiation.95 Using a

Figure 12.4 Atomic force microscopy (AFM) height images of PEO-b-PSPMA
solutions spin-coated on mica under various conditions: PEO-b-PSPMA
micelles (a); PEO-b-PSPMA micelles after 365-nm UV exposure for
30min. showing micelle disassembly (b); and PEO-b-PSPMA micelles
after 365-nm UV exposure for 30min. followed by 620-nm visible-light
exposure for 120min. demonstrating micelle reassembly (c).
Reproduced from Ref. 91 with permission of Wiley. Copyright (2007).
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similar approach, Johnson et al.96 synthesized brush-like nanosystems through
polymerization of norbornene-containing macromonomers followed by
covalent binding of doxorubicin using ‘‘click’’ chemistry. The linkage also
contained the photo-uncaging ONB moiety that could be triggered by UV light
to release the drug.96

The disruption of BCP micelles by near-IR light (especially in the window of
650–900 nm) is particularly attractive for biomedical applications since near-IR
has a deeper penetration through water and tissues and is less detrimental to
healthy cells than UV, as commented previously.97 Some organic chromo-
phores can simultaneously absorb two photons of low-energy near-IR light,
and undergo the same chemical transformation as upon absorption of one
photon of high-energy UV light. That is the case of o-nitrobenzyl esters and
coumarin derivatives, the latter presenting larger two-photon absorbing
cross-sections.97 Application of near-IR light to release hydrophobic molecules
from BCP micelles dates back to 2005.47 Goodwin and coworkers used the
Wolf rearrangement reaction of DNQ, which can be activated by one-photon
UV or two-photon near-IR absorption, to photocontrol the dissociation of
micelles formed by an amphiphilic polymer with a short poly(ethylene glycol)

Figure 12.5 Block copolymer with masked carboxyl groups undergoing amphiphilic
to hydrophilic switch upon light exposure and examples of light-sensitive
protecting groups are shown at the top. The amphiphilic block-copolymer
micelles disassembly upon irradiation is represented at the bottom.
Reprinted from Ref. 49 with permission of Elsevier.
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(PEG) chain and a hydrocarbon tail bearing the DNQ group at the end. Upon
two-photon near-IR absorption, Nile red previously loaded in the polymeric
micelles was released to the aqueous medium as a result of the Wolf re-
arrangement that converted the hydrophobic DNQ to the hydrophilic
3-indenecarboxylate, leading to micelle disruption and concomitant cargo
release.47 Later, this DNQ-based system was modified by incorporation of
dendritic polyester between the PEG and DNQ moieties, which allowed
incorporation of various DNQ molecules per dendrimer.98 The use of two-
photon near-IR absorption as energy source has been further tested.46,92,99

Although this approach is a suitable alternative to the highly energetic UV
irradiation, in most of the cases it proved to be slow and inefficient due to the
typically low two-photon-absorbing cross sections of the chromophores, which
compelled to explore other near-IR-based approaches.19 Recently, a novel
strategy that uses a continuous-wave diode near-IR laser to disrupt BCP
micelles and trigger the release of their ‘‘payloads’’ has been developed
(Figure 12.6). By encapsulating NaYF4 : TmYb upconverting nanoparticles
(UCNPs) inside micelles of PEO-block-poly(4,5-dimethoxy-2-nitrobenzyl
methacrylate) and exposing the micellar solution to 980 nm light, photons in
the UV region were emitted by the UCNPs, which, in turn, were absorbed by
o-nitrobenzyl groups in the micellar core-forming block. The activation of the

Figure 12.6 Schematic view of how near-IR light excitation of UCNPs can trigger
dissociation of BCP micelles (a) and near-IR light-triggered photo-
cleavage of PEO-b-PNBMA copolymer in the presence of NaYF4 :TmYb
upconverting nanoparticles (UCNPs) (b).
Reproduced from Ref. 100. Copyright (2011) American Chemical
Society.
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photocleavage reaction leads to the dissociation of the BCP micelles and the
subsequent release of co-loaded hydrophobic species.100 This micellar system
took advantage of the intense emission of NaYF4 : TmYb nanoparticles at
333–355 nm when excited by 980 nm near-IR light. It is worth stressing that this
approach seems to be suitable for other systems because the photoreactions
explored for the triggered release from polymeric micelles, even those requiring
the use of UV or visible light, can be activated by near-IR light via excitation
and emission of UCNPs.

12.4.1.2 Breakage of Block Junctions

Polymeric micelles can also be disrupted using light to separate the hydrophilic
and hydrophobic blocks far apart by breaking block junctions. However, this
approach is not the most suitable to achieve a photocontrolled release of the
encapsulated cargo, provided that the breakage of the block junction basically
removes the hydrophilic corona from the hydrophobic core but does not
guarantee the core dissociation. That is, while the hydrophilic chains become
dissolved in the aqueous solution, the micelle core can remain intact forming a
nanoparticle that retains the payload (Figure 12.7).94

ONB-based moieities,82,83 truxillic acid derivatives101 and inserted
azobenzene-cyclodextrin (CD) complexes102,103 may serve as photocleavable
block junctions. Constructs containing azobenzene-cyclodextrin (CD)
complexes are particularly interesting for drug delivery, since they can undergo
a reversible dissociation through a photoswitchable host-guest interaction
between a-CD and the azo groups. Upon UV light irradiation to induce the
trans-cis isomerization of azobenzene, the azobenzene-CD junction is broken.
The junction can be restored upon visible light irradiation that induces the
reverse cis-trans azobenzene isomerization (Figure 12.8).102 This approach has

Figure 12.7 Effect of light on the behavior of micelles formed by block copolymers
that contain one photobreakable group at only the block junction (a) or
many of them on the hydrophobic block (b).
Reproduced from Ref. 94. Copyright (2011) American Chemical Society.
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been applied to achieve a photocontrollable exposure of functional groups used
as targeting ligands to trigger the selective uptake of polymeric constructs by
cancerous cells,103 or to control the extent of interactions between polymer chains
in polymer blends to regulate sol-gel phase transitions and cargo release.104

12.4.1.3 Main Chain Degradation

Photocleavable moieties can be inserted into the main chain of the hydrophobic
blocks to cause a fast photo-induced degradation of the polymeric chain and,
hence, of the micelle (Figure 12.7b).94 Photolysis of pendant protecting groups
(self-immolative groups) can trigger a cascade of cyclization and rearrangement
reactions resulting in the degradation of the polymer chain backbone85,105 and
subsequent micelle disruption.106,107 This approach has been applied to triblock
copolymers bearing PEO blocks at both extremes and a photoresponsive
hydrophobic middle block.94,108 In one case, the hydrophobic polyurethane-
based block possessed an ONB group in each repeating unit, which could be
degraded in small segments upon UV light irradiation, thus leading to the
rupture of the micelle core and subsequent cargo release.94 In another case, the
hydrophobic middle block contained not only an ONB group, but also a redox-
cleavable disulfide functionality in each repeating unit.108 The formed BCP
micelles could undergo fast photodegradation upon UV exposure or slow
degradation due to the reducing agent dithiothreitol (DTT).

12.4.1.4 Reversible Cross-linking

The instability of polymeric micelles in body fluids upon injection caused by
strong and sudden dilution can result in premature release of the cargo.
A well-known strategy to avoid this problem is the chemical cross-linking of the
polymeric chains inside the micelle,109–111 but such increased stability can make

Figure 12.8 Structure of PCL-a-CD and PAA-tAzo, and scheme of the assembly/
disassembly of light-responsive nanotubes on the basis of orthogonal
host–guest interactions. PCL and PAA stand for poly(caprolactone) and
poly(acrylic acid), respectively.
Reproduced from Ref. 102 with permission of The Royal Society of
Chemistry.
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drug diffusion from micelles too slow at the target site. To overcome this
problem, reversible photo-cross-linking of the micelles by irradiation at certain
wavelength may be particularly useful. Destabilization can take place under
irradiation with light of a different wavelength (Figure 12.9). To reach this goal,
the photodimerization reaction through the cyclo-addition of coumarin-based
groups under UV light at l4310 nm, and the subsequent cleavage of cyclo-
butane bridges under UV light at lo260 nm has been exploited.112 Cinnamic
acid can be also used for this purpose.113,114

In 2007, Zhao and coworkers designed a random copolymer with PEO and a
hydrophobic block of 4-methyl-(7-(methacryloyl)oxy-ethyloxy) coumarin and
methyl methacrylate (P(CMA-co-MMA)).115 In aqueous medium, the dimer-
ization degree of the photoresponsive groups of PEO112-b-P(CMA8-co-MMA20)
micelles varied between 20 and 80% depending on the wavelength of the UV
light, altering the cross-linking density of the micellar core (Figure 12.9). This
behavior could also be observed in non-aqueous micellar solutions. For
example, in acidic organic medium THF/CH2Cl2 (1/1 v/v), shell-cross-linked,

Figure 12.9 a) Schematic representation of block copolymer micelles that can be
reversibly cross-linked and de-cross-linked by light at two different
wavelengths. b) Changes in photodimerization degree of
PEO112-b-P(CMA8-co-MMA20) copolymer in solution subjected to
alternating irradiations at two wavelengths.
Adapted from Ref. 115. Copyright (2007) American Chemical Society.
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reverse micelles (SCRM) were obtained from copolymers composed of
poly(dimethylaminoethyl methacrylate) (PDMAEMA) as the hydrophilic
block, and a random copolymer of coumarin methacrylate and methyl
methacrylate (P(CMA-co-MMA)) as the hydrophobic block. This micellar
structure allowed the growth of additional layers of PDMAEMA at the surface
of the micelles, resulting in robust polymer nanoparticles. The grafting of
the hydrophilic PDMAEMA chains rendered the SCRMs soluble in water
at pH7 and room temperature, the solubility being sensitive to changes in
these variables. Importantly, these new nanoparticles retained the light-
responsiveness imparted by the coumarin moieties of the P(CMA-co-MMA)
block.116 This responsiveness, reflected as a reversible stability, is crucial for the
dual stable/non-stable behavior that the micelles must exhibit when circulating
in the body fluids. Namely, the micelles must be stable enough to resist dilution
and minimize interactions with the biological medium (e.g. hydrolysis and
enzymatic degradation) in order to avoid the release at first stages of body
internalization (e.g. when travelling through the bloodstream),117,118 but they
need to be disrupted for releasing the drug once they reach the target.84

Importantly, different from chemical cross-links that may impair the bio-
degradability, physical cross-links may be more friendly for cells and tissues.119

The reversible photocross-linking approach can be exploited in combination
with other external stimuli. For instance, temperature/pH-responsive and
photoresponsive groups/blocks inside a unique polymeric chain may provide
multiple switching capability to BCPs.120–123 As an example, a dually responsive
block copolymer with PEO, as the hydrophilic block, and an acrylate-based
block bearing ONB units, as the thermo-responsive hydrophobic block, can
form micelles encapsulating Nile red at a temperature above the LCST of the
hydrophobic block. Upon continuous UV irradiation for 180min., the ONB
groups are cleaved and the LCST of the thermo-responsive block increases by
111C, causingmicelle dissociation. Further increase in the temperature above the
LCST of the new thermo-responsive block caused the micelles to be reformed
and re-encapsulate the dye (Figure 12.10).61 Using a similar approach,
He et al.120 demonstrated the dual responsiveness (to temperature and light)
of a diblock copolymer composed of PEO and a coumarin-containing
poly[2-(2-methoxyethoxy)ethyl methacrylate] (PMEO2MA) block, which
formed core-cross-linked micelles upon simultaneous heating of the solution
above the LCST of PMEO2MA and exposure to UV light at l4310 nm. Upon
subsequent cooling below the LCST, the cross-links prevented the micelles
from disassembly, giving rise to nanogel particles with hydrophilic core and
shell and phototunable size.120

12.4.2 Polymeric Vesicles

Self-assembly of amphiphilic BCPs can lead, under certain circumstances,124 to
the formation of vesicle-type structures consisting of a bilayer surrounding an
aqueous core (Figure 12.11), which were named ‘‘polymersomes’’ by Discher
et al.125 in 1999 due to their resemblance to liposomes. The possibility of
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polymersomes formation depends on the polymer composition, the mutual
affinity between the copolymer blocks and the solvent and the preparation
conditions (e.g. ionic strength of the medium or temperature).124 Polymersomes
can be obtained through different methods, including electroformation, rehy-
dration and direct dissolution into water.126,127

The attractiveness of polymersomes for encapsulation lies in both the
availability of biodegradable polymers and the feasibility of tailoring the
bilayer properties.125,128,129 Compared to lipidic vesicles, polymersomes are
considered to be more rigid, stable and versatile,130,131 and this can be further
enhanced by cross-linking of the polymer network.132 Polymersomes may

Figure 12.10 Photo-induced micelle disassembly due to an increase in the LCST of
thermal sensitive blocks caused by a photoreaction (reversible or irre-
versible).
Reproduced from Ref. 61. Copyright (2012) American Chemical
Society.

Figure 12.11 Structure of a polymersome and schematic view of the photocontrolled
release of the hydrophobic cargo loaded into the bilayer.
Reproduced from Ref. 126. Copyright (2012) American Chemical
Society.
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simultaneously be used as carriers of hydrophobic (accommodated in the
bilayer) and hydrophilic (accommodated in the aqueous interior)
drugs.62,133,134 Apart from biodegradation through hydrolysis,133,135

oxidation-136,137 or reduction-responsive processes138,139 and stimuli like
changes in pH140–142 and temperature,143–145 drug release from polymersomes
can be triggered by light exposure following the same strategies described for
polymeric micelles (Figure 12.11).126 This outstanding flexibility opens a broad
range of opportunities for their use in biomedical applications.126,146,147

As reported for micelles, azobenzene derivatives are suitable to induce
morphological changes in BCP vesicles upon light irradiation. Han et al.148

reported on the photocontrolled swelling/shrinking transitions of micron-sized,
light-sensitive vesicles formed by a diblock copolymer of poly(N-isopro-
pylacrylamide)-block-poly(6-[4-(4-pyridyazo)phenoxy] hexylmethacrylate)
(PNIPAM-b-PAzPy) in water/tetrahydrofuran medium.148 The vesicles were
found to swell upon UV-light irradiation as a result of the trans-to-cis photo-
isomerization of the azopyridine groups; meanwhile, they returned to their
original dimensions when visible light irradiation restored the trans form. The
degree of swelling could be controlled by adjusting the density of UV light
power, opening a novel way to transform light energy to mechanical energy.
Moreover, since the diblock copolymer also presented pH- (PAzPy) and
temperature- (PNIPAM) responsive functional groups,148 other applications
can be envisioned. Employing a similar approach, Lin et al.149 reported on the
photo-induced rearrangement in water/tetrahydrofuran medium of vesicles
formed by a diblock copolymer of PEO and polymethacrylate with photo-
chromic azopyridine moieties in the side groups.149 Upon different periods of
UV light irradiation (from 10 to 60min.), the vesicles underwent a cyclic
process from fusion, damage and defect formation to disruption, disintegration
and rearrangement. This behavior has two main advantages: i) the defects
produced along the bilayer increase the permeability of vesicular membranes;
and ii) the disruption of the vesicular membrane is expected to promote the
exchange of substances between the outside and the inside of the vesicles.
Therefore, controlled release of encapsulated chemical species could be
achieved by adjusting the extent of photo-induced change in the morphology of
vesicles. The release process can be inhibited at any moment by irradiation with
visible light.149 Photocontrolled self-assembly/disassembly has also been
reported for supramolecular polymer nanocontainers obtained through the
electrostatic association between an azobenzene-containing surfactant
(AzoC10) and a double-hydrophilic block ionomer composed of PEG and
PAA.150 The block ionomer complex self-assembles in aqueous solution and
forms vesicle-like aggregates consisting of a PEG corona and a PAA shell
associated with the azobenzene-containing surfactant. When irradiated at
360 nm, the azobenzene groups photo-isomerized, enabling the release of the
guest substances. After irradiation at 440 nm, the guest molecule was partially
re-encapsulated.150 Pursuing the same goal but employing a multi-stimuli
strategy, Jin and coworkers explored the possibility of forming trans-
azobenzene-CD inclusion complexes either to tune the complete disassembly of
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polymer vesicles151 or to control the type of self-assembled nanostructure (i.e.
vesicle or micelle) present in the solution.152 PEO-b-poly(2-(diethylamino)ethyl
methacrylate-co-6-(4-phenylazo phenoxy)hexyl methacrylate formed vesicles in
aqueous solution at pH 8.151,152 On adjusting the pH to 3, a transition from
vesicles to micelles occurred.152 A similar transition was also realizable on
addition of b-CD at pH 8, followed by an alternating irradiation of the solution
with UV and visible light that triggered a trans-to-cis isomerization of
azobenzene units and, consequently, a reversible micelle-to-vesicle
conversion.151,152 Structural transitions from micelles to vesicles and vice versa
were also observed by Liu and coworkers subjecting mixed systems of
poly(4-phenylazomaleinanil-co-4-vinylpyridine) (AzoMI-VPy) and poly-
butadiene with a terminal carboxy group (CPB) to UV light irradiation.89 The
AzoMI-VPy/CPB mixture formed ‘‘graft-like’’ inter-polymer complexes in
toluene due to the hydrogen-bonding interaction between carboxylic acid and
pyridine. The complexes were soluble in toluene when the azobenzene units of
AzoMI-VPy were in the trans conformation. However, under UV light
irradiation, the azobenzene units adopted the polar cis conformation, making
the AzoMI-VPy chains aggregate into core–shell micelles. The core of these
micelles, composed of pyridyl groups, was cross-linked with 1,4-diiodobutene
at room temperature. The cross-linked micelles responded to the light
irradiation with reversible and remarkable morphological changes. Namely,
visible light led to the formation of hollow spheres as a result of intense swelling
of the core with the cis-to-trans azobenzene isomerization, and UV light caused
the hollow spheres to return to micelles as a result of isomerization in the
opposite direction. Importantly, this reversible optical switching of the
micelle–vesicle transition was achieved employing common, readily prepared
polymers.89

Azobenzene-mediated light photo-isomerization has also been employed for
triggering an extremely rapid cargo release from polymersomes. The basic
principle to induce a rapid release is to cause frustrations in the membrane, as
proved for asymmetric polymersomes in which each leaflet consisted of a
different type of diblock copolymer.153 One of the copolymers (PEG-b-PBD)
was insensitive to any remote stimulus, whereas the second one located in the
outer part of the membrane was a liquid-crystalline (LC) polymer containing
azobenzene mesogens (PEG-b-PMAzo444).153 The trans to cis isomerization of
the azobenzene groups upon UV irradiation induced a nematic (N) to isotropic
(I) phase transition in the LC polymer, which modified the conformation from
extended to coiled state.154 That conformational change altered the membrane
curvature and led to the polymersome bursting (Figure 12.12). Heat or electric
or magnetic fields could also be employed as remote stimuli, provided that one
of the two leaflets of the membrane was composed of suitably designed LC
copolymers.155,156

Light-triggered delivery from polymersomes can also be achieved using other
methodologies and chromophores. For example, Jiang et al.157 described the
assembly of PEG-terminated triphenylmethane dye into vesicles in the absence
of UV irradiation. Upon UV irradiation, the photochromic triphenylmethane
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was ionized to a cationic form, leading to the disassembly of the vesicles. The
cation thermally recovered its electrically neutral form, and the disassembled
species could reform the vesicles. The reverse reaction was temperature-
controlled and could be speeded up by heating.157 Employing spiropyran as
chromophore, Huang and coworkers prepared vinylpyridine-based BCP
vesicles.158 When located inside the vesicle membrane wall, isomerization of
colorless spiropyran to colored merocyanine upon UV irradiation prompted
both an increased photostability of the vesicles and a quantum yield
enhancement of the chromophore fluorescence.158 Based on the reversible color
and on other changes in physical and chemical properties of spiropyran, these
materials have already found interesting applications in data recording, optical
and electrical switching and signal processing at the molecular level.159–162

Harvesting of light energy to produce local heating and membrane budding in
polymersomes was performed by Robbins et al.163 Polymersomes made of a

Figure 12.12 Scheme of a polymersome depicting the conformation, within the
bilayer of the vesicle, of PEG-b-PBD in the coil-coil state and PEG-
b-PMAzo444 in a rod-like conformation (corresponding to a nematic
state) in the absence of UV light and in coiled conformation (isotropic
state) under UV illumination (a). The isomerization of the mesogenic
groups induces a conformational change of the polymer backbone with a
subsequent increase in the bilayer curvature. Snapshots of a polymersome
bursting under UV illumination (b). The first image shows the vesicle
before illumination. Time t¼ 0 corresponds to pore nucleation. The other
images show the same vesicle as the pore grows (Scale bar, 5mm).
Reproduced from Ref. 153 with permission of the National Academy of
Sciences.
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polyethylene oxide-polybutadiene BCP (PEO30-b-PBD46), incorporating horse
spleen ferritin (HSF) or iron-free apoferritin (HSAF) in their aqueous interior
and a porphyrin-based meso-to-meso ethyne-bridge bis[(porphinato)zinc]
(PZn2) chromophore in their membrane, were found to undergo vesicle shape
changes upon exposure to light at different wavelengths. The synergy between
the protein and the chromophore led to a photo-initiated destruction of this
tertiary system (Figure 12.13). The broad range of wavelengths (including
near-IR) that may induce the vesicle deformation suggests a local membrane
heating mediated by electronically and vibrationally excited porphyrin
molecules.163

Photocleavage of BCPs has also been explored to disrupt vesicles. For
example, a diblock copolymer of PEG and poly(caprolactone) joined by a
photocleavable 2-nitrophenylalanine moiety (PEG-2NPA-PCL) has been used
to prepare vesicles that show UV-driven drug release.164 When exposed to light
and as the release proceeded, the vesicles diminished the size owing to a
thickening and gradual collapse of the membrane, coupled with the expulsion
of aqueous contents. Also utilizing photocleavable junction units between
polymer blocks, Cabane et al.165 prepared and tested poly(methyl capro-
lactone)-ONB-PAA (PMCL-ONB-PAA) based vesicles as smart, triggerable
nanocarriers. These vesicles were found to disintegrate upon UV irradiation,
yielding small micellar-like structures and simultaneously releasing their

Figure 12.13 Confocal micrographs of polymersomes with PZn2 (purple) in the
membrane and iron-free apoferritin (HSAF) in the interior. BODIPY-
FL-labeled HSAFþPZn2 vesicle imaged using two lasers simul-
taneously (488, 543 nm) (A) and unlabeled HSAFþPZn2 vesicle
imaged using three lasers simultaneously (488, 543, 633 nm), where
PZn2 absorbs strongly (B).
Reproduced from Ref. 163. Copyright (2009) American Chemical
Society.
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payload (Figure 12.14). The versatility of this system was confirmed for low
molecular weight molecules (fluorescein and ATTO655 dye) and proteins
(enhanced green fluorescent protein), which were released in a controlled
manner by varying the UV intensity.165 Finally, Zhao and coworkers developed
cross-linked BCP vesicles capable of expanding in response to temperature
while preserving their structural integrity.121 Large vesicles formed by a
coumarin-containing BCP of poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) and PNIPAM were subjected to corona cross-linking through
dimerization of coumarin upon UV irradiation at temperatures above the

Figure 12.14 Steps of the photocleavage of the assembled polymer chains forming the
vesicle membranes (A). Upon UV exposure, the corona PAA chains are
cleaved, i.e. separated from the PMCL that form the core of the
membrane (B). As a consequence, the vesicle membrane is destroyed
and the payload released (C).
Reproduced from Ref. 165 with permission of The Royal Society of
Chemistry.
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PNIPAM’s LCST. Vesicles with a low cross-linking density (B5mol% of
coumarin units in the corona-forming block) showed large (B700%) and
reversible volume transitions upon cooling from 40 to 20 1C. Coined as ‘‘soft
coronal cross-linking’’, this approach represents an attractive strategy for
designing polymer vesicles for delivery purposes.166 The key point is to produce
a lightly cross-linked corona capable of both retaining the vesicle structure and
allowing the swelling of vesicle membrane under certain circumstances to
enable drug release. Polymers whose water solubility can be switched by other
stimuli such as light and pH can also be used to prepare vesicles of this kind.121

12.4.3 Polymeric Nano-/microparticles

Polymeric particles such as single and multi-layered capsules, micro-/nanogels
and solid nano-/microspheres are widely studied in the pharmaceutical
field.28,45,167,168 These particles display interesting features related to the
stabilization, protection and delivery of labile, active compounds.169,170

Different from micelles and vesicles, they can be prepared not only from
block and branched copolymers169,170 but also from linear, biocompatible
polymers like natural chitosan,171,172 alginate,173,174 gelatin,175,176

albumin,177,178 polylactic acid (PLA),179,180 poly(lactic-co-glycolic) acid
(PLGA),181,182 PCL183,184 and poly(cyanoacrylate) (PCA),185,186 as well as
combinations with other materials such as PEG.181,184,185 To obtain the
particles, it is possible to start from monomers applying heterogeneous (such as
emulsion) polymerization methods, or from pre-formed polymers, mainly
applying coacervation/precipitation, layer-by-layer (LbL) assembly or grafting
to a secondary polymer.187–192

12.4.3.1 Polymeric Capsules

Polymeric capsules are nano-/microparticles that consist of a polymeric wall
(single or multi-layered) that surrounds a liquid core (either an oil or an
aqueous solution, depending on the synthetic procedure).26,193 Capsules allow
the entrapment of drug molecules either inside the inner compartment or along
the layer(s) of the polymeric shell. Drug encapsulation can be done i) by
incorporation into sacrificial components that act as templates for the capsule
formation and that when are removed, the solid or solubilized drug molecule
remains in the cavity of the capsule (which is especially useful when the
compound cannot permeate the polymeric shell);194–196 and ii) by loading the
molecules of interest into pre-fabricated capsules upon reversible chemical
(decross-linking/depolymerization) or physical (rupture, melting or increase in
porosity of the shell wall) changes in the membrane permeability that are
commonly produced by external stimuli.28,197 The approaches prompting
changes in membrane permeability can also be used to trigger the release
from the capsules (Figure 12.15). Triggers that can be used to accelerate the
release include variations in pH, ionic strength and temperature;198–200

exposure to enzymes,201,202 ultrasound,203–205 microwaves206,207 and light14,28
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and application of a mechanical force.36,208,209 Capsules can be made sensitive
to UV and near-IR light by incorporation of sensitive polymers,32,210 functional
dyes,211,212 metal nanoparticles44,213,214 and nanotubes.215 In the next
paragraphs, we will exclusively focus on capsules made of light-responsive
polymers.

As occurs with micelles and polymersomes, light irradiation can lead to
reversible changes in the capsule permeability because of chromophore
isomerization cycles in the polymer chain. Likewise, light irradiation can also
produce irreversible changes and rupture in the capsule shell by bond cleavage
and occurrence of phase transitions or changes in the structural arrangement of
the wall-forming polymers as a result of the increase in vibrational energy
(heat) produced by absorbed light. In this regard, concerns about the potential
toxicity of the constituting capsule elements upon rupture have to be
considered.33 To the best of our knowledge, encapsulation and release from
photoresponsive polymer-based capsules have only been achieved by using UV
light irradiation. Studies dealing with near-IR-sensitive capsules report hybrid
constructs, i.e. polymeric capsules containing inorganic elements such as metal
nanoparticles,44,213,214 carbon nanotubes215 or near-IR-reactive dyes.35

Light-triggerable capsules were prepared by Kono et al.216 from partly cross-
linked PAA, polyethylenimine (PEI) and a copolymer of acrylic acid and
bis(4-(dimethylamino)phenyl)(4-vinylphenyl)-methyl leucohydroxide. Upon
UV irradiation, the triphenylmethane derivative dissociated into an ion pair,
thereby generating electrostatic charges. The permeation of an encapsulated
anionic molecule, p-toluenesulfonate, through the capsule membrane was
enhanced significantly after 10min. of irradiation. Permeation decreased when
the irradiation was stopped, because of the re-association of the triphe-
nylmethane derivative by thermal recovery.216 Light-induced capsule release
was also described by Schärtl et al.,217 who functionalized polyorganosiloxane
nanoparticles with nitrocinnamate photochemical switches in order to build
and disassemble the microcapsules shell walls using light. After assembly, the
nanoparticles were cross-linked with UV light in a water/oil/water emulsion to
create the microcapsule shell wall through the reaction of cinnamate groups in a

Figure 12.15 Scheme of a stimuli-responsive microcapsule that contains a sensitive
element (depicted as a star) that can be activated to trigger the cargo
release from the capsule.
Reproduced from Ref. 105. Copyright (2010) American Chemical
Society.
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reversible 2þ 2 photocyclo-addition. Destruction of the microcapsules and
release of the cargo was successfully achieved by photocleavage of the dimer
linkages at 254 nm (Figure 12.16).217 However, the process was quite slow since
photo-addition and photodissociation required several hours. Park et al.218

used photocross-linking as a means to achieve rhodamine B release from LbL
nanocapsules prepared with benzophenone modified-poly(allylamine hydro-
chloride) and poly(sodium-4-styrenesulfonate) (PAH-BP/PSS). The release rate
could readily be controlled by the photocross-linking density of the PAH
chains; the permeability of the (PAH-BP/PSS) hollow shells being reduced by
ca. 50% after 3min. of UV irradiation.218

Photo-induced structural changes in the polymeric shell have been applied to
encapsulate and release fluorescently labeled dextran molecules from an
azobenzene-substituted LbL construct of [PAH/PAZO]n/PVS, where PAZO
and PVS stand for poly(1-4[4-3(3carboxy-4-hydroxyphenyl-azo)benzene-
sulfonamido]-1,2-ethanedyil) and poly(vinyl) sulfonate, respectively.
Irradiation caused shell shrinkage coupled with an increase in the wall
permeability, which facilitated the encapsulation. The longer the irradiation
time, the greater the encapsulation yield was found to be. Although annealing

Figure 12.16 Scheme of microcapsules prepared by photocross-linking of photo-
reactive nanoparticles within the oil layer of water/oil/water emulsion
droplets as a template, and controlled destruction by UV irradiation
which causes the release of their contents.
Reproduced from Ref. 217. Copyright (2005) American Chemical
Society.
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effects were excluded, the permeability changes were found to be irreversible.32

PAZO-based microcapsules have also been formed by precipitation poly-
merization using monodisperse silica particles with trapped acetonitrile as
templates, the silica particles being removed by hydrofluoric acid etching.
Acetonitrile evaporation created pore channels in the shell. The cis azobenzene
conformation under UV light exposure gave rise to larger pore diameters than
trans azobenzene, allowing a faster loading and release of rhodamine B
according to a pure Fickian diffusion mechanism.219

Photo-acid generation is another recognized method for light-induced
encapsulation and release.210 Koo and coworkers employed the LbL technique
to prepare microcapsules with walls containing photo-acid generators (PAGs).
Upon exposure to UV light, the PAGs were activated and the decrease in the pH
caused by the release of protons triggered the swelling of the microcapsules. The
microcapsules could be opened and closed via alternate exposure to UV light and
washing with neutral water. Prolonged exposure led to breakage of the capsules
and caused rapid release of the entrapped substances (Figure 12.17).210

Multi-responsive capsules have also been developed. As an example,
Landfester et al.220 reported controlled release via multiple stimuli (pH-, UV
light- or temperature-induced) of a dye molecule from polyurethane nano-
capsules formed by an aqueous core and azo bonds located at the polymeric
shell. Depending on the stimulus, the release occurred in minutes (UV light),
hours (temperature) or days (pH), revealing the high versatility of the capsules.

Figure 12.17 Encapsulation of fluorescein isothiocyanate-labeled dextran (FITC-
dextran) into PAG-bound polyelectrolyte multi-layer capsules and
subsequent cargo release from the capsules brought about by UV
irradiation.
Reproduced from Ref. 210 with permission of The Royal Society of
Chemistry.
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This new generation of triggered nanocapsules might be particularly suitable
when a selective release of a drug or a catalyzer is required.28,220,221

12.4.3.2 Nanogels

Nanogels are aqueous dispersions of chemically or physically cross-linked
polymer particles of nanoscale sizes that imbibe water without dissolving. Current
approaches for the preparation of nanogels can be divided into four broad
categories, namely i) physical self-assembly of interactive polymers; ii) poly-
merization of monomers in a homogeneous phase or in a heterogeneous
environment; iii) cross-linking of pre-formed polymers; and iv) template-assisted
nanofabrication.187,189,222–224 Nanogels are regarded as very promising drug-
delivery carriers considering their high stability in solution and, more importantly,
the feasibility to respond to internal and external stimuli, changing on demand
some of their physico-chemical properties (e.g. volume, water content, refractive
index, network permeability or hydrophilicity).225–228 Drugs can be loaded into
nanogels by physical entrapment,229 covalent conjugation230 or controlled self-
assembly.231 Controlled release can be achieved via different pathways, such as i)
diffusion throughout the network;232 ii) erosion of the network through intra-
molecular degradation or rupture of inter-molecular bonds;233 or iii) volume
phase transitions induced by a physical stimulus.234 Depending on the
composition, light-responsive nanogels can be broadly divided into two groups:
those made with light-responsive polymers bearing photo-active groups (such as
azobenzene, spirobenzopyran or cinnamonyl) and those composed of a polymeric
network (typically temperature-responsive) and inorganic particles (typically of a
metal). The first group is analyzed below, the second one in Chapter 13.

Purely polymeric, light-responsive nanogels have scarcely been studied for
drug-delivery applications as compared to hybrid nanogels. This is presumably
because the irradiation necessary for inducing the phase transition is either UV
or visible short wavelength light, both of which are not as friendly for cells and
tissues as the near-IR light employed when working with hybrid systems. As
mentioned previously, near-IR irradiation (within the so-called ‘‘friendly
window’’) can induce a phase transition in hybrid nanogels thanks to the
absorptivity of the inorganic component, which transforms the incoming
energy into heat and enables the cargo release by modifying to suitable extents
the permeability of the polymeric network.44,45,235–237

Using coumarin-containing block copolymers, Zhao’s group proposed a
strategy to make a stable, compatible nanogel with easy on-site release.120,123

Photoresponsive nanogel particles were made of a double hydrophilic block
copolymer (DHBCP) composed of PEO and PMEO2MA.120 At temperatures
above LCST, the polymer aggregates were photocross-linked via dimerization
of coumarin under UV light (l4310 nm). After cooling down, the nanogel
particles could undergo a reverse photocleavage reaction under UV light
(lo260 nm) leading to swelling with a volume increase of up to B90%.
The size of the nanogel particles and the rate of cargo release was photo-
controllable through the reversible photocross-linking and de-cross-linking
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reaction of coumarin (Figure 12.18).120 Nanogels with a highly cross-linked
core released dipyridamole at a slower rate than after de-cross-linking.120 In a
subsequent publication this research group reported both core- and shell-
cross-linked nanogels.123 Reverse photocleavage of coumarin dimers under UV
light (lo260 nm) caused notable changes in the size, which were more relevant
than for the nanogels with only cross-linked core or only cross-linked shell.123

Photocross-linkable coumarin-based block copolymer nanogels have also been
prepared with one of the blocks being pH-responsive, enabling a double control
of the nanogel size.238

Photocontrollable nanogels have also been developed taking benefit from the
self-aggregation of an azo-dextran polymer through p stacking interactions.239

The nanogels were loaded with rhodamine B and aspirin and their release
pattern depended on the isomerization of the azobenzene group. The release
rate was slow when the azo moiety was in the trans configuration. By contrast,
the trans-cis photo-isomerization led to the disruption of the polymer stacking
and accelerated the release of the contents. The release rate was also found to be
increasingly faster for longer irradiation times and higher contents of azo groups
in the nanogel.239 Alternatively, photocleavage of ONB groups has been shown
to be able to trigger the swelling and degradation of gel particles;240 for example,

Figure 12.18 Scheme of the preparation and photocontrolled volume change of
nanogels (a) and structure of the block copolymer bearing coumarin
groups useful for the reversible photocross-linking reactions (b).
Reprinted from Ref. 120. Copyright (2009) American Chemical Society.
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poly(4,5-dimethoxy-2-nitribenzyl methacrylate) nanoparticles, obtained by a free
radical miniemulsion polymerization process, could transform into the hydro-
philic poly(methacrylic acid) to trigger the release of the cargo (Nile red).241

The combination of light and other stimuli can be exploited for a fine tuning
of the release. Landfester’s group prepared dual stimuli-responsive hydroxyethyl
methacrylate-co-methacrylic acid (poly(HEMA-co-MAA)) microgel particles
by inverse miniemulsion copolymerization, using two photodegradable cross-
linkers containing nitrophenyl units.242 Microgel degradation, necessary for the
release of the protein myoglobin, depended on light wavelength and intensity
(UV light induced the cleavage of the photolabile cross-linking points), while the
pH of the medium determined the ionization of MAA and thus the degree of
swelling (Figure 12.19). This particular combination of stimuli led to the
attainment of a fast, controlled degradation (induced by irradiation) and a slow,
controlled release (induced by pH changes), which allowed an on-demand
delivery of myoglobin.242 The same approach has been implemented to create
dual enzyme and light-responsive nanogels composed of acrylamide and a
dextran-nitrobenzyl-acrylate cross-linker.243 Partial enzymatic cleavage of the
dextran backbones resulted in nanogel swelling; while irradiation with UV light
induced either swelling or complete degradation of the nanogel depending on
the irradiation time. Hence, a two-step degradation profile could be attained by
the combination of the two orthogonal stimuli.243

In addition to drug delivery, light-sensitive nanogels have also been designed
for other biomedical purposes. Photoresponsive nanogels formed by the self-
assembly of spiropyrane-bearing pullulan (SpP) can act as artificial molecular
chaperones.244 The solution properties of these nanogels are controlled by
photostimulation via isomerization between hydrophobic spiropyrane and
hydrophilic merocyanine. The activity of citrate synthase significantly increases
when the amphiphilicity of SpP nanogels is switched by photostimulation.244

Also, nanogels bearing cinnamate moieties at the surface can be used to

Figure 12.19 Schematic representation of double stimuli-responsive photodegradable
p(HEMA-co-MAA) microgels.
Reproduced from Ref. 242. Copyright (2011) American Chemical
Society.
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fabricate autonomous self-healing coatings.245 For example, nanoparticles
prepared by miniemulsion copolymerization and surface functionalized with
cinnamate groups were used to form films by drop-casting. Then, light was
applied to induce an inter-particle photocross-linking through dimerization of
the previously incorporated cinnamate groups. The resultant films showed high
swellability, homogeneous ordering, efficient photoreactivity and marked
affinity for different additives.245

12.4.3.3 Solid Polymeric Nanoparticles

Solid matrices with sizes between 10 and 200 nm and different levels of porosity,
capable of holding molecules inside their structure or embedded along their
surface,246 can be prepared by different methods including solvent evaporation,
coacervation, spray drying, ionic gelation, microfluidics and supercritical fluids
precipitation.247 In contrast to micellar aggregates, polymeric nanoparticles
have an outstanding ability to maintain the structural integrity in diverse
environments, which is appealing for a broad variety of applications.248,249 The
possibility of designing nanoparticles able to disassemble in a controlled
fashion upon the application of a stimulus (i.e. light irradiation) further
increases their interest in the biomedical field. In general, the materials and the
procedures employed to endow capsules with light-sensitivity can also be
adapted to these micro-/nanospheres.

Photo-irradiation may serve to regulate the sizes of polymeric nanopar-
ticles.250 For example, self-assembled nanoparticles of polymers containing
cinnamic acid blocks, obtained by applying a solvent mixing method, proved to
undergo reversible size changes upon irradiation with 280 nm (50% shrinking)
and 254 nm (75% swelling) UV light.251 The diameter changes were attributed
to a [2þ 2] cyclo-addition formation (cross-linking) and cleavage of the
cinnamate groups,251 as further confirmed even in the presence of PEG
(Figure 12.20). In the latter case, the photocross-linking induced a size
decrement of up to 30% in the nanoparticles depending on the grafting degree
and molecular weight of PEG. Such a size decrement of the nanoparticles gave
rise to an increase in PEG chain density, notably decreasing non-specific
protein adsorption. These water-dispersible and photoresponsive nanoparticles
might be useful as functional carriers for drug-delivery systems and biological
diagnosis devices.113 Polymeric nanoparticles containing azobenzenes252 and
1,2-dithienylethene derivative pendant groups253 have also demonstrated a
similar size tunability under UV light irradiation.

Formation of photosensitive polymeric nanoparticles can readily be achieved
by ionic self-assembly of oppositely charged polyelectrolytes, such as cationic
chitosan and an anionic photosensitive pyrene derivative.28,254 Nile red-loaded
particles released the cargo when irradiated with UV light. Contrary to what
was originally expected, the dye release was mediated by particle shrinking
rather than by particle disassembly. This behavior was attributed to the cross-
linking of chitosan by butanoic acid generated after the removal of pyrene
groups. Although to a lower extent, dye release was also observed upon
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irradiation with near-IR light thanks to the two-photon absorbance of the
pyrene derivative.254 Switchable drug release can also be obtained by photo-
dissociation of photolabile groups, which leads to particle disassembly. That is
the case of fluorescent dyes encapsulated in polymer nanoparticles made of a
triblock copolymer of poly(pyrenylmethyl methacrylayte)-b-polystyrene-
b-poly(ethylene oxide).81 UV irradiation resulted in the photodissociation of 1-
pyrenemethanol units from the polymer backbone, resulting in breakage of the
particles and subsequent release of the cargo.81 Photolabile, cross-linkable
cationic nanoparticles of ONB- and methacrylate-functionalized PEI have been
tested as gene carriers.255 The polymer consists of three functional domains: a
cationic one to form polyplexes with DNA, a cross-linking domain to retain the
DNA within the polyplex and a photolabile domain to release the DNA when
irradiated with light of an appropriate wavelength. The cross-linked particles
provided a 3-fold enhanced transfection efficiency compared to similarly
prepared non-cross-linked particles.255

Cargo release can also be attained from light-responsive nanoparticles
through polymer degradation. Removal of pendant protecting groups from
polymers can trigger a cascade of cyclization and rearrangement reactions that
results in degradation of the polymer chain backbone.85,105–107 Almutairi
et al.99 reported a light-sensitive self-immolative polymer containing a quinine-
methide backbone and photocleavable nitrobenzyl alcohol groups as the
triggers. The polymeric nanoparticles were formed via a single emulsion
method, encapsulating Nile red. Irradiation with 350 nm light resulted in a
burst release (67% in 60 s), while near-IR irradiation caused a slower release
(Figure 12.21).99 This system has been further improved to achieve efficient
polymer disassembly upon near-IR irradiation.85

Figure 12.20 Scheme of the size changes undergone by P(3,4DHCA-co-4HCA)
(DHCA, dihydroxycinnamic acid; HCA, hydrodycinnamic acid)
nanoparticles under UV irradiation, which causes a [2þ 2] cyclo-
addition (cross-linking) first and then a deformation (cleavage).
Reproduced from Ref. 251. Copyright (2008) American Chemical
Society.
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Figure 12.21 Light-triggered degradation of polymeric particles and release of Nile red upon UV irradiation at 300–400 nm (A) and near-IR
irradiation at 750 nm (B). The plots show the fluorescence intensity inside the polymeric particles.
Reproduced from Ref. 99. Copyright (2010) American Chemical Society.
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Photo-induced targeting of polymeric nanoparticles to diseased cells and
tissues has recently been reported. Kohane et al.256 described the use of light to
trigger nanoparticles binding in specific illuminated areas. The design
comprised drug-loaded nanoparticles whose surface was covalently modified
with the amino acid sequence YIGSR, which adheres to the b1 integrins
present on all cell surfaces. This peptide was linked to the caging group
4,5-dimethoxy-2-nitrobenzyl (DMNB), rendering it biologically inert.257

Illumination with UV light (365 nm) triggered the release of the caging group
from the ligand and allowed the particles to bind cells. In contrast to other
reports where nanoparticles had been triggered by light to produce single drug
release events,55,258 this approach resulted in the deposition of the carrier at the
desired site.256 This and other similar systems allowed tissue targeting without
specific markers (Figure 12.22).103,256 Furthermore, this methodology can be
employed with highly specific ligands.

Figure 12.22 Scheme of an anionic polymer bearing side azobenzene that forms
inclusion complexes with cyclodextrins conjugated to functional
moieties (including drugs). The polymer can inhibit the loaded drug
being up-taken by normal cells. Under UV irradiation, the complexes
are broken and can be internalized by tumor cells.
Reproduced from Ref. 103 with permission of Wiley. Copyright (2011).
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12.5 Conclusion and Outlook

Either alone or combined with other triggering stimuli, light-responsiveness
constitutes a very promising approach for developing advanced DDSs such as
micelles, vesicles and nanoparticles capable of modulating drug release at the
target site. Despite the advances made in the last years to optimize light-
responsive polymer-based drug carriers for tentative therapeutic applications,
considerable efforts are still needed to translate them into clinical practice. The
most challenging issues include:

1. Design and synthesis of new biocompatible polymeric materials that fulfill
the requirements of generally recognized safe compounds. In this regard,
most studies reported so far have been focused on proving the concept or
principle of light-induced responsiveness while taking little care about
polymer toxicity. Then, more efforts have to be performed to provide new
biocompatible polymers. Recent works reporting near-IR two-photon
light-responsive polymeric micelles composed of copolymers formed by
PEO and poly(glutamic) acid (PGA) blocks bearing either spiropyran259

or coumarin side groups260 constitute important achievements in this
direction. Polymeric materials must also be designed to host large
amounts of payloads, to be stable in the blood for a long time without
undesired leakage and to accumulate selectively in targeted tissues or cells.
The choice of the photochromic moieties whose reactions trigger the
micelle/particle disruption must also be an important factor to be
considered in order to minimize the toxicity.

2. Design and synthesis of new chromophore groups with larger two-photon
absorption cross sections. Provided that near-IR is preferred to UV and
visible light for biomedical applications, there is a need to develop both
new chromophore groups with larger two-photon absorption cross
sections and new experimental procedures to reduce the utilization of
high power density-lasers currently required for efficient near-
IR-triggered drug release. Near-IR triggered disassembly of a low
amount of photochromic groups leading to significant increases in the
LCST of the micelle core-forming block61 or the use of continuous-wave
near-IR light excitation of UCNPs to activate the photoreactions
requiring UV or visible light100 can be suitable choices to resolve the
wavelength issue.

3. In vivo evaluation of the performance of light-responsive polymeric delivery
systems. Currently, most of the developed systems were only tested
in vitro; hence, these studies must be supplemented with in vivo tests in
order to progress toward the clinical use of these DDSs.
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Eur. J., 2003, 9, 915.
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G. B. Sukhorukov and O. Kreft,Macromol. Rapid Comm., 2007, 28, 1894.
202. O. Kreft, A. G. Skirtach, G. B. Sukhorukov and H. Möhwald, Adv.
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adrenalin 2.278

adriamycin (ADR) 1.96
adsorption, isolated polymer phase

transitions 1.12
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advanced excipients 1.4–9, 1.5, 1.7, 1.8
aerosol/spray-drying 2.65, 2.72
a. see alpha
affinity-controlled release, hydrogels.

see imprinted hydrogels
AFM (atomic force microscopy)

1.186, 1.187, 1.287, 1.314
AFP (a-fetoprotein) 2.277–9, 2.279,

2.280

age factors, patients 1.9
age-related macular

degeneration 1.100
aggregation properties

anionic nanoparticles 1.194
polymeric micelles 1.123, 1.126

AIBN (azobisisobutyronitrile) 2.172,
2.203

AIDS. see HIV/AIDS
albumin 1.189, 1.240
alginates

cell/tissue delivery systems 2.292,
2.292–3

dual responsive hydrogels 2.172
layer-by-layer assemblies 2.125
pH responsive microgels 2.158
tissue engineering 2.293

alkyl acrylamide homopolymers/
copolymers 2.199

alkylhalides 2.95
all-trans retinoic acid (ATRA) 1.102
a-amino acid based hydrogels

2.199–203, 2.201–3, 2.224
cisplatin 2.211–17, 2.212, 2.213,

2.215, 2.216
future perspectives 2.221–4,

2.222–3

pH/ion-responsive 2.204–9, 2.207–10,
2.210, 2.213, 2.214, 2.222

pilocarpine 2.217–21, 2.218, 2.219,
2.220

swelling properties 2.204, 2.207,
2.209, 2.211, 2.214, 2.217, 2.218,
2.219, 2.221–2, 2.222

syntheses 2.203, 2.203–4, 2.205
temperature responsive 2.209–11,

2.213, 2.221

a,b-poly(hydroxyethyl aspartamide-
g-maleic anhydride)
(PHEA-g-MA) 2.157–8

a-chymotrypsin 2.271, 2.272
a-fetoprotein (AFP) 2.277–9, 2.279,

2.280

a-folate receptors (FR) 2.67
alternating magnetic fields

(AMFs) 2.72, 2.75
aluminum phthalocyanine 1.101
Alzheimer’s disease 1.20, 1.194,

1.233, 2.100
American National Standards

Institute (ANSI) 1.306–7
amino acid biomimetics 2.181, 2.182.

see also a-amino acid based
hydrogels; elastin-like recombiners

aminoethanthiol (AESH) 2.172

aminopropyl methacrylamide
(APMA) 2.333–5

aminopropyl triethoxy silane
(APTES) 2.326

aminopropyl trimethoxysilane
(ATMS) 2.74–5, 2.327

aminoquinoline (AQ) 1.241
aminosalicylic acid 1.239
ammonium persulfate (APS) 2.203
amphiphiles 1.179–80, 1.181, 1.182
amphiphilic block copolymers. see

block copolymers
amphiphilic hyperbranched

polyphosphates (HPHDP) 1.214,
1.215

amphiphilic micelles 1.308–17, 1.309,
1.315–16, 1.319, 1.320–7, 2.41–4,
2.42, 2.43

amphiphilic oligopeptides 1.220
amphoteric hydrogels 2.208–9,

2.211, 2.212
amphotericin B 1.80, 1.134–5,

2.99–100
amplitude mapping,

polymersomes 1.187

AND logic gates 2.80
angiogenesis, tumors 1.198. see also

vascularisation
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animal models
biochemical-responsive DDS 1.21
carbon nanotubes 2.107
enzyme-responsive DDS 1.19
low temperature sensitive

liposomes 1.38, 1.60–2, 1.64
magnetic nanoparticles 2.57, 2.58
polyplexes 1.258–9
ultrasound triggered 1.165–6

anion driven actuation,
polypyrrole 1.289

anionic hydrogels 2.204–8, 2.207
anionic nanoparticles 1.193, 1.194
anisotropy, cell sheet

engineering 2.303, 2.306
ANNs (artificial neural

networks) 1.164
ANSI (American National Standards

Institute) 1.306–7
anthracyclines 2.97. see also

doxorubicin
anti-apoptotic gene delivery 2.300
antibiotics 2.189. see also specific

drugs by name
antibodies

biochemical-responsive DDS 1.21
biomolecule-sensitive

hydrogels 2.262
enzyme prodrug therapy 1.235

anticancer drugs. see
chemotherapeutic agents

antiepileptic drugs 2.57, 2.58
antifungal agents 2.99–100. see also

specific drugs by name
antigens 1.9, 1.21

biomolecule-sensitive
hydrogels 2.272–6, 2.275, 2.276

mesoporous silica nanoparticles
2.79

anti-inflammatory drugs. see also
specific drugs by name
carbon nanotubes 2.100
pH triggered drug release 2.129,

2.161
antimicrobial therapy 2.189. see also

specific drugs by name

antisense oligonucleotides 1.84, 2.6
APMA (aminopropyl

methacrylamide) 2.333–5
apolar solvents 2.232
apolipoproteins 1.189
approved excipients, FDA 1.122
APS (ammonium persulfate) 2.203
APTES (aminopropyl triethoxy

silane) 2.326
AQ (aminoquinoline) 1.241
area under the curve (AUC)

pH sensitive liposomes 1.89
timolol 2.237
ultrasound-responsive

DDSs 1.156
arginineglycine-aspartic acid (RGD)

peptides 1.262, 2.96
arthritis 1.240
artificial neural networks

(ANNs) 1.164
asbestos 2.107–8
ascorbic acid 2.156–7
aspartic acid 1.159
aspirin 1.332, 2.326
ATMS (aminopropyl

trimethoxysilane) 2.74–5, 2.327
atom transfer radical polymerization

(ATRP) 1.226, 2.271, 2.296, 2.321,
2.323, 2.325–6

atomic force microscopy
(AFM) 1.186, 1.187, 1.287, 1.314

ATP (adenosine-triphosphate)
1.243, 1.247–8, 1.257

ATPase ATP-binding cassette
superfamily (ABCs) 1.116

ATPBA (acryloylthioureido
phenylboronic acid) 2.327, 2.328

ATRA (all-trans retinoic acid) 1.102
ATRP (atom transfer radical

polymerization) 1.226, 2.271,
2.296, 2.321, 2.323, 2.325–6

AUC. see area under the curve
Au NPs. see gold nanoparticles
autoimmune diseases 2.98. see also

immune responses
avidin 1.108, 1.240, 1.251, 2.79
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azobenzene 1.307, 1.310, 1.313–14,
1.330–2, 1.334, 1.337
layer-by-layer assemblies 2.138
light responsive hydrogels 2.251,

2.252, 2.253
light-sensitive polymeric

micelles 1.317–18, 1.318
light-sensitive polymeric

vesicles 1.322–3
azobisisobutyronitrile (AIBN) 2.172,

2.203
AzoMI-VPy

(poly(4-phenylazomaleinanil-
co-4-vinylpyridine) 1.313

bacterial infections. see infected
tissues

bacteriorhodopsin, polymer
grafting 2.338, 2.338

BADS (bis(2-acryloyloxyethyl)
disulfide) 1.226, 1.227

basic fibroblast growth factor
(bFGF) 1.264

BBB (blood–brain barrier)
1.125, 1.153

B-cell lymphoma 2 (Bcl-2) 2.300,
2.301

BCMs. see block copolymer
micelles

BCPs. see block copolymers
BCRP (breast cancer resistant

protein) pump 1.125
BCS (Biopharmaceutic Classification

System) 1.115
bilayers, lipid 1.34–5, 1.35, 1.36,

1.42–3
binding agents 1.20–21
Bingel cyclopropanation 2.95
biochemical-responsive DDSs 1.17,

1.19–21, 2.229. see also
biomolecule-sensitive hydrogels

biocompatibility
carrier systems 2.63
cell/tissue delivery systems 2.292,

2.292–3
liposomes 2.121

mesoporous silica
nanoparticles 2.80–1

polymer grafting 2.336
polypyrrole 1.287–8

biodegradability, hydrogels 2.171–2
biofilms 2.316, 2.341
biofouling, combination

products 2.341
bioinformatics 1.115
bioinspired networks 2.235–40,

2.236, 2.237, 2.238, 2.239
bilayers, lipid. see lipid bilayers
biologic primary modes of

action 2.314
biological barriers 1.188, 1.197–8
biological interfaces, layer-by-layer

assemblies 2.142–4
biological models, carbon

nanotubes 2.106–7
biological stimuli.

see internal stimuli
biomacromolecules 1.6
biomarkers, disease states 1.191,

2.262, 2.277–9, 2.279
biomaterials

definitions 1.4
evolution 1.4, 1.5, 1.5, 1.5–6
first generation 1.4
second generation 1.5
third generation 1.6–7, 1.8

biomedical implants. see implants
biomimetics 2.180–1, 2.320
biomolecular imprinting 2.277–9,

2.278, 2.279
biomolecule-sensitive

hydrogels 2.229, 2.261–2, 2.282,
2.282–5, 2.283, 2.284
design strategies 2.262–4, 2.263,

2.264

DNA sensitive 2.282, 2.282
glucose-sensitive 2.264–70, 2.265,

2.267–9
imprinted 2.276–9, 2.278, 2.279
nanoparticles 2.279–81
protein-sensitive 2.270–6, 2.272–3,

2.275–6
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biopersistence, carbon
nanotubes 2.105, 2.108

Biopharmaceutic Classification
System (BCS) 1.115

biosensing, intrinsically conducting
polymers 1.286

biotin 1.108, 1.130, 1.134, 1.186,
1.251

bipolar disorder 2.222–4, 2.223
bis (2-acryloyloxyethyl) disulfide

(BADS) 1.226, 1.227
block copolymer micelles

(BCMs) 2.120, 2.127, 2.128, 2.131,
2.136, 2.136–7

block copolymers (BCPs) 1.14, 1.194,
2.44, 2.96
light-sensitive polymeric

micelles 1.308–17, 1.309,
1.315–16, 1.319, 1.320–7

light-sensitive polymeric
vesicles 1.321, 1.324–6

magnetic nanoparticles 2.50–1,
2.51

phototriggered micelles/
nanoparticles 1.327–31, 1.332

surface modification 2.39, 2.39–40
block junctions, light-sensitive

micelles 1.317, 1.317–18
blood circulation half-life,

liposomes 1.46

blood vessel fenestrations. see
enhanced permeability and
retention effect

blood–brain barrier (BBB) 1.125,
1.153

BMA (butyl methacrylate) 2.164
Boltzmann factor 2.245
bone morphogenetic proteins

(BMPs) 2.192
bottom up approaches, DDSs 2.40
bovine serum albumin (BSA) 2.157,

2.249
breast cancer

carbon nanotubes 2.96, 2.98–9
doxorubicin 1.68, 1.68–9
pH responsive nanogels 2.159

pH sensitive liposomes 1.87,
1.88, 1.90

ultrasound triggered 1.158, 1.164,
1.165, 1.166

breast cancer resistant protein
(BCRP) pump 1.125

bright field optical microscopy
2.281

Brownian relaxation 2.35–6
brushes, polymer 2.296, 2.297, 2.304,

2.305, 2.320, 2.322, 2.323,
2.325–38, 2.327

brush-like nanosystems 1.315
butyl methacrylate (BMA) 2.164
butoxyl-capped pores 1.108

calcein 1.249–50
calmodulin (CaM) 2.284–5
camptothecin (CPT) 1.100, 1.212

carbon nanotubes 2.99
dendrimers, smart 1.106
magnetic nanoparticles 2.53,

2.53–4
mesoporous silica

nanoparticles 2.67, 2.75, 2.81
pH responsive nanogels 2.160

cancer cells. see chemotherapy drugs;
tumor cells

Candida spp. 2.100, 2.336
canine model of cancer 1.64
capped pores. see also corking

adamantyl 1.249, 2.79
dendrimers, smart 1.108
layer-by-layer assemblies 2.125,

2.126

mesoporous silica
nanoparticles 2.65, 2.66,
2.74–80

silica nanocontainers 1.248–9
capsules, polymeric. see also hollow

capsules; nanocapsules
layer-by-layer assemblies 2.118,

2.120, 2.122, 2.122, 2.123, 2.132,
2.133, 2.139

phototriggered 1.327–31,
1.328–30

353Subject Index

 o
n 

01
/0

9/
20

13
 1

0:
26

:1
3.

 
Pu

bl
is

he
d 

on
 2

5 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

68
00

-0
03

49
View Online

http://dx.doi.org/10.1039/9781849736800-00349


carbon nanotubes (CNTs) 2.90–3,
2.91, 2.93, 2.110
encapsulation properties 2.100–3,

2.102

external attachment of
drugs 2.96–100

functionalization 2.91–7, 2.91,
2.102–3, 2.103, 2.106

toxicity/environmental
impacts 2.104–10, 2.106

carbonic anhydrase
inhibitors 2.238–40

carboplatin 1.71, 2.97–8, 2.102
carboxyfluoroscene (CF) 1.53–4, 1.54
carboxylic acid 2.204–8, 2.207, 2.211,

2.212, 2.262
carboxymethyl-chitosan

(CMCS) 1.89–90
cardiomyopathy 1.50
catalase 1.238
catalysts, toxicity 2.105–6, 2.108
catheters, combination

products 2.319, 2.320, 2.325, 2.329
cation driven actuation 1.289
cationic nanoparticles,

cytotoxicity 1.193–4
cavitation, ultrasound. see gas bubble

cavitation
CBER (Center for Biologics

Evaluation and Research) 2.315
CDs. see cyclodextrins
CDER (Center for Drug Evaluation

and Research) 2.315
CDRH (Center for Devices and

Radiological Health) 2.315
cefazolin 2.130, 2.189
cell delivery systems 2.290–1, 2.307

cell sheet engineering 2.295–307,
2.295, 2.297–302, 2.304–6

polymeric materials used 2.291–4,
2.292

thermo-responsive polymers 2.294–5
cell lines, table of abbreviations 1.276

cell membranes
permeability 1.9
poration damage 1.193

stress and strain parameters 1.43
ultrasound effects 1.165, 1.167,

1.168
cell orientation, sheet

engineering 2.303–7, 2.305, 2.306
cell-penetrating peptides (CPP) 1.87
cell sheet engineering 2.295–307,

2.295, 2.297–302, 2.304–6
cell sorting 2.33
cells, as biomaterials 1.6
cellular uptake

carbon nanotubes 2.92
nanoparticles 1.191–2, 2.78–9
polymersomes 1.190, 1.191–2,

1.194, 1.195
cellulose derivatives 2.173
Center for Biologics Evaluation and

Research (CBER) 2.315
Center for Devices and Radiological

Health (CDRH) 2.315
Center for Drug Evaluation and

Research (CDER) 2.315
ceramic combination products 2.317
CF (carboxyfluorescein) 1.53–4, 1.54
chain transfer agents (CTA) 2.296,

2.297

charge-shifting polymers 2.128, 2.128
chemical bonding, combination

products 2.320
chemical hydrogels 1.238–44, 1.239,

1.242

chemical initiation, polymer
grafting 2.325–8

chemical polymer hydrogels
cross-linkage 2.185–8, 2.186
elastin-like recombinamers 2.184,

2.184–5
chemotherapy drugs 1.4. see also

specific drugs by name
a-amino acid based

hydrogels 2.200, 2.211–17
carbon nanotubes 2.99
delivery from micelles 1.167–9
elastin-like recombinamers

2.188–9, 2.189, 2.193
gold nanoparticles 2.3
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low temperature sensitive
liposome 1.34

magnetic nanoparticles
2.46–8, 2.48

mesoporous silica
nanoparticles 2.72

pH sensitive liposomes 1.87–9
polymersomes 1.198
risk-benefit ratios 2.63
synergistic effects 2.20

ultrasonography synergistic
effect 1.165–6

zero premature release 2.64, 2.65
CHEMS (cholesteryl

hemisuccinate) 1.81
chitosan (CHIT)

cysteamine-conjugated 1.225–6
dual responsive hydrogels 2.172,

2.173
imprinted hydrogels 2.248
layer-by-layer assemblies 2.121,

2.125, 2.129, 2.132, 2.141–2
nanoparticles 1.193, 1.225–6
pH responsive microgels 2.158,

2.159

chloroquine 2.103
chloroquinone 1.264
cholesterol 1.46, 1.81
cholesteryl hemisuccinate

(CHEMS) 1.81
chromatography,

polymersomes 1.187
chromophores

amphiphilic block
copolymers 1.309–17

phototriggered micelles/
nanoparticles 1.328

chronic toxicity, definition 2.104
cinnamic acid 1.319
ciprofloxacin 2.341
cis-aconityl pH-responsive

dendrimers 1.103, 1.104–5
cisplatin

a-amino acid based
hydrogels 2.200, 2.202,
2.211–17, 2.212–13, 2.215–16

carbon nanotubes 2.97–8, 2.101–2
low temperature sensitive

liposomes 1.71
pH sensitive liposomes 1.85, 1.89
polymeric micelles 1.136

cis–trans isomerization
light-sensitive polymeric

micelles 1.310, 1.313, 1.317,
1.318

light-sensitive polymeric
vesicles 1.323

clathrates 1.180
clay nanoplatelets 2.119
CLDPD (CMCS-cationic liposome-

coated DNA/protamine/DNA
complexes) 1.90

clearance, filomicelles 1.193. see also
accelerated blood clearance (ABC)
phenomenon

cleavable linkers, carbon
nanotubes 2.98

click chemistry 1.214, 1.224, 1.225,
1.226
elastin-like recombinamers 2.185
layer-by-layer assemblies 2.125,

2.142
light-sensitive polymeric

micelles 1.315
mesoporous silica

nanoparticles 2.79
silica nanocontainers 1.249

clinical trials
changed criteria for 1.115
doxorubicin 1.64–9, 1.66, 1.68,

1.70, 1.70
new excipients 1.7, 1.8

cloud point. see lower critical
temperature of dissolution

CMC. see critical micellar
concentration

CMCS (carboxymethyl-
chitosan) 1.89–90

CMSC (critical micelle salt
concentration) 1.123

CNTs. see carbon nanotubes
coacervates 2.181
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coating, combination products
2.320

cochlear implants 1.297, 1.298, 1.300
collagen

mimics 1.99
phase transitions 1.11
tissue engineering 2.293

collapse cavitation,
ultrasound 1.151–5, 1.152, 1.168,
1.170

collapse transition, phase
transitions 1.12–13

colloid templates
layer-by-layer assemblies 2.119

magnetic nanoparticles 2.50, 2.51
colorectal cancer

a-amino acid based
hydrogels 2.200

animal models 1.166
hollow capsules 1.224
layer-by-layer assemblies 2.144
oxaliplatin 2.98

combination products 2.313–17,
2.315

design strategies 2.342

drug-incorporation 2.318–25,
2.319, 2.322, 2.323, 2.324

future perspectives 2.341–2
materials used 2.317–18
responsive surfaces 2.325–41,

2.326–32, 2.334–5, 2.337–8
combination therapy 2.92
competitive displacement 2.229

biochemical-responsive
DDS 1.20–21

imprinted hydrogels 2.240–2
composite drug-delivery

membranes 2.56–9, 2.57–9
composition-structure-property

relationships 1.34, 1.35, 1.36,
1.40–51, 1.40, 1.41, 1.44–6, 1.48,
1.49

compounding 2.318, 2.319
concanavalin A 1.20
conductivity. see intrinsically

conducting polymers

configurational biomimesis
approach 2.238

conformational imprinting. see
molecularly imprinted polymers

conjugate released gentamicins 1.19
conjugation properties,

dendrimers 1.96
contact lenses, soft 2.235–40, 2.236,

2.237, 2.239
continuous wave (CW) lasers 1.306
contrast agents

carbon nanotubes 2.101
magnetic resonance

imaging 2.73–4
controlled drug release

chemical hydrogels 1.238
intrinsically conducting

polymers 1.288–9
co-patterning, tissue-mimicking

cell sheets 2.301–3, 2.302
copolymer poloxamines 1.193
copper-oxicam complexes 2.200
coprecipitation, magnetic

nanoparticles 2.37–8
core–corona nanostructures

2.191
core cross-linking

polymeric micelles 1.119–20
reduction-sensitive

nanosystems 1.214–19,
1.215, 1.217

core-shell nanoparticles 2.171
corking 2.101–2, 2.102. see also

capped pores
cornea reconstruction 2.296–7
corneal epithelial cells 2.300
corona cross-linking 1.119–20
corona discharge 2.322

co-solvent methods 1.128
cost-effectiveness, DDSs 1.25
Coulomb interactions 1.12
coumarin 1.249, 1.314, 1.315,

1.319, 1.326
coupled phase transitions 1.14
covalent bonds, molecularly

imprinted polymers 2.230
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covalent functionalization, carbon
nanotubes 2.91, 2.93–5

CPPs (cell-penetrating peptides) 1.87
CPT. see camptothecin
creatinine 2.240, 2.242
critical micellar concentration

(CMC) 1.156–8, 1.180
light-sensitive polymeric

micelles 1.308, 1.310
polymeric micelles 1.116–19,

1.122–3, 1.126, 1.167
reduction-sensitive

nanosystems 1.219
critical micellar temperature (CMT),

polymeric micelles 1.120–1, 1.122,
1.123, 1.126

critical micelle salt concentration
(CMSC) 1.123

critical solubility temperature (CST),
polymers 1.21–2. see also lower
critical temperature of dissolution;
upper critical solution temperature

cross-linkage. see also PEGylation
a-amino acid based

hydrogels 2.200, 2.204, 2.205,
2.206, 2.209, 2.209, 2.220, 2.221

biomolecule-sensitive
hydrogels 2.263–4, 2.264, 2.271,
2.274, 2.284

chemical hydrogels 1.238,
1.238–44, 1.239, 1.242

combination products, drug/
medical devices 2.320

dual-responsive hydrogels 2.170
elastin-like

recombinamers 2.185–8, 2.186
glucose-sensitive

hydrogels 2.267–8
hydrogels 2.235, 2.236
imprinted hydrogels 2.238, 2.245,

2.246, 2.248
light-sensitive polymeric

micelles 1.318–20, 1.319
micelles 1.163, 1.218, 1.319–20
molecularly imprinted

polymers 2.231, 2.232, 2.234–5

polymer grafting 2.330
polymeric capsules 1.307, 1.328–9,

1.329

polymeric micelles 1.119–20,
1.130, 1.135, 1.157

poly(N-acryloxysuccinimide) 2.78
reduction-sensitive

nanosystems 1.214–19, 1.215,
1.217

cross-talk, cellular 2.297
cryogenic electron microscopy

(CryoEM) 1.185, 1.187
Cryptococcus neoformans 2.100
crystallization, phase transitions 1.13
CTA (chain transfer agents) 2.296,

2.29

CTAB
(hexadecyltrimethylammonium
bromide) 2.6

curcumin 1.241
CW (continuous wave) lasers 1.306
cyclic voltametry (CV) 1.287,

1.288

cyclo-addition reactions, carbon
nanotubes 2.95

cyclodextrins (CDs) 1.116, 1.249
combination products 2.320
layer-by-layer assemblies 2.127,

2.127
mesoporous silica

nanoparticles 2.75–6, 2.80
cylindrical nanoparticles 1.192
cystamine 2.78
cystaminebisacrylamide 1.265–6
cysteamine-conjugated chitosan-

based nanoparticles 1.225–6
cysteine 1.105, 1.223, 1.263, 1.264
cytokines 2.297
cytosine arabinoside 1.165
cytosine-phosphate-guanosine

(CpG)-gold nanoparticles 2.6
cytosol

pH 1.16
reduction-sensitive

nanosystems 1.211, 1.211
cytotoxicity. see toxicology
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daidzein 1.97
dapsone 2.100
dasatinib 1.234
daunorubicin (DNR) 2.125
DBS

(dodecylbenzenesulfonate) 1.294
DBT (dibenzothiophenes) 2.248
DCC

(dicyclohexylcarbodiimide) 1.158
DCM (dilated

cardiomyopathy) 2.297
DDSs. see drug delivery systems
DEAA (diethylacrylamide) 2.236
DEAMA (diethylaminoethyl

methacrylate) 2.265, 2.280, 2.281,
2.291

Debye theory 2.34, 2.36
defect group functionalization 2.93,

2.94
defences, bodily 1.37. see also

immune responses
definitions

biomaterials 1.4
combination products 2.314
enzyme-responsive materials 1.235
gene therapy 1.200
intelligent DDS 1.15–16
nanogels/microgels 2.154
new excipients 1.7
pharmaceutical excipients 1.4
prodrugs 1.234
toxicity 2.104
ultrasound 1.149

degradable hydrogels, enzyme-
responsive 1.238–40, 1.239

delayed-release 1.2
dendrimer-phthalocyanine

(DPc) 1.100
dendrimers, smart 1.94–6, 1.109

cytotoxicity 1.193
enzyme-responsive 1.105–8, 1.106,

1.107

layer-by-layer assemblies 2.129
photoresponsive 1.100–2, 1.101
pH-responsive 1.102–5, 1.103
polyamidoamine 1.95

redox-responsive 1.105
temperature-responsive 1.96–9, 1.97
theragnostic 1.108–9

deoxyribonucleic acid. see DNA
dephosphorylation/

phosphorylation 1.242
dermal contact, carbon

nanotubes 2.105, 2.108
device primary mode of action

2.315
dexamethasone 2.100, 2.192
dextran

hydrogels 1.239

layer-by-layer assemblies 2.121,
2.129, 2.131, 2.132

pH responsive nanogels 2.160
temperature-responsive

hydrogels 2.165
dextran-lipoic acid derivatives

(Dex-LAs) 1.221–3, 1.222
dextranases 1.239
DHLA (dihydrolipoic acid) 1.223
diabetic treatment. see glucose-

sensitive hydrogels
diagnosis. see theranostics
diazonaphthoquinone (DNQ) 1.310,

1.315–16
diazoresin 2.125
dibenzothiophenes (DBT) 2.248
dichloromethane 2.102
diclofenac 1.24
dicyclohexylcarbodiimide

(DCC) 1.158
diethylacrylamide (DEAA) 2.236
diethylaminoethyl methacrylate

(DEAMA) 2.265, 2.280, 2.281,
2.291

diffusion-controlled drug
release 2.124–5

DIGNITY breast cancer study 1.68,
1.68–9, 1.70, 1.70

dihydrolipoic acid (DHLA) 1.223
dilated cardiomyopathy

(DCM) 2.297
diltiazem hydrochloride (DIL-HCl)

2.157
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DIM (D-phenylalanine) 2.242

dimethylacrylamide
(DMAAm) 2.240
dual responsive hydrogels 2.171
polymer grafting 2.335
temperature-responsive

hydrogels 2.164
dimethylaminoethyl methacrylate

(DMAEMA) 2.336, 2.337,
2.337

dimethyl-1,3-dioxan-2-yloxy) ethyl
acrylate (DMDEA) 1.226, 1.227

dimethylformamide (DMF) 2.215,
2.216

dimethyl sulfoxide (DMSO) 2.211,
2.212, 2.215

dimyristoyl phosphatidic acid
(DMPA) 2.131

dimyristoylphosphatidylcholine
(DMPC) 1.45

dioleoylphosphatidylcholine
(DOPC) 1.81

dioleoylphosphatidyl-ethanolamine
(DOPE) 1.81, 1.262

dioleoyl-3-trimethylammonium-
propane (DOTAP) 1.264

dipalmitoyl phosphatidyl choline
(DPPC) 1.43, 1.71
composition–structure–property

relationships 1.45, 1.47
lipid membrane components 1.41,

1.41–2
low temperature-sensitive

liposome 1.54, 1.54
permeability 1.48, 1.49
in vitro performance-in-

service 1.54–6, 1.55, 1.57, 1.58
dipalmitoyl-sn-glycero-3-

phosphoglyceroglycerol
(DPPGOG) 1.71

direct sidewall functionalization,
carbon nanotubes 2.93, 2.94–5

disease-responsive DDS 1.15–25,
1.17, 1.22, 2.161

disregulation, enzyme activity 1.232,
1.233

disruptive enzyme-responsive
micelles 1.244–6, 1.245

distearoyl phosphatidyl choline,
(DSPC) 1.44, 1.47

distearoyl phosphatidyl ethanolamine
lipid membrane components 1.41,

1.41–2, 1.50–1
low temperature-sensitive

liposomes 1.54, 1.54
in vitro performance-in-

service 1.57, 1.57, 1.57–8, 1.59
disulfonated aluminum

phthalocyanine 1.101
dithionite assay, low temperature-

sensitive liposome 1.54–6, 1.55
dithiothreitol (DTT) 1.212, 1.214,

1.216, 1.218, 1.219, 1.221–3, 1.222,
1.225, 2.78

DLS. see dynamic light scattering
DMAEMA (dimethylaminoethyl)

methacrylate) 2.336, 2.337, 2.337
DMDEA (dimethyl-1,3-dioxan-2-

yloxy) ethyl acrylate) 1.226, 1.227
DMF (dimethylformamide) 2.215,

2.216

DMAAm. see dimethylacrylamide
DMPA (dimyristoyl phosphatidic

acid) 2.131
DMPC

(dimyristoylphosphatidylcholine)
1.45

DMSO (dimethyl sulfoxide) 2.211,
2.212, 2.215

DNA damage, ultrasound
triggered 1.168–9

DNA delivery systems. see gene
delivery

DNA sensitive sol–gel transition
systems 2.282, 2.282

DNQ (diazonaphthoquinone) 1.310,
1.315–16

DNR (daunorubicin) 2.125
docetaxel 1.129
dodecylbenzenesulfonate

(DBS) 1.294
dopamine 2.293
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DOPC
(dioleoylphosphatidylcholine) 1.81

DOPE (dioleoylphosphatidyl-
ethanolamine) 1.81, 1.262

dosage forms, evolution/
development 1.1–4, 1.3

DOTAP (dioleoyl-3-
trimethylammonium-
propane) 1.264

DPPC. see dipalmitoyl phosphatidyl
choline

DPPGOG (dipalmitoyl-sn-glycero-
3-phosphoglyceroglycerol) 1.71

double-walled carbon nanotubes
(DWCNTs) 2.92, 2.103, 2.103,
2.104, 2.110

doxorubicin 1.80
carbon nanotubes 2.96–7
dendrimers, smart 1.96, 1.100,

1.101, 1.103–4, 1.106
enzyme-responsive DDS 1.235,

1.243, 1.245, 1.246
gold nanoparticles 2.3, 2.10, 2.20
layer-by-layer assemblies 2.142
magnetic responsive DDS 2.42,

2.42, 2.46, 2.139–40, 2.140
mesoporous silica nanoparticles

2.68, 2.71, 2.72, 2.74, 2.81
pH responsive DDS 1.85, 1.87,

1.88, 2.160
polymeric micelles 1.130, 1.133,

1.136, 1.157–8, 1.160
polymersomes 1.198–9, 1.199–200,

1.201
production 1.51–2, 1.52
reduction-sensitive DDS 1.213–14,

1.216, 1.216–18, 1.224, 1.226–7
shell-sheddable micelles 1.210–11,

1.211, 1.212
temperature-responsive DDS 1.34,

1.39, 1.49, 1.49–50, 2.167
ultrasound triggered 1.159, 1.162–9
in vitro performance-in-

service 1.56–60, 1.56, 1.57, 1.59
in vivo performance-in-service

1.60–9, 1.62, 1.63, 1.66, 1.68

DPc (dendrimer-phthalocyanine) 1.100
D-phenylalanine (DIM) 2.242

DPPC (dipalmitoyl phosphatidyl
choline) 1.71

drug delivery systems (DDSs), general
information
advanced 1.4–9, 1.7, 1.8
carrier systems 2.64

evolution 1.1–4, 1.3
future perspectives 1.25
intelligent 1.15–25, 1.17, 1.22
main approaches 1.3

stimuli responsive
networks 1.9–15, 1.10, 1.15. see
also specific stimuli by name

drug dissolution test 1.2
drug efflux pumps 1.9, 1.82, 1.125,

2.71–2
drug-eluting devices. see combination

products
drug excipients. see excipients
drug-loaded soft contact

lenses 2.235–40, 2.236, 2.237, 2.239
drug partition coefficients, imprinted

hydrogels 2.238
drug–polymer conjugates 1.158–9,

1.235
drug primary mode of action 2.314
drug release rates. see release rate
drug resistance. see multi-drug

resistance
drug trapping liposomes 1.51
DSPC (distearoyl phosphatidyl

choline) 1.44, 1.47
DTT (dithiothreitol) 1.212, 1.214,

1.216, 1.218–19, 1.221–3, 1.222,
1.225, 2.78

dual-responsive DDS. see also
synergistic effects
hydrogels 2.154, 2.170–3
mesoporous silica

nanoparticles 2.71, 2.79–80
polyelectrolyte complexes 1.274–5

Durapores poly(vinylidene difluoride)
membranes 2.292, 2.297, 2.299,
2.307
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dynamic light scattering (DLS)
elastin-like recombinamers 2.192
polymersomes 1.187

dysopsonins 2.41, 2.131

EB (electron-beam) irradiation 2.296
EBA (ethylene-bisacrylamide) 2.200,

2.204, 2.205
ECM (extra-cellular matrix) 2.290–1,

2.294, 2.295, 2.297, 2.298, 2.303
EDC (ethyl- 3-(3-dimethyl-

aminopropyl) carbodimide
hydrochloride) 1.290–1

EDS, see equilibrium degree of
swelling

efavirenz (EFV) 1.119, 1.124–5,
1.125, 1.126, 1.136

efflux pumps 1.9, 1.82, 1.125, 2.71–2
EGF. see epidermal growth factor
Ehrlich, Paul 1.232
Ehrlich tumors 1.89
elastic modulus liposomes 1.46, 1.46
elastin, biomimetics 2.181
elastin-like recombinamers (ELRs)

2.181–3, 2.182, 2.183, 2.195–6
hydrogels 2.184, 2.184–90, 2.186,

2.189

nanoparticles 2.190–5, 2.191,
2.194, 2.195

electric field responsive DDS 1.22,
1.24–5, 2.100

electroactive molecularly imprinted
polymers (EMIP) 1.296

electrochemical responsive drug
release 2.134–5, 2.135

electro-conductive
hydrogels 1.294–6. see also
intrinsically conducting polymers

electrodes, implantable 1.297, 1.298,
1.300

electron microscopy 1.185, 1.187,
2.94, 2.101

electron-beam irradiation 2.296
electron-beam lithography 2.338
electron microscopy. see transmission

electron microscopy

electronic properties, carbon
nanotubes 2.92

electrophilic addition, carbon
nanotubes 2.95

electrophoretic deposition
(EPD) 2.56

electrospraying 2.193
electrostatic forces, intrinsically

conducting polymers 1.288–9
elimination assessments, new

excipients 1.7
elimination mechanisms, carbon

nanotubes 2.108–9
ELRs. see elastin-like recombinamers
EMA (European Medicines

Agency) 1.122
EMIP (electroactive molecularly

imprinted polymers) 1.296
emulsion polymerization

techniques 1.299
encapsulating membranes, lipid

bilayers 1.43–7, 1.44
encapsulation properties

carbon nanotubes 2.100–3, 2.102
dendrimers, smart 1.96
polymeric micelles 1.117–18, 1.123

encephalitis 1.125
endocytosis 1.86, 1.167, 1.168, 1.191,

1.192, 2.105
endoscopic submucosal dissection

(ESD) 2.296–7, 2.299
endosome, pH 1.16, 1.257
endovascular stents 2.316
engineering 1.4, 1.5

cell/tissue delivery systems 2.293–4
low temperature sensitive

liposomes 1.36–51, 1.38–41,
1.44–6, 1.48–9

enhanced permeability and retention
(EPR) effect 1.3, 1.9, 1.81, 1.82,
1.167
carbon nanotubes 2.99
dendrimers, smart 1.96
elastin-like recombinamers 2.188,

2.189

gold nanoparticles 2.2
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enhanced permeability and retention
(EPR) effect (continued)

low temperature-sensitive
liposome 1.37–8, 1.38, 1.62,
1.73

mesoporous silica
nanoparticles 2.67

new excipients 1.9
and particle size 1.236
pH-sensitive liposomes 1.81, 1.82,

1.87
polymeric micelles 1.116
polymersomes 1.198–9
ultrasound-responsive DDSs 1.23,

1.159–60
entangled membranes,

polymersomes 1.188
Enterococcus faecalis 1.123–4
entropy-driven micellization

mechanisms 1.122
entropy-driven polymersomes 1.180
environmental impacts/interactions

carbon nanotubes 2.106, 2.109–10
dual responsive hydrogels 2.171

enzymatic degradation,
gastrointestinal tract 1.2

enzyme cross-linkage, elastin-like
recombiners 2.187

enzyme delivery, polymersomes 1.201
enzyme inhibitors 1.234
enzyme-responsive materials

(ERMs) 1.17, 1.18–19, 1.232–6,
1.251–2
advantages/drawbacks 1.236

biomolecule-sensitive
hydrogels 2.270–2, 2.272

dendrimers, smart 1.105–8, 1.106,
1.107

drug design 1.236–7, 1.237
enzyme disregulation 1.233

glucose-sensitive
hydrogels 2.264–5, 2.265

gold nanoparticles 2.20–1
hydrogels 1.237–44, 1.239, 1.242
layer-by-layer assemblies 2.141–2,

2.143

mesoporous silica
nanoparticles 2.71, 2.79

micelles 1.244–8, 1.245
silica nanocontainers 1.248,

1.248–51, 1.249
EPD (electrophoretic

deposition) 2.56
epidermal growth factor (EGF)

carbon nanotubes 2.98
pH sensitive liposomes 1.89
receptor active targeting 1.191

epilepsy 2.57, 2.58
epirubicin 2.99
EPR effect. see enhanced permeability

and retention effect
equilibrium degree of swelling (EDS),

a-amino acid based
hydrogels 2.204, 2.206–11, 2.207,
2.208, 2.210, 2.214, 2.217, 2.218,
2.219, 2.221–2, 2.222

equilibrium polymerization, phase
transitions 1.12

ERMs. see enzyme-responsive
materials

erythrocytes, stress and strain
parameters 1.43

erythromycin 2.160
Escherichia coli 2.335, 2.337
ESD (endoscopic submucosal

dissection) 2.296–7, 2.299
estrogen anchored pH-sensitive

liposomes 1.86, 1.87
ethosuximide 2.57, 2.58
ethoxzolamide 2.238–40
ethyl- 3-(3-dimethyl-aminopropyl)

carbodiimide hydrochloride
(EDC) 1.290–1

ethylene-bisacrylamide (EBA) 2.200,
2.204, 2.205

ERMs. see enzyme-responsive
materials

ethylene glycol (EG) 2.236, 2.236,
2.265

ethylenediamine 1.122, 1.133–4
European Medicines Agency

(EMA) 1.122
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excipients. see also drug delivery
systems
active/passive 1.3
advanced 1.4–9, 1.5, 1.7, 1.8
evolution 1.1, 1.2

excretion. see elimination
explodable systems, layer-by-layer

assemblies 2.122, 2.129, 2.138
extended-release DDS 1.2, 2.122,

2.125, 2.126
external attachment of drugs, carbon

nanotubes 2.91, 2.96–100, 2.101
external stimuli-responsive

DDSs 1.96, 1.305, 2.2, 2.76, 2.154.
see also light-responsive DDS;
temperature-responsive DDS

extra-cellular matrix (ECM) 2.290–1,
2.294, 2.295, 2.297, 2.298, 2.303

extrusion procedures, liposomes 1.51

FA. see folate/folic acid
FDA. see Food and Drug

Administration
feedback-modulated DDSs 1.2, 1.3,

2.243, 2.244
fenestrations, tumor. see enhanced

permeability and retention effect
fiber paradigm, pulmonary

toxicology 2.107
fibrillation 1.194
fibrin 2.293
fibrinogen 1.189
field-effect transistor (FET)

gates 2.266
filomicelles, clearance 1.193
first generation

biomaterials 1.4
excipients 1.2

first order phase transitions 1.11–12
5-fluorouracil (5-FU) 1.96, 1.166
5-fluorouracilhexyl-carbamoyl

fluorouracil (HCFU) 2.166
flame treatment, polymer

grafting 2.322

flow dynamics, carbon nanotubes
(CNTs) 2.92

flower-like micelles 1.127, 1.130–1
fluorescein 2.75
fluorescein isothiocyanate

(FITC) 2.74
fluorescent resonance energy transfer

(FRET) mechanism 2.21
fluorination, carbon nanotubes 2.95
Fmoc-Phe-pTyr 1.243
folate/folic acid (FA) 1.160

binding protein 1.160
carbon nanotubes 2.96–7, 2.98
gold nanoparticles 2.3
mesoporous silica

nanoparticles 2.67–8
polyplexes 1.262
tumor cell receptors 1.191

Food and Drug Administration
(FDA) 1.197, 1.234
approved excipients 1.122
Office of Combination

Products 2.314–15, 2.315
force mapping, Atomic Force

Microscopy 1.187

fouling. see opsonisation
FR (a-folate receptors) 2.67
free-radical graft

polymerization 2.321, 2.323,
2.323–4

free radicles, ultrasound-
triggered 1.152, 1.153

freeze-drying
pH-sensitive liposomes 1.89
polymeric micelles 1.120

FRET (fluorescent resonance energy
transfer) 2.21

frustrated endocytosis 1.192, 2.105
fullerenes 2.101–2, 2.102, 2.102
functional monomers 2.230,

2.231, 2.238
biomolecule-sensitive 2.276
drug-loaded soft contact

lenses 2.235, 2.236
pH-responsive 2.251
stimuli-responsive imprinted

networks 2.245
temperature-responsive 2.245–6
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functionalization
carbon nanotubes 2.91–7, 2.91,

2.102–3, 2.103, 2.106
combination products 2.325–38,

2.326–32, 2.334–5, 2.337–8
plasma polymerization 2.339–41

fusogenic liposomes 1.82–3, 1.86
future perspectives

a-amino acid based
hydrogels 2.221–4, 2.222–3

combination products 2.341–2
imprinted hydrogels 2.254
mesoporous silica

nanoparticles 2.81–2
ultrasound-responsive

DDSs 1.169–70

gadolinium 1.196, 1.197, 2.73, 2.101
galactose 2.144
gamma ray polymer grafting 2.322,

2.323–4, 2.329, 2.329–38
gammainterferon-inducible lysosomal

thiol reductase (GILT) 1.209, 1.210
gas bubble cavitation 1.150–5, 1.152,

1.163, 1.168, 1.170. see also
microbubbles

gastrointestinal tract
doxorubicin toxicity 1.50
drug release in 1.239
enzyme-responsive

materials 1.236–7
pH responsive DDS 1.16, 1.102,

2.129, 2.154, 2.155
gate effects, imprinted

hydrogels 2.240, 2.242, 2.248,
2.248–9. see also capped pores

gel phases. see phase transitions
gene delivery (for gene therapy) 1.4.

see also RNA
cell/tissue delivery systems 2.300
elastin-like recombinamers 2.190,

2.192
gold nanoparticles 2.6, 2.8,

2.16–17, 2.18
layer-by-layer assemblies 2.124,

2.126, 2.135

magnetic nanoparticles 2.48–50,
2.50

mesoporous silica
nanoparticles 2.71–2

pH-sensitive liposomes 1.85,
1.89–90

phase transitions 1.11–12
polymeric micelles 1.135
polymersomes 1.200
polyplexes 1.256–8, 1.261–7,

1.263, 1.269–70, 1.273, 1.273–4
ultrasound-sensitive systems 1.154

gene silencing effect 2.13
genotoxicity. see also toxicology

carbon nanotubes 2.109, 2.110
definitions 2.104
new excipients 1.9

gentamicin 2.130
GFP (green fluorescent protein) 1.201
giant unilamellar vesicles

(GUVs) 1.35, 1.43, 1.44, 1.45. see
also low temperature sensitive
liposomes

GILT (gammainterferon- inducible
lysosomal thiol reductase) 1.209,
1.210

G-insulin (synthetic glycosylated
insulin) 2.291

glass transitions 1.13
glaucoma 2.203, 2.211, 2.236. see also

pilocarpine
glucose oxidase (GOD) 1.238

combination products 2.340

glucose-sensitive hydrogels 2.265,
2.265

insulin cell/tissue delivery
systems 2.291

glucose-responsive DDS. see also
insulin
biomolecule-sensitive

hydrogels 2.262, 2.264–70,
2.265, 2.267–9

combination products 2.339–40,
2.340

layer-by-layer assemblies 2.141
nanocarriers 1.20
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glutathione tripeptide (g-glutamyl-
cysteinyl-glycine) 1.209, 1.209. see
also redox-responsive drug release

glycerylphosphorylcholine 1.34–5,
1.35, 1.43, 1.46, 1.47

glycine-proline-(hydroxy)proline
(Gly-Pro-Pro (Hyp)) 1.99

glycolphosphatidylethanolamine
conjugates 1.161

glycosidases 1.19
GOD. see glucose oxidase
gold nanoparticles 2.1–7, 2.3, 2.4, 2.5,

2.7, 2.8, 2.23
carbon nanotubes 2.101–2
cytotoxicity 1.193
dendrimers, smart 1.108
enzyme-responsive 2.20–1
glutathione-responsive 2.10, 2.12
layer-by-layer

assemblies 2.119–20, 2.120,
2.137–8

light-responsive DDSs 1.23
mesoporous silica

nanoparticles 2.77
pH-responsive DDS 2.9, 2.9–10,

2.11

photo-active/photodynamic
2.10–14, 2.13, 2.15

photothermal therapy 1.100,
2.14–20, 2.16, 2.17, 2.18, 2.19

surface modification 2.39
synergistic effects 2.20, 2.20
temperature-responsive DDS 1.22
theranostics 2.21–3, 2.22, 2.23

Golgi apparatus 1.16
graft copolymers 1.313, 1.323
grafting-from/to 2.321. see also

polymer grafting
Graham, Thomas 1.237
green fluorescent protein

(GFP) 1.201
griseofulvin 1.123
growth factors

electric field responsive DDS 1.25
hepatocyte 2.298, 2.300
layer-by-layer assemblies 2.142–3

guar gum 2.165
GUVs. see giant unilamellar vesicles
gyrase subunit B (GyrB) 2.285

Halobacterium halobium 2.338
HB (hypocrellin B) 2.138
Hc (hysteresis coercivity) 2.37
HCC (hepatocellular

carcinoma) 1.65–8, 1.66, 1.258–9
HCFU (5-fluorouracilhexyl-

carbamoyl fluorouracil) 2.166
HDF. see human dermal fibroblast
HDPE (high-density

polyethylene) 2.220–1
HEAA (hydroxyethyl

acrylamide) 2.240
HEAT study, HepatoCellular

Carcinoma 1.67–8, 1.70, 1.70
heating, ultrasound 1.150. see also

temperature-responsive DDS
helix-to-random coil

transitions 1.11–12
HEMA. see

hydroxyethylmethacrylate
hemoglobin 2.276

Henderson–Hasselbalch
equation 2.206

heparin 2.125, 2.284, 2.284
hepatitis C virus (HCV) 1.116
hepatocarcinoma 1.104
hepatocellular carcinoma

(HCC) 1.65–8, 1.66, 1.258–9
hepatocyte growth factor

(HGF) 2.298, 2.300
hepatocytes

cell/tissue delivery systems 2.293
tissue-mimicking cell sheets 2.302,

2.302
HER2 complex (human epidermal

growth factor receptor) 1.160
hexadecyltrimethylammonium

bromide (CTAB) 2.6
hexamethylamine 2.102
hierarchical delivery systems,

layer-by-layer assemblies 2.122–3,
2.123
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high-affinity binding sites 2.232,
2.234, 2.235, 2.236. see also
imprinted hydrogels

high-density polyethylene
(HDPE) 2.220–1

high-energy radiation 2.187
high frequency ultrasound

(HIFU) 1.70, 1.70, 1.149–50
high-frequency magnetic field

(HFMF) 2.35, 2.43, 2.55, 2.56,
2.57. see also magnetic
nanoparticles

high-performance liquid
chromatography (HPLC) 1.258

high-resolution transmission electron
microscopy (HRTEM) 2.54, 2.55

histamine H1-receptor 2.238
histidine monomers 2.205, 2.208–9,

2.209, 2.218, 2.219, 2.219, 2.220
histidine-rich peptides 1.257, 1.262
HIV-1 encephalitis (HIVE-1) 1.125
HIV/AIDS 1.124–5, 1.234
HLB. see hydrophilic-lipophilic

balance
HNE (human neutrophil

elastase) 1.240
hollow capsules

reduction-sensitive
nanosystems 1.223–6, 1.225

layer-by-layer assemblies 2.118
hollow vesicles 2.194–5, 2.195
homeostasis, and DDSs 1.3
hormones, bodily release 2.153–4
horse spleen ferritin (HSF) 1.325
horseradish peroxidase (HRP) 1.201
HPC (hydroxypropylcellulose) 2.173
HPHDP (hyperbranched

polyphosphates) 1.214, 1.215
HPLC (high-performance liquid

chromatography) 1.258
HPMA (hydroxypropyl

methacrylamide) 1.158, 2.265
HRP (horseradish peroxidase) 1.201
HRTEM (high-resolution

transmission electron
microscopy) 2.54, 2.55

HSBA (hydrazinosulfonyl benzoic
acid) 1.103, 1.104

HSF (horse spleen ferritin) 1.325
human dermal fibroblast

(HDF) 1.200, 2.303, 2.304, 2.304,
2.306

human epidermal growth factor
receptor II (HER2) complex 1.160

human immunodeficiency virus. see
HIV/AIDS

human neutrophil elastase
(HNE) 1.240

human serum albumin (HSA)
2.41, 2.131

human umbilical vein endothelial cells
(HUVECs) 2.303

hydrazone 1.103, 1.104–5
hydrazinosulfonyl benzoic acid

(HSBA) 1.103, 1.104
hydrogel collapse transition 1.12
hydrogel-conducting polymer

composites 1.294–6
hydrogels 2.154, 2.173–4. see also

a-amino acid based hydrogels;
biomolecule-sensitive hydrogels;
microgels; nanogels
affinity-controlled

release 2.235–43, 2.236–9,
2.241–3

chemical 1.238–44, 1.239, 1.242
conformational

imprinting 1.14–15
dual responsive 2.154, 2.170–3
elastin-like recombinamers 2.184,

2.184–90, 2.186
enzyme-responsive

materials 1.237–44, 1.239, 1.242
pH-responsive 1.18, 2.154, 2.155,

2.155–61, 2.156, 2.159, 2.173–4
physical 1.238, 2.184, 2.184, 2.188
properties 2.200
temperature-responsive 2.154,

2.161, 2.161–9, 2.162, 2.163,
2.166, 2.169, 2.173–4

hydrogen bonds 1.12, 1.19
hydrolases 1.19
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hydrolysis
imprinted hydrogels 2.242–3
layer-by-layer assemblies 2.125–9,

2.127, 2.128
phase transitions 1.14

hydrophilic building blocks
1.132–3

hydrophilic particles 1.189
hydrophilic poly(N-

acryloylmorpholine)
(PAcMo) 2.304

hydrophilic/hydrophobic balance
a-amino acid based

hydrogels 2.210
light-sensitive micelles 1.309–20,

1.311, 1.314, 1.315, 1.317
switching 2.154
temperature-responsive

hydrogels 2.162, 2.163
hydrophilic-lipophilic balance (HLB),

polymeric micelles 1.118, 1.122,
1.127

hydrophobic colloids 1.189
hydrophobic effect 1.35, 1.180,

1.183
hydrophobic interactions 1.12
hydrophobic poly(N-butyl acrylate)-

co-polystyrene 1.246
hydroxyethyl acrylamide

(HEAA) 2.240
hydroxyethylmethacrylate

(HEMA) 2.236, 2.238, 2.240,
2.242-3, 2.291–3

hydroxyl radicals 2.187
hydroxypropylcellulose (HPC)

2.173
hydroxypropyl methacrylamide

(HMPA) 1.158, 2.265
hyperbranched

polyphosphates 1.214, 1.215
hyperthermia 2.174. see also

temperature-responsive DDS
dendrimers, smart 1.96
elastin-like

recombinamers 2.193–4
imprinted hydrogels 2.247

mesoporous silica
nanoparticles 2.73

temperature-responsive
nanogels 2.166

theory 2.33, 2.34–7, 2.35, 2.36
ultrasound triggered 1.165

hypocrellin B (HB) 2.138
hypo-/hyperexpression,

enzymes 1.232, 1.233
hypoxia, tumor cells 1.210
hysteresis coercivity (Hc) 2.37

IBAM (isobutylamide) group 1.98
ibuprofen

layer-by-layer assemblies 2.132
magnetic nanoparticles 2.42
upper critical solution

temperature 2.169
ICAM-1 (intra-cellular cell adhesion

molecule 1) 1.191
ICPs. see intrinsically conducting

polymers
IM (imprint molecules) 1.296
imaging compounds 2.41

imatinib mesylate 1.234
imidazole 2.242–3, 2.243
immune responses 1.9

autoimmune diseases 2.98
elastin-like recombinamers 2.190,

2.195
low temperature-sensitive

liposomes 1.37
to medical devices 2.316
opsonins 1.189

immunoglobulins 1.189, 2.272–3
immunomicelles 1.161
implantable electrodes 1.297, 1.298,

1.299, 1.300
implants, biomedical

biomaterials 1.5
intrinsically conducting

polymers 1.297, 1.298, 1.299,
1.300

layer-by-layer assemblies 2.142
opportunistic bacteria 2.316

imprint molecules (IM) 1.296
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imprinted hydrogels 2.228–9,
2.235–43, 2.236–9, 2.241–3
biomolecule-sensitive 1.21, 2.229,

2.276–9, 2.278, 2.279
light-responsive 2.251–4, 2.252,

2.253, 2.254, 2.254
molecular imprinting 2.229–35,

2.230, 2.232, 2.234
pH-responsive 2.249–51, 2.250
stimuli-responsive

networks 2.243–5, 2.244
temperature-responsive 2.245–9,

2.246–8
see also molecularly imprinted

polymers
in vitro performance-in-service,

mesoporous silica
nanoparticles 2.73

in vivo performance-in-service,
polymeric micelles 1.131–2, 1.132

indium tin oxide (ITO) 1.290, 2.134
indomethacin 1.126, 1.294
induced fit, molecularly imprinted

polymers 2.235
induced metastasis, ultrasound-

triggered 1.155
industrial revolution 1.2
inertial cavitation, ultrasound 1.152
infected tissues

gold nanoparticles 2.3
and implantable devices 2.316
layer-by-layer assemblies 2.130,

2.131

pH changes 1.83, 1.134
temperature-responsive DDS 2.154

inflamed tissues
carbon nanotubes 2.98
enzyme-responsive DDS 1.19
pH changes 1.16, 1.83, 1.134
responses to medical devices 2.316

infrared (IR) spectroscopy 1.286
infrared radiation 1.23
inhalation, carbon nanotubes 2.105,

2.107–8
inorganic mesoporous silica. see

mesoporous silica nanoparticles

inorganic shells 2.39, 2.40
insulin 1.238. see also glucose-

responsive DDS
cell/tissue delivery

systems 2.290–3, 2.292
combination products 2.339–40,

2.340

competitive binding 2.229
electric field responsive DDS 1.24
layer-by-layer assemblies 2.141
pH responsive microgels 2.156
synthetic glycosylated 2.291

integrins 1.191
intelligent DDS. see stimuli-

responsive DDSs
interdisciplinary research

biomaterials 1.6
excipients 1.4

internal stimuli-responsive DDSs.
see self-regulated DDS

interpenetrating polymer networks
(IPNs) 1.157, 2.330
biomolecule-sensitive

hydrogels 2.271, 2.272, 2.274,
2.275, 2.276

dual-responsive hydrogels 2.173
imprinted hydrogels 2.246
polymer grafting 2.331, 2.333
temperature-responsive

hydrogels 2.165
intra-cellular cell adhesion molecule 1

(ICAM-1) 1.191
intra-ocular lens implantation 2.316
intravascular release

doxorubicin 1.62, 1.62–4, 1.63
hypothesis 1.72–3

intrinsically conducting polymers
(ICPs) 1.283–5, 1.290, 1.290–9,
1.300. see also polypyrrole
biocompatibility 1.287–8
biological applications 1.299–300
characterization 1.286–7, 1.288
conducting polymer

nanotubes 1.297–9
controlled drug release

mechanisms 1.288–9
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DDS 1.290, 1.290–9, 1.291, 1.293,
1.295, 1.298

electric field-responsive DDS 1.25
properties 1.285–6

inverse temperature transition
(ITT) 2.182

inverted hexagonal phase, pH
sensitive liposomes 1.86

inverted micelles 1.36
ionic interactions, cross-linkage 2.188
ion-responsive DDSs 1.16–18, 1.17

a-amino acid-based
hydrogels 2.202, 2.204–9, 2.207,
2.208, 2.209, 2.210

IPNs. see interpenetrating polymer
networks

iron oxide nanoparticles
(IONP) 1.108. see also magnetic
nanoparticles

iron-free apoferritin (HSAF) 1.325,
1.325

irradiation, polymer grafting 2.322,
2.323, 2.324, 2.329–38, 2.338

ischemia, pH changes 1.134
isobutylamide (IBAM) group 1.98
isoprene 1.157
isothermal titration calorimetry

(ITC) 2.330
isotherms, Langmuir type 1.168
isotropic (random) phase liquid

crystals 1.13
ITT (inverse temperature

transition) 2.182

jellyfish aggregate,
polymersomes 1.181, 1.184

Jurkat cells 2.98

KALA polyplexes 1.268
ketoprofen 2.100
ketotifen 2.238
kinases/kinase inhibitors 1.19, 1.234,

1.243, 1.247
knob elastin-like

recombinamers 2.193
Kupffer cells 1.37

L-phenylalanine (LIM) 2.208,
2.242, 2.242

L-pyroglutamic acid (Pga) 2.247
L-valine. see valine
laser light irradiation 1.306–7
layer-by-layer (LbL) assemblies 2.117

biological interfaces 2.142–4
biological stimuli 2.141–2, 2.143
constituents/architectures

2.119–23, 2.120–3
diffusion-controlled DDS 2.124–5
drug incorporation

strategies 2.123–4
electrochemical/redox-responsive

DDS 2.134–5, 2.135
hydrolytic degradation 2.125–9,

2.127, 2.128
light-triggered DDS 2.137–9,

2.139

magnetic field triggered
DDS 2.139–40, 2.140

pH-triggered DDS 2.129–32,
2.130, 2.131, 2.132

salt-triggered DDS 2.132, 2.132,
2.133, 2.133–4

substrates/templates 2.117–18,
2.119

temperature-responsive
DDS 2.136–7, 2.136–7

ultrasound-responsive
DDSs 2.140–1

LCST. see lower critical temperature
of dissolution

LDPE (low density polyethylene)
2.336, 2.337, 2.337

leakiness, tumor cell blood
vessels 1.37–8, 1.38. see also
enhanced permeability and
retention effect

lectins
biochemical-responsive DDS 1.20
competitive binding 2.229
concanavalin A 2.268–70, 2.269,

2.277, 2.280, 2.281
glucose-sensitive

hydrogels 2.266–70
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leukocytes, stress and strain
parameters 1.43

ligand-anchored pH-sensitive
liposomes 1.86, 1.87

ligand-driven active targeting 1.3
ligand exchange method 2.39, 2.39
light-responsive DDS 1.22, 1.23–4.

see also near-infrared;
photodynamic therapy; ultraviolet
light-responsive DDS
dendrimers, smart 1.100–2, 1.101
gold nanoparticles 2.10–14, 2.13
imprinted hydrogels 2.251–4,

2.252, 2.253, 2.254
layer-by-layer assemblies 2.137–9,

2.139

mesoporous silica nanoparticles
2.70, 2.77–8

polymer grafting 2.338
polymeric micelles 1.304–5,

1.308–20, 1.309, 1.311, 1.312,
1.314–19

polymeric nano-/microparticles
1.327–37, 1.328–30, 1.332, 1.333,
1.335–7, 1.338

polymeric vesicles 1.320–7, 1.321,
1.324–6

polyplexes 1.273, 1.273–4
release mechanisms 1.307–8

LIM (L-phenylalanine) 2.208, 2.242,
2.242

lipases, enzyme-responsive DDS 1.19
lipid bilayers

encapsulating membrane 1.43–7,
1.44

light-sensitivepolymericvesicles 1.322
low temperature-sensitive

liposome 1.41

lipids as smart materials 1.33–6, 1.35
nanoparticles 1.188. see also

liposomes; micelles
lipofectamine 1.200, 1.201
liposomes. see also low temperature

sensitive liposomes
comparison with

polymersomes 1.190

cytotoxicity 1.193
elastic modulus 1.46, 1.46
elastin-like recombinamers 2.194
enzyme-responsive DDS 1.19
layer-by-layer assemblies 2.119,

2.120–1
self-assembly 1.94
thermo-sensitive 2.46, 2.47

liquid crystals, phase transitions
1.13

liquid electron microscopy 1.186
liquid–liquid phase transitions 1.13
lithium a-amino acid based

hydrogels 2.222–4, 2.223
living radical polymerization

(LRP) 2.296
local drug release systems, cell sheet

engineering 2.298–301. see also
targeted drug delivery

localized surface plasmon resonance
(LSPR) 2.20

logic gates, AND 2.80
low density polyethylene

(LDPE) 2.336, 2.337, 2.337
low temperature-sensitive liposomes

(LTSL) 1.33–6, 1.35, 1.72–4
future perspectives 1.69–74
production 1.51–2, 1.52
reverse engineering 1.36–51,

1.38–41, 1.44–6, 1.48, 1.49
in vitro performance-in-

service 1.53–60, 1.54
in vivo performance-in-service

1.60–9, 1.62–3, 1.66, 1.68
lower critical temperature of

dissolution (LCST)
a-amino acid based hydrogels

2.199, 2.204, 2.210
biomolecule-sensitive

hydrogels 2.262–3, 2.263,
2.275, 2.277

combination products 2.325–6
core-cross-linked micelles 1.216
dendrimers, smart 1.96–7,

1.98, 1.99
dual-responsive hydrogels 2.173
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elastin-like recombinamers 2.181,
2.187

glucose-sensitive hydrogels 2.266,
2.267

gold nanoparticles 2.17
layer-by-layer assemblies 2.137
light-sensitive polymeric

micelles 1.313, 1.320
light-sensitive polymeric

vesicles 1.321

magnetic nanoparticles 2.44, 2.45,
2.46

mesoporous silica
nanoparticles 2.69, 2.70

micro-patterned surfaces 2.302
phototriggered micelles/

nanoparticles 1.338
PNIPAAm/PMAA films 2.136
polymer grafting 2.331, 2.336
polymeric micelles 1.121, 1.126,

1.129
polyplexes 1.269, 1.270, 1.271
reduction-sensitive

nanosystems 1.219, 1.220
switchable micelles 1.247
temperature-responsive

hydrogels 2.161, 2.161–3,
2.162–7

temperature-sensitive
polymers 1.21–2

low-frequency ultrasound 1.149–50
low-permeability barrier layers 2.125
L-phenylalanine (LIM) 2.208, 2.242,

2.242
L-pyroglutamic acid (Pga) 2.172,

2.247
LRP (living radical

polymerization) 2.296
LSPR (localized surface plasmon

resonance) 2.20
LTSL. see low temperature-sensitive

liposomes
luciferase 1.259, 1.261, 1.265,

1.267–8, 1.271
lung cancer 1.158
lung toxicology, fiber paradigm 2.107

L-valine. see valine
lysine residues 1.135, 1.262, 1.264
lysosomes 1.16, 2.100
lysosomotropic micelles 1.18

MAA. see methacrylic acid
macroradicals 2.187
macular degeneration 1.100
Mag-Dye@MSNs 2.74
magnetic nanoparticles

(MNPs) 2.32–4, 2.33, 2.48,
2.59–60
amphiphilic/organic 2.41–4, 2.42,

2.43

composite membranes 2.56–9,
2.57, 2.58, 2.59

hyperthermia theory 2.33, 2.34–7,
2.35, 2.36

mesoporous silica 2.51–4, 2.52,
2.53, 2.72–5

nanoshells 2.50–6, 2.51, 2.52, 2.53,
2.55, 2.56

surface modification 2.38, 2.38–40,
2.39

synthesis 2.37–8
temperature-responsive DDS 2.44,

2.44–50, 2.45–7
magnetic resonance imaging

(MRI) 2.33
carbon nanotubes 2.101
dendrimers 1.108
imaging compounds 1.196
mesoporous silica

nanoparticles 2.66, 2.73–4
pH-sensitive liposomes 1.90
polymersome imaging

compounds 1.196, 1.197
rat fibrosarcoma model 1.60–1

magnetic-responsive DDSs 1.22, 1.24
a-amino acid based

hydrogels 2.222
layer-by-layer

assemblies 2.139–40, 2.140
polymersomes 1.200

main chain degradation,
light-sensitive micelles 1.318
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malaria 1.233

maleic acid residues 1.135
manganese prophyrins 1.71
materials matrix, low temperature

sensitive liposome 1.40

materials science 1.4, 1.5
combination products 2.317

matrix metalloproteinases
(MMPs) 1.239, 1.241, 2.21
biomolecule-sensitive

hydrogels 2.283–4
dendrimers, smart 1.108

matrix type intrinsically conducting
polymers 1.296–7

maximum permissible exposures
(MPE) to laser light
irradiation 1.306–7

MBA (methylene-bisacrylamide)
2.200, 2.204, 2.205

MBAA biomolecule-sensitive
hydrogels 2.274, 2.275

MCM-41 mesoporous silica
2.48, 2.49

MDR. see multi-drug resistance
ME (mercaptoethanol) 2.78
mechanical cavitation,

ultrasound 1.150–5, 1.152, 1.163,
1.168, 1.170. see also microbubbles

mechanical index (MI),
ultrasound 1.153, 1.155

medicated contact lenses,
soft 2.235–40, 2.236, 2.237, 2.239

melanoma 1.158, 2.214, 2.215, 2.216,
2.216

melphalan dendrimers, smart 1.106
membrane elastic modulus

liposomes 1.46, 1.46
membranes

bilayers. see lipid bilayers
biocompatible 2.292, 2.292–3
composite drug-delivery 2.56–9,

2.57–9
phase transitions 1.14

memorization
imprinted hydrogels 2.243–4
responsive polymers 1.14–15

MEMS (microelectromechanical
systems) 1.299

mercaptoethanol (ME) 2.78
mesoporous silica nanoparticles

(MSNPs) 1.223, 1.290, 2.63–6
biocompatibility 2.80–1
future perspectives 2.81–2
layer-by-layer assemblies 2.119
magnetic 2.42, 2.43, 2.46–8, 2.48,

2.49, 2.51–4, 2.52, 2.53, 2.72–5
multifunctionality 2.66, 2.67, 2.74
polymeric coatings 2.68–72
stimuli-responsive DDSs 2.75–80,

2.76

targeting agents 2.66–8
mesothelioma 2.108
metal-based drugs 2.200. see also

carboplatin; cisplatin; oxaliplatin
metal combination products 2.317
metal-enhanced fluorescence

(MEF) 2.132

metallic stents 1.296–7
metastases

a-amino acid based hydrogels
2.200

enzyme-responsive DDS 1.240
ultrasound-triggered 1.155

methacrylic acid (MAA) 2.157
a-amino acid-based

hydrogels 2.208, 2.208
drug-loaded soft contact

lenses 2.236
glucose-sensitive hydrogels 2.265
imprinted hydrogels 2.236, 2.240,

2.248
monomers 2.203
pH-responsive hydrogels 2.250,

2.251
pH-responsive microgels 2.156,

2.158
pH-responsive nanogels 2.159–60
polymer grafting 2.329
temperature-responsive

hydrogels 2.165, 2.245–6, 2.246
methacryloylethyl

p-aminobenzoate 2.242–3
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methacryloyloxy ethyl
phosphorylcholine (MPC) 2.271

methicillin 1.123–4
methicillin-resistant Staphylococcus

aureus. see MRSA
methotrexate (MTX) 1.218

carbon nanotubes 2.98
dendrimers, smart 1.96, 1.102, 1.107
gold nanoparticles 2.3, 2.4
light responsive hydrogels 2.252

mesoporous silica
nanoparticles 2.68

polymeric micelles 1.135
methoxy poly(ethylene glycol)

(MPEG) 1.160, 1.247–8
methyl methacrylate 1.319, 1.320
methyl tetrazolium test (MTT) 2.160
methylene-bisacrylamide 2.200,

2.204, 2.205
methylmethacrylate (MMA) 2.251–4
metoprolol tartarate 2.156
MI (mechanical index),

ultrasound 1.153, 1.155
micelles 1.181

amphilic 1.308–17, 1.309, 1.315–16,
1.319, 1.320–7, 2.41–4, 2.42, 2.43

biochemical-responsive DDS 1.20
comparison with

liposomes 1.169–70
delivery mechanisms 1.167–9
dendrimers, smart 1.107, 1.107
elastin-like recombinamers 2.193,

2.194–5
enzyme-responsive DDS 1.19,

1.244–8, 1.245
formation 1.183
gene delivery 1.18
layer-by-layer assemblies 2.120
low temperature sensitive

liposomes 1.36
phase transitions 1.14
polymeric. see polymeric micelles
self-assembly 1.94, 1.181
temperature-responsive DDS 1.22
ultrasound-responsive

DDSs 1.155–9

Michael-type addition reaction 2.283
miconazole 2.319
micro jets 1.154
microbial colonies (biofilms) 2.316,

2.341
microbubbles. see also gas bubble

cavitation
layer-by-layer assemblies 2.118
polymersome imaging

compounds 1.197
microcapsules. see capsules
microchips

intrinsically conducting
polymers 1.292

magnetic nanoparticles 2.57, 2.58
microcontact printing 2.302
microelectromechanical systems

(MEMS) 1.299
microencapsulation, cell/tissue

delivery systems 2.290–1, 2.292,
2.292–3

micro-fabricated thermo-responsive
surfaces 2.301–7, 2.302, 2.304,
2.305, 2.306

microgels
definitions 2.154
pH-responsive 2.156–8
temperature-responsive 2.163–5

microgrooved polydimethylsiloxane
(PDMS) 2.303

microneedles 1.293, 1.293–4
microorganism-triggered DDS

enzyme-responsive 1.19
pH responsive 1.16

microparticles, polymer. see polymer
nano-/microparticles

micro-patterned surfaces, cell sheet
engineering 2.302, 2.302, 2.304,
2.305

micropipet manipulation 1.43, 1.44,
1.47

micropumps 1.292–3
MIPs. see molecularly imprinted

polymers
mitochondria 2.100
mitomycin C 2.99
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MMA (methylmethacrylate) 2.251–4
MMPs. see metalloproteinases
MNPs. see magnetic nanoparticles
model predictive control (MPC),

ultrasound-responsive DDSs 1.164
models, carbon nanotubes 2.106–7
Modified Robbins Device

(MRD) 2.332
modified Stõber method 2.65
molar solubilization ratio

(MSR) 1.117
molecular weight, elastin-like

recombinamers 2.187
molecularly imprinted polymers

(MIPs) 2.229–35, 2.230, 2.232,
2.234

biochemical-responsive 1.21,
2.229, 2.276–9, 2.278, 2.279

covalent bonds 2.230
responsive polymers 1.14–15
see also imprinted hydrogels

monoclonal antibodies 1.88, 1.161,
2.97

mononuclear phagocyte system
(MPS) 1.156, 1.189

monooleoylphosphatidylcholine
(MOPC) 1.48

monostearoylphosphatidylcholine
(MSPC) 1.41, 1.41–2, 1.54–6
low temperature-sensitive

liposome 1.53, 1.54, 1.55
in vitro performance-in-service

1.57, 1.57, 1.58, 1.59
mortars, evolution 1.2
MPC. see model predictive control
MPC (methacryloyloxy ethyl

phosphorylcholine) 2.271
MPE. see maximum permissible

exposures
MPEG (methoxy poly(ethylene

glycol)) 1.160, 1.247–8
MPS (mononuclear phagocyte

system) 1.156, 1.189
MRI. see magnetic resonance imaging
MSNPs. see mesoporous silica

nanoparticles

MRSA (methicillin-resistant
Staphylococcus aureus)
combination products, drug/

medical devices 2.329
polymer grafting 2.331–2

MSPC. see
monostearoylphosphatidylcholine

MSR (molar solubilization ratio) 1.117
MTT (methyl tetrazolium test) 2.160
MTX. see methotrexate
mucosal epithelial cell sheets 2.297,

2.299

multi-drug release system,
supramolecular hydrogels 1.241

multi-drug resistance (MDR) 1.82,
1.89, 2.1
carbon nanotubes 2.97
dendrimers, smart 1.101
drug–polymer conjugates 1.159
mesoporous silica

nanoparticles 2.72
polymeric micelles 1.116
polymersomes 1.199
reduction-sensitive

nanosystems 1.212, 1.227
tumours 1.9

multifunctionality
carbon nanotubes 2.91, 2.91, 2.93,

2.94, 2.99, 2.101
mesoporous silica

nanoparticles 2.66, 2.67, 2.74
multilayered cardiomyocyte

sheets 2.303
multiple stimuli responsive polymer-

based hydrogels. see a-amino acid
based hydrogels

multi-walled carbon
nanotubes (MWCNTs) 2.90, 2.92
encapsulation properties 2.101
environmental impacts 2.104,

2.110
external attachment of drugs

2.96–7, 2.99–100
toxicity 2.104, 2.106, 2.107, 2.108

myoblast sheets 2.297, 2.300, 2.300,
2.301
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myocardial infarction 2.298, 2.300,
2.303

Myocet 1.34

NADPH (nicotinamide adenine
dinucleotide phosphate) 1.201,
1.210, 1.239

NaAlg (sodium alginate) 2.158. see
also alginates

nalidixic acid 2.333–7, 2.335, 2.337
N-alkyl acrylamide

homopolymers 2.199
nanocaps/gates 2.74–5, 2.77, 2.79–80.

see also capped pores
nanocapsules 1.34, 2.41, 2.118
nanocarriers, glucose-responsive 1.20
nanocontainers

carbon 2.100–3, 2.102
silica 1.248, 1.248–51, 1.249. see

also mesoporous silica
nanoparticles

nanogels
definitions 2.154
magnetic nanoparticles 2.58, 2.59,

2.59

pH-responsive 2.158–61
phototriggered 1.331–4, 1.332,

1.333

reduction-sensitive 1.226,
1.226–7

temperature-responsive DDS 1.22,
2.166–7

tumor-targeted delivery 1.18
nanoparticles 1.188. see also

dendrimers; gold nanoparticles;
liposomes; mesoporous silica
nanoparticles; micelles; polymer
nanoparticles; polymersomes
biomolecule-sensitive

hydrogels 2.279–81
cellular internalisation

mechanism 1.191–2
elastin-like recombinamers

2.190–5, 2.191, 2.194, 2.195
low temperature sensitive

liposomes 1.62

organic 2.41–4, 2.42, 2.43
reduction-sensitive

nanosystems 1.221–3, 1.222
nanopores 1.59–60
nanoreactors 1.201
nanoshells, magnetic nanoparticles

2.50–6, 2.51, 2.52, 2.53, 2.55, 2.56
nano-straws, carbon nanotubes

2.101
nanostructured conducting

polymers 1.297–9
nanotechnology 1.3, 1.188, 1.195
nanothermometers 2.101
nanowire arrays 1.299
naproxen 1.126
nature-designed materials 1.5
NaYF4 1.316, 1.316–17
NBA (nitrobenzyl methacrylate)

2.326
Néel relaxation 2.36
near infrared fluorophores

(NIRF) 1.196–7
near-infrared radiation (NIR) 1.23,

1.305–7
carbon nanotubes 2.92
gold nanoparticles 2.14
layer-by-layer assemblies 2.138
micelles/nanoparticles 1.338
nanogels 1.331
polymeric micelles 1.315, 1.316
solid polymeric

nanoparticles 1.335
nematic (parallel alignment) phase,

liquid crystals 1.13
neural growth factor (NGF) 1.290,

1.290

neurotrophins 1.25, 1.297
new excipients 1.7–8, 1.8
nicotinamide adenine dinucleotide

phosphate (NADPH) 1.201, 1.210,
1.239

N-hydroxysuccinimide
(NHS) 1.290–1

NIR. see near-infrared radiation
NIRF (near infrared fluorophores)

1.196–7
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N-isopropylacrylamide
(NIPAAm) 1.216
a-amino acid based

hydrogels 2.204, 2.205, 2.206,
2.220, 2.221, 2.222

biomolecule-sensitive hydrogels
2.271, 2.274, 2.277, 2.281

cell sheet engineering 2.296, 2.297
dendrimers, smart 1.97, 1.98
dual-responsive hydrogels 2.170,

2.172
glucose-sensitive hydrogels 2.266
plasma polymerization 2.339
polymer grafting 2.327, 2.330,

2.334, 2.335
temperature-responsive

hydrogels 2.163–5, 2.166,
2.245–6, 2.246

temperature-responsive
nanogels 2.167

N-isopropylmethacrylamide
(NIPMAM) 2.58

nitrobenzyl methacrylate (NBA)
2.326

nitroxide-mediated (NMRP) radical
polymerization 2.321, 2.323

N-methylated poloxamines 1.124,
1.125

Nobel Prize in Chemistry
(2000) 1.283

non-covalent functionalization
carbon nanotubes 2.91, 2.95–6
molecularly imprinted

polymers 2.230, 2.232
noradrenalin 2.278

norfloxacin
imprinted hydrogels 2.237–8,

2.238, 2.239
polymer grafting 2.335

nosocomial infections 2.316
NNDEA (poly(N,N-

diethylacrylamide) 1.157
N-succinyl-DOPE 1.81
nucleic acids (NAs). see gene delivery
nucleophilic addition, carbon

nanotubes 2.95

nucleopores poly(carbonate)
membrane 2.292

N-vinylcaprolactam 2.167
N-vinylimidazole (NVIm) 2.242–3,

2.243

N-vinylpyrrolidone (NVP) 2.240,
2.266

octopus structures,
polymersomes 1.184

oil-in-water emulsions 2.118
oligodeoxynucleotides

(ODNs) 1.258, 1.258
oligo(ethylene glycol) (OEG) 1.226,

1.246, 1.98, 1.99, 1.107
oligonucleotides 1.84, 1.220, 1.296, 2.6
1D crystallization phase

transitions 1.12
o-nitrobenzyl (ONB) 1.310, 1.315,

1.317, 1.318, 1.320, 1.325, 1.332
ophthalmic drug delivery 2.235–40,

2.236, 2.237, 2.239
opportunistic bacteria 2.316. see also

infected tissues
opsonisation 1.37, 1.189, 2.109
optical imaging, polymersome

compounds 1.196, 1.196–7
Optison 1.197
OR logic triggers 1.107
oral administration

enzyme-responsive materials
1.236–7

pH-responsive hydrogels 2.155
oral mucosal epithelial cell

sheets 2.297, 2.299
organelles, artificial 1.201
organic nanoparticles 2.41–4, 2.42,

2.43

organic polymers, phase
transitions 1.14

organic solvents 1.218, 2.171
anticancer drugs 1.198
elastin-like recombinamers 2.188
layer-by-layer assemblies 2.121–2

organic-inorganic hybrids,
combination products 2.317–18
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orientation, cell sheet
engineering 2.303–7, 2.305, 2.306

osteolysis, enzyme-responsive
DDS 1.240

osteoporosis 1.233

ovalbumin (OVA) protein 1.224
ovarian cancer

carbon nanotubes 2.98–9
reduction-sensitive

nanosystems 1.216, 1.217
ultrasound triggered DDS 1.164,

1.158–9, 1.160
oxaliplatin

carbon nanotubes 2.97–8, 2.99
dual responsive hydrogels 2.173
polymeric micelles 1.136

oxidation/oxidative stress. see also
reactive oxygen species
biochemical-responsive DDS 1.20
carbon nanotubes 2.94, 2.108
phase transitions 1.14
photosensitization-induced

oxidation 1.307
polypyrrole 1.284, 1.284–5

oxidative photodynamic
therapy 1.100

oxidoreductases 1.20

PAA. see polyacrylic acid
PAAm. see polyacrylamide
packing factor theory 1.180, 1.181,

1.184
paclitaxel (taxol) 2.98–9

dendrimers, smart 1.96, 1.105
electric field responsive DDS 1.25
layer-by-layer assemblies 2.118
pH responsive nanogels 2.160
polymeric micelles 1.128 drug,

1.135, 1.136
polymersomes 1.198–9, 1.200
reduction-sensitive

nanosystems 1.216
supramolecular hydrogels 1.242

PAcMo (poly(N-
acryloylmorpholine) 2.305

PAGs (photo-acid generators) 1.330

PAH (poly(alylamine hydrochloride)
2.120, 2.138, 2.141–2

palmitoyloleoylphosphatidylcholine
(POPC) 1.55, 1.55–6

PAMAM (polyamidoamine)
dendrimers 1.94, 1.95, 1.98, 1.101,
1.102, 1.103–4, 1.257

p-aminobenzoate (PAP) 2.242–3
pancreatic cancer 2.67
pancreatic islets, microencapsulated

2.290–1, 2.292, 2.292–3
pancreatin 1.250
PANI (polyanaline) 1.25, 1.294
paracetamol 2.251, 2.252, 2.254
parenteral drug applications 1.6,

1.117, 1.122
Parkinson’s disease 2.293
PARP (poly(ADP-ribose)

polymerase) 2.216, 2.217
particle size. see size factors
Passerini condensation 2.186
passive excipients 1.3
passive targeting. see enhanced

permeability and retention effect
patterning, tissue-mimicking cell

sheets 2.301–3, 2.302,
2.304, 2.305

PAZO (poly(1-4[4-3(3carboxy-4-
hydroxyphenyl-azo)benzene-
sulfonamido]- 1,2-ethanediyl)
1.329–30

PBA (phenylboronic acid) 2.266,
2.267, 2.268

PBD (poly-butadiene) 1.184, 1.200
PBH (peptide-based hydrogels)

1.242–3
PBLG-HYA (poly(g-benzyl

l-glutamate)-hyaluronan)
1.199–200

PBMA (poly(n-butyl
methacrylate) 2.302, 2.302

PBO (poly(butylene oxide) 1.126–7
PCI (photochemical

internalization) 1.100–1, 1.101
PCL (poly(caprolactone) 1.120,

1.160, 1.212, 1.128, 1.318, 2.6
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PCL-SS-PEEP (poly(ethyl ethylene
phosphate) 1.212

PDADMAC
(poly(diallyldimethylammonium
chloride) 2.124

PDEAEMA (poly(2-(diethylamino)-
ethyl methacrylate) 1.225, 2.70,
2.155, 2.155, 2.195

PDMA (poly(N,N-
dimethylacrylamyde) 2.326

PDMAEMA (poly(dimethyl amino
ethyl methacrylate) 1.257, 1.320,
2.155, 2.155, 2.156, 1.257, 1.320

PDMS (polydimethylsiloxane)
2.303, 2.319

PDT. see photodynamic therapy
PE (phosphatidylethanolamine) 1.83,

1.84, 1.86
PEDOT (poly(3,4-

ethylenedioxythiophene) 1.25,
1.284, 1.299

PEGylation (polyethylene glycol)
1.3, 1.9
accelerated blood clearance

phenomenon 1.9, 1.84
a-amino acid based

hydrogels 2.200, 2.221
biochemical-responsive DDS 1.20
biomolecule-sensitive

hydrogels 2.262, 2.271–2,
2.283, 2.280, 2.281, 2.283–4

dendrimers 1.97
elastin-like recombinamers 2.187
enzyme-responsive materials

1.235
gold nanoparticles 2.4, 2.4
hydrogels 1.239, 1.240
hydrophilic particles 1.189
imprinted hydrogels 2.238
layer-by-layer assemblies 2.128
light-sensitive polymeric

micelles 1.313, 1.314
light-sensitive polymeric

vesicles 1.325
low temperature-sensitive

liposomes 1.62

magnetic nanoparticles 2.41,
2.44–5, 2.45, 2.56, 2.57

mesoporous silica
nanoparticles 2.68, 2.81

micelles 1.134–5, 1.158
multi-walled carbon

nanotubules 2.97
pH-responsive microgels 2.156,

2.157
pH-sensitive liposomes 1.183,

1.184, 1.185
polyelectrolyte complexes 1.258,

1.267
polyester block

copolymers 1.127–8
polymeric micelles 1.118, 1.121,

1.121–7, 1.125, 1.129
polymersomes 1.189–90, 1.193,

1.197, 1.198
poloxamines 1.119
reduction-sensitive

nanosystems 1.210, 1.212,
1.214, 1.216, 1.219–20, 1.220

switchable micelles 1.247
temperature-responsive

nanogels 2.166
ultrasound-triggered release 1.156,

1.157, 1.159
see also stealth properties

PEI (poly(ethylene imine) 1.257,
1.261, 1.265, 1.266, 2.70, 2.71,
2.75–6, 2.118

PEMs. see polyelectrolyte multilayers
pendant glucose (poly(2-

glucosyloxyethyl methacrylate),
(PGEMA) 2.268–70, 2.269, 2.280,
2.281, 2.281

PEO (poly(ethylene oxide). see
PEGylation

peptide-based hydrogels
(PBH) 1.242–3

peptides, therapeutic
elastin-like recombinamers

2.189–90
pH-sensitive liposome

delivery 1.85, 1.90
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perfluoropentane 1.170
peristaltic pumps 1.292–3
permeability changes, DDSs 1.40,

1.47–9, 1.48, 2.228
PET (polyethylene terephthalate)

2.56, 2.57
PGA (poly(l-glutamic acid) 2.172,

2.247
P-glycoprotein 1.9, 1.199, 2.71–2
PGMA-PHPMA (poly(glycerol

monomethacrylate)–poly(2-
hydroxypropyl
methacrylate) 1.184

PGO (poly(phenyl glycidyl ether)
1.126–7

pH-responsive DDS 1.2, 1.16–18,
1.17

a-amino acid based
hydrogels 2.202, 2.204–9,
2.207–10, 2.210, 2.213, 2.214,
2.222

biomolecule-sensitive
hydrogels 2.261–2, 2.263, 2.270

carbon nanotubes 2.103
dendrimers, smart 1.102–5, 1.103
dual-responsive hydrogels 2.170–3
elastin-like recombinamers 2.193,

2.194

electric field-responsive DDS 1.24
glucose-sensitive hydrogels 2.265,

2.265
gold nanoparticles 2.9, 2.9–10,

2.11

hydrogels 2.154, 2.155, 2.155–61,
2.156, 2.159

hydrolytically-induced drug
release 2.243

imprinted hydrogels 2.249–51,
2.250

insulin cell/tissue delivery
systems 2.291

layer-by-layer
assemblies 2.129–32, 2.130,
2.131, 2.132

low temperature-sensitive
liposomes 1.38

mesoporous silica
nanoparticles 2.70, 2.75–7

micelles, polymeric 1.122, 1.133–5
poly(butadiene)–poly(methacrylic

acid) 1.184
polymer grafting 2.331

polymersomes 1.200
polyplexes 1.257, 1.258–60,

1.258–61, 1.274, 1.275
ultrasound triggered 1.164

pH-sensitive liposomes 1.80–6,
1.90–1
cancer therapy applications 1.83

passive accumulation in tumor
cells 1.82

therapeutic applications 1.87–90
uptake/intra-cellular delivery 1.84,

1.86–7, 1.87
phagocytosis 1.191, 1.192
pharmaceutical companies 1.115
phase transitions. see also lower

critical temperature of dissolution;
upper critical temperature of
dissolution
a-amino acid based

hydrogels 2.204, 2.206–11, 2.207,
2.208, 2.210, 2.214, 2.217–19,
2.218, 2.221–2, 2.222 209

biomolecule-sensitive
hydrogels 2.262–4, 2.263, 2.264,
2.274, 2.276, 2.278

dendrimers, smart 1.96–7
dual-responsive hydrogels 2.171
enzyme-responsive

hydrogels 1.240–1
glucose-sensitive hydrogels 2.269

imprinted hydrogels 2.233,
2.235, 2.236, 2.242–7,
2.247, 2.248

interpenetrating networks 2.173
polymeric micelles 1.121
polymersomes 1.183
stimuli-responsive networks

1.11–14, 1.15, 2.245
temperature-responsive

hydrogels 2.161, 2.181
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PHEA-g-MA (a,b-poly(hydroxyethyl
aspartamide-g-maleic anhydride)
2.157–8

PHEMA (poly(AA-co-AM-co-NVP-
co-HEMA-co-PEG200DMA)
2.238, 2.239, 2.240

phenylalanine 2.208, 2.242, 2.242
phenylboronic acid (PBA) 2.266,

2.267, 2.268
PHMA (poly(hydroxyethyl

methacrylate) 1.190, 1.238
phosphatases 1.19, 1.243, 1.246–8
phosphatidylethanolamine (PE) 1.83,

1.84, 1.86
phosphorylation 1.242
photo-acid generators (PAGs) 1.330
photo-active gold

nanoparticles 2.10–14, 2.13.
see also light-responsive DDS

photochemical internalization
(PCI) 1.100–1, 1.101

photocross-linking, polymeric
capsules 1.307, 1.328–9, 1.329

photodegradable moieties 1.101–2
photodynamic therapy (PDT)

dendrimers, smart 1.100, 1.101
gold nanoparticles 2.13, 2.14, 2.15
oxidative 1.100. see also reactive

oxygen species
polymeric micelles 1.135

photo-excitation 1.307–8
photo-isomerization 1.307, 1.310, 1.312
photolithography technique 2.304,

2.305

photoluminescence 2.92
photo responsive DDS. see light

responsive DDS
photosensitization 1.100–2, 1.307, 2.14
photothermal therapy (PTT) 1.100

carbon nanotubes 2.92
gold nanoparticles 2.14–20, 2.16,

2.17, 2.18, 2.19
layer-by-layer assemblies 2.138

pHPMA
(2-hydroxypropylacrylamide)
1.133, 1.264, 2.173

physical hydrogels 1.238, 2.184,
2.184, 2.188

physically cross-linked elastin-like
recombinamers 2.188

physics of ultrasound 1.149–5, 1.152
PIC (polyion complex)

micelles 1.258, 1.267, 1.268
pilocarpine 2.203, 2.211, 2.217–21,

2.218, 2.219, 2.220
pinocytosis 1.167, 1.191
PLA (poly(lactic acid) 1.127, 1.128,

1.158, 1.245, 2.128
placental growth factor (PlGF) 2.301
plasma polymerization 2.325

polymer grafting 2.322, 2.324,
2.324–5

surface modification 2.339–41
Plasmodium falciparum 1.264
plastic crystals, phase transitions 1.13
platinum 1.241
platinum-based anticancer drugs

2.97–8, 2.100–2. see also
carboplatin; cisplatin; oxaliplatin

PLGA (poly(lactide-co-glycolide)
1.299, 2.160, 2.291, 2.293

PLL (poly(L-lysine) 2.121, 2.121,
2.130, 2.134–5, 2.135, 1.259, 1.259

PLLA (poly(L-lactide) 1.299
Pluronic F-127 2.6, 2.96
pluronic polymers 1.157, 1.160,

1.161–3, 1.162, 1.164, 1.167, 1.169
PMAA. see poly(methacrylic acid)
PMOA. see primary mode of action

(PMOA)
PMOXA (poly(2-methyl-2-oxazoline)

1.190
PMPC (poly(2-methacryloyloxyethyl

phosphorylcholine)
1.190, 1.194, 1.200

PNH (poly(N-isopropylacrylamide-
co-2-hydroxyethyl methacrylate)
2.172

PNIPAAm. see
poly(isopropylacrylamide)

PNVCL (poly(N-vinylcaprolactam)
2.162, 2.166–7
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POs (polyoxazolines) 1.133
poloxamers/poloxamine 1.121,

1.121–6, 1.125
poly(AA-co-AM-co-NVP-co-

HEMA-co-PEG200DMA)
(PHEMA) 2.238, 2.239, 2.240

polyacrylamide (PAAm) 2.158,
2.164, 2.170, 2.199, 2.248
biomolecule-sensitive

hydrogels 2.271, 2.274
cell sheet engineering 2.303
dual responsive hydrogels 2.173
enzyme-responsive materials 1.235
layer-by-layer assemblies 2.141
upper critical solution

temperature 2.168–9
polyacrylic acid (PAA) 1.133, 1.239,

2.339, 2.340
a-amino acid based

hydrogels 2.208, 2.208
biomolecule-sensitive

hydrogels 2.277, 2.281
cell/tissue delivery systems 2.293
drug-loaded soft contact lenses 2.236
functional monomers 2.203, 2.231
imprinted hydrogels 2.237, 2.247
layer-by-layer assemblies 2.118
light responsive hydrogels 2.251
light-sensitive polymeric

micelles 1.318

mesoporous silica
nanoparticles 2.70

pH responsive hydrogels 2.155,
2.155, 2.156, 2.249

polymer grafting 2.329–30, 2.330,
2.331, 2.333, 2.338, 2.338

poly(acryloylmorpholine)
(PAcMo) 2.305

poly(acryloxysuccinimide) 2.78
poly(ADP-ribose) polymerase

(PARP) 2.216, 2.217
poly(allylamine hydrochloride)

(PAH) 2.120, 2.138, 2.141–2
polyamidoamine (PAMAM)

dendrimers 1.94, 1.95, 1.98, 1.101,
1.102, 1.103–4, 1.257

poly(aminoethyl)methacrylamide)
1.216

polyaminoacids 1.134, 1.235
poly(ampholyte) hydrogels 2.208–9,

2.211, 2.212
polyanaline (PANI) 1.25, 1.294
poly(b-amino esters) 2.125–6
poly(g-benzyl l-glutamate)-hyaluronan

(PBLG-HYA) 1.199–200
polybutadiene 1.313
poly-butadiene (PBD) 1.184, 1.200
poly(butyl methacrylate)

(PBMA) 2.302, 2.302
poly(butylene oxide) (PBO) 1.126–7
poly(caprolactone (PCL) 1.120,

1.160, 1.212, 1.128, 1.318, 2.6
poly(carboxylic acids) 2.129
poly(carboxymethyl-

b-cyclodextrin) 2.127

polycarboxy-4-hydroxyphenyl-
azobenzenesulfonamidoethanedyil
(PAZO) 1.329–30

poly(diallyldimethylammonium
chloride) (PDADMAC) 2.124

poly(2-(diethylamino)ethyl
methacrylate) (PDEAEMA)
1.225, 2.70, 2.155, 2.155, 2.195

poly(dimethylacrylamyde)
(PDMA) 2.326

poly(N,N-dimethyl aminoethyl
methacrylate)
(PDMAEMA) 1.257, 1.320, 2.155,
2.155, 2.156

polydimethylsiloxane (PDMS) 2.303,
2.319

polyelectrolyte complexes
(polyplexes) 1.256–8, 1.275
charge-conversion ternary 1.260

dual-responsive 1.274–5
light-responsive 1.273, 1.273–4
pH-responsive 1.258, 1.258–61,

1.259, 1.260, 1.274, 1.275
reducible 1.261–9, 1.263, 1.264,

1.266, 1.268, 1.274
temperature-responsive 1.269,

1.269–73, 1.272
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polyelectrolyte multilayers
(PEMs) 2.118–29, 2.120,
2.121, 2.133–5, 2.137–41, 2.143–4

poly(ethyl ethylene phosphate)
(PCL-SS-PEEP) 1.212

poly(3,4-ethylenedioxythiophene)
(PEDOT) 1.25, 1.284, 1.299

polyethylene glycol. see PEGylation
poly(ethylene imine) (PEI) 1.257,

1.261, 1.265, 1.266, 2.70, 2.71,
2.75–6, 2.118

poly(ethylene oxide). see PEGylation
polyethylene terephthalate

(PET) 2.56, 2.57
poly(l-glutamic acid) (PGA) ) 2.172,

2.247
poly(L-glutamic acid) (PG)-

paclitaxel 1.158, 2.130
poly(glycerol

monomethacrylate)–poly(2-
hydroxypropyl methacrylate)
(PGMA-PHPMA) 1.184

poly(hydroxyethyl methacrylate)
(PHMA) 1.190, 1.238

poly(hydroxyethylaspartamide)
1.134

poly(hydroxypropyl methacrylate)
(PHPMA) 1.133, 1.264, 2.173

polyion complex (PIC)
micelles 1.258, 1.267, 1.268

poly(isopropylacrylamide)
(PNIPAAm) 1.200, 1.269, 1.269,
2.171, 2.171. see also temperature-
responsive DDS
a-amino acid based hydrogels

2.199
biomolecule-sensitive

hydrogels 2.262–3, 2.275, 2.277
cell/tissue delivery systems 2.291
cell sheet engineering 2.295,

2.295–6, 2.303, 2.304, 2.305
cell/tissue delivery systems 2.294–5
combination products 2.323
dendrimers, smart 1.96–7, 1.98
dual-responsive hydrogels 2.172,

2.172, 2.173

glucose-sensitive hydrogels 2.266,
2.267, 2.267

imprinted hydrogels 2.246, 2.248
layer-by-layer assemblies 2.120,

2.129–30, 2.130, 2.136, 2.137
magnetic nanoparticles 2.45, 2.58,

2.59

mesoporous silica
nanoparticles 2.69, 2.70

plasma polymerization 2.339
polymer grafting 2.325–6, 2.326,

2.330, 2.330, 2.331, 2.332, 2.333,
2.334

polymeric micelles 1.128–32,
1.130, 1.132

shell-sheddable micelles 1.213
temperature-responsive

hydrogels 2.163–5
temperature-responsive

nanogels 2.166, 2.167
tissue-mimicking cell sheets 2.302,

2.302
poly(lactic acid) (PLA) 1.127, 1.128,

1.158, 1.245, 2.128
poly(L-lactide) (PLLA) 1.299
poly(L-lactide)-co-NIPAAm 1.98
poly(lactide-co-glycolide)

(PLGA) 1.299, 2.160, 2.291, 2.293
poly(lactone)-PEG-poly(lactone)

block copolymers 1.127
poly(L-lysine (PLL) 2.121, 2.121,

2.130, 2.134–5, 2.135, 1.259, 1.259
polymer backbone

photodegradation 1.307
polymer blends 1.13
polymer brushes 2.296, 2.297,

2.304, 2.305, 2.320, 2.322, 2.323,
2.325–38, 2.327

polymer capsules. see capsules
polymer coatings

combination products, drug/
medical devices 2.320

mesoporous silica
nanoparticles 2.68–72

polymer combination products
2.317
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polymer grafting
cell sheet engineering 2.295,

2.295–6, 2.297
combination products 2.320–5,

2.322, 2.323, 2.324
responsive surfaces 2.325–38,

2.326–32, 2.334–5, 2.337–8
polymer membranes 2.290. see also

cell/tissue delivery systems
polymer micelles 1.115–20

clinical applications 1.135, 1.136
comparison with

polymersomes 1.198
light-sensitive 1.308–20, 1.309,

1.311, 1.312, 1.314–19
pH-responsive 1.122, 1.133–5
preparation

methodology 1.118–19
reduction-sensitive 1.210–19,

1.211, 1.213, 1.215, 1.217
temperature-responsive 1.120–33,

1.121, 1.125, 1.129, 1.130, 1.132
ultrasound-responsive 1.157–8

polymer nano-/microparticles 1.188,
1.327–37, 1.328–30, 1.332–3,
1.335–7. see also dendrimers;
micelles; polymersomes

polymer threading, membrane phase
transitions 1.11

polymer vesicles. see polymersomes
polymerisation process 1.284,

1.284–5
polymer–polymer interactions 1.12
polymers, general information 1.2,

1.94
as drug delivery systems 1.7,

1.15–25, 1.17, 1.22
evolution 1.6
phase transitions 1.11–14
temperature-responsive DDS 1.72
therapeutic functionality 1.9
thermosensitive 1.97, 1.97–8

polymer–solvent interactions 1.12
polymersomes 1.117

cellular uptake 1.190, 1.191–2,
1.194, 1.195

characterization 1.185–7, 1.187,
1.188

comparison with liposomes 1.190
comparison with polymer

micelles 1.198
as delivery vectors 1.188–96, 1.195
formation 1.179–85, 1.181, 1.182
light-sensitive 1.320–7, 1.321,

1.324–6

medical applications 1.196,
1.196–201

reduction-sensitive
nanosystems 1.219–21, 1.220

polymethacrylate bearing spiropyran
moieties (PSPMA) 1.313, 1.314

poly(methacrylic acid)
(PMAA) 1.224, 2.130, 2.131
light-sensitive polymeric

micelles 1.314
pH responsive hydrogels 2.155,

2.155–7, 2.159
polymer grafting 2.326

poly(methacryloyloxyethyl
phosphorylcholine) (PMPC)
1.190, 1.194, 1.200

poly(methyl-2-oxazoline)
(PMOXA) 1.190

polymorphic liposomes 1.82–3
poly(N,N-diethylacrylamide)

(NNDEA) 1.157
poly(N-isopropylacrylamide). see

poly(isopropylacrylamide
poly(N-isopropylacrylamide- co-2-

hydroxyethyl methacrylate)
(PNH) 2.172

poly(2-nitrobenzylmethylmethacrylate)
(PNBMA) 1.314, 1.315

poly(N-tertbutylacrylamide-co-
acrylamide/maleic acid) 2.249

poly(N-vinyl pyrrolidone)
(PVP) 1.190

poly(N-vinylcaprolactam)
(PNVCL) 2.162, 2.166–7

poly(N-vinylisobutyramide) 1.98
poloxamines 1.193
polyoxazolines (POs) 1.133
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polypeptides, phase transitions 1.11
poly(phenyl glycidyl ether)

(PGO) 1.126–7
poly(4-phenylazomaleinanil-co-4-

vinylpyridine) (AzoMI-VPy) 1.313
polyplexes. see polyelectrolyte

complexes
polypropylene (PP)

plasma polymerization 2.339
polymer grafting 2.317, 2.329–33,

2.330, 2.331–2, 2.334–5, 2.335
poly(propylene glycol) 1.120
poly(propylene oxide) (PPO) 1.157–8
polypropyleneimine (PPI)

dendrimer 1.97, 1.198, 1.102
polypyrrole (PPy) 1.283. see also

intrinsically conducting polymers
actuating devices 1.293, 1.293–4,

1.294, 1.295
cyclic voltammetry 1.287, 1.288
electro-conductive hydrogels 1.296
electrostatic forces 1.288–9
implantable electrodes 1.297
microchips 1.292
nanostructured conducting

polymers 1.297–9
polymerization 1.284, 1.284–5
reservoir systems 1.290–2, 1.290,

1.291

solubility 1.286
stability 1.285–6
volume changes 1.289

poly(1-pyrenylmethyl methacrylate)
(PPyMA) 1.314

polysaccharide-based nanogels 2.160
polysaccharides 2.41
polystyrene (PS) 2.326
polystyrene beads 2.195
poly(styrene oxide) (PSO) 1.126–7
polystyrene sulfonate (PSS) 2.120,

2.124, 2.125, 2.126
polystyrene-poly(acrylic acid)

(PS-PAA) 1.183
poly(sulfonamide) (PSD) 1.260
poly(trimethylene carbonate)- b-

poly(L-glutamic acid)
(PTMC-PGA) polymersomes 1.201

polyurethane catheters 2.319
poly(vinyl alcohol) (PVA) 2.141,

2.173, 2.266
poly(vinyl) sulfonate 1.329–30
poly(vinylidene difluoride)

(PVDF) 2.292, 2.297, 2.299, 2.307
poly(4-vinylpyridine) 1.133, 2.70
poly(vinylpyrrolidone) (PVPON) 1.224
poly(VPGVG) (poly(Val-Pro-Gly-

Val-Gly) 2.181, 2.191, 2.192. see
also elastin-like recombinamers

POPC (palmitoyloleoylphos-
phatidylcholine) 1.55, 1.55–6

pores, capped. see capped pores
posterior capsule opacification 2.316
PP. see polypropylene
PPI (polypropyleneimine ) 1.97,

1.198, 1.102
PPO (poly(propylene oxide) 1.157–8
PPy. see polypyrrole
PPyMA (poly(1-pyrenylmethyl

methacrylate) 1.314
precipitation, magnetic

nanoparticles 2.37–8
prednisone 2.100
presoaking, combination

products 2.318, 2.319, 2.319
pressure waves, ultrasound 1.149,

1.154
primary mode of action (PMOA),

combination products 2.314–15,
2.315, 2.318, 2.341

principle of precaution, carbon
nanotubes 2.105, 2.110

processing–structure–function
relationships 1.8

processing–structure–property
relationships 1.4, 1.5–6

prodrugs 1.234–5
promyelocytic leukemia, ultrasound

triggered 1.164
proof-of-principle experiments 2.102
property-composition-structure

relationships 1.34, 1.35, 1.36,
1.40–51, 1.40–1, 1.44–6, 1.48–9

propyl 1.134
prostate cancer 1.64–5, 1.233
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protease inhibitors 1.234
proteases 1.19
protein-based materials,

biomimetics 2.181. see also elastin-
like recombinamers

proteins
folding, biomolecule-sensitive

hydrogels 2.284
nanoparticle interactions 1.194
reduction-sensitive

nanosystems 1.219
therapeutic 1.256, 2.189

protein-sensitive hydrogels 2.270–6,
2.272, 2.273, 2.275–6

proteoglycans 1.193
proton gradients, layer-by-layer

assemblies 2.134
proton-sponge effect 1.257, 2.81
PS. see polystyrene
PSD (poly(sulfonamide)) 1.260
PSO (poly(styrene oxide)) 1.126–7
PSPMA (polymethacrylate bearing

spiropyran moieties) 1.313, 1.314
PSS (polystyrene sulfonate) 2.120,

2.124, 2.125, 2.126
PTMC-PGA (poly(trimethylene

carbonate)-b-poly(L-glutamic acid)
polymersomes 1.201

PTT. see photothermal therapy
pulmonary toxicology, fiber

paradigm 2.107
PVA (poly(vinyl alcohol) 2.141,

2.173, 2.266
PVP (poly(N-vinyl pyrrolidone) 1.190
PVDF (poly(vinylidene difluoride))

2.292, 2.297, 2.299 , 2.307
PVPON

(poly(vinylpyrrolidone) 1.224
PVS (poly(vinyl) sulfonate) 1.329–30
pyrene 1.108, 2.130–1
pyroglutamic acid (Pga) 2.247

quantum dots (QDs) 2.38

radical polymerization 2.185
radio frequency ablation

(RFA) 1.65–8, 1.66, 1.96

radioactive substances 1.85

RAFT. see reversible addition
fragmentation transfer

Raman spectroscopy 1.286, 2.92
rapamycin 2.215
rate-programmed drug release.

see release rate
reactive oxygen species (ROS).

see also oxidation
carbon nanotubes 2.106, 2.109
photodynamic therapy 2.14
photothermal therapy 1.100

receptor-mediated endocytosis 1.167
receptor specific ligands 1.82
recognition, responsive

polymers 1.14–15
redox cycling, intrinsically conducting

polymers 1.290

redox-responsive drug release 1.17,
1.21, 1.210, 1.223, 1.288
dendrimers, smart 1.105
gold nanoparticles 2.10, 2.12
intrinsically conducting

polymers 1.283, 1.291, 1.295
layer-by-layer assemblies 2.134–5
mesoporous silica

nanoparticles 2.78–9
nanovehicles 1.209, 1.210, 1.214

reducible cleavable polycation (RPC
vectors) 1.264, 1.265

reducible polyelectrolyte complexes
(polyplexes) 1.261–9, 1.263, 1.264,
1.266, 1.268, 1.274

reducing agents, layer-by-layer
assemblies 2.135

reduction-sensitive nanosystems
1.208–10, 1.209, 1.227
hollow capsules 1.223–6, 1.225
nanogels 1.226, 1.226–7
nanoparticles 1.221–3, 1.222
polymeric micelles 1.210–19,

1.211, 1.213, 1.215, 1.217
polymersomes 1.219–21, 1.220

regenerative medicine 2.295, 2.296–8.
see also cell/tissue delivery systems

relative exposure index (REI),
polymeric micelles 1.125
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release rate, drug 1.2
enzyme-responsive DDS 1.240
evolution 1.3

layer-by-layer assemblies 2.122,
2.125, 2.126

supramolecular hydrogels 1.242
renal clearance, drug delivery

systems 1.188–9
renal thresholds, particle size 1.236
reservoir systems, intrinsically

conducting polymers 1.290,
1.290–2, 1.291

residual catalysts, toxicity 2.105–6,
2.108

resistance. see multi-drug resistance
responsive imprinted networks 2.229.

see also molecular imprinting
restenosis 2.316
reticulo-endothelial (RES)

system 1.81, 2.41
gold nanoparticles 2.3–4
mesoporous silica

nanoparticles 2.68
opsonin recognition 1.189

reverse engineering, low temperature
sensitive liposomes 1.36–51,
1.38–41, 1.44–6, 1.48–9

reversible addition fragmentation
transfer (RAFT)
cell sheet engineering 2.296, 2.297,

2.304
polymerization 1.216, 2.321

reversible cross-linking, light-sensitive
polymeric micelles 1.318–20,
1.319

reversible-deactivation radical
polymerization 2.321

reversible photoswitching 1.314,
1.315. see also switching
polymeric micelles 1.312, 1.313,

1.317, 1.318
polymeric vesicles 1.321, 1.322

RFA (radio frequency ablation)
1.65–8, 1.66, 1.96

RGD (arginine–glycine–aspartic acid)
peptides 1.262, 2.96

rhodamine 6G 1.99, 1.107, 1.107
rhodamine B 1.102, 1.161, 1.223,

1.249, 1.332, 2.48
rifampicin

combination products 2.319
enzyme-responsive DDS 1.246
polymeric micelles 1.128

ring opening polymerization (ROP)
reactions 1.127

risk–benefit ratios, chemotherapy
drugs 2.63

RNA. see also gene delivery
cell/tissue delivery systems

2.300
gene delivery 1.265
gold nanoparticles 2.6
mesoporous silica

nanoparticles 2.71–2
polyplexes 1.268

rod-shaped
nanoparticles 1.192
polymersomes 1.193

ROP (ring opening polymerization)
reactions 1.127

ROS. see reactive oxygen species
RPC (reducible cleavable polycation)

vectors 1.264, 1.265
ruboxyl 1.162–3
ruthenium 2.200

saccharide-sensitive polymer
brushes 2.327, 2.328

safety assessments, drug delivery
systems 1.25
molecularly imprinted

polymers 2.234
new excipients 1.7, 1.8
phototriggered micelles/

nanoparticles 1.338
ultrasound 1.155

safranin 1.296
salt-triggered release, layer-by-layer

assemblies 2.132, 2.132, 2.133,
2.133–4

saporin-conjugated dendrimers
1.100
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SAXS (small angle X-Ray
scattering) 1.183

scaffold-based cell/tissue delivery
systems 2.293–4

scanning electron microscopy
(SEM) 1.44, 1.44, 1.291, 1.291

scattering techniques 1.186–7
scCO2 (supercritical CO2) 2.319
SCID (severe combined

immunodeficiency) mice 1.258–9
SCL (shell cross-linked) micelles

1.218
SCRM (shell-cross-linked reverse

micelles) 1.319–20
SDF-1. see stromal-derived factor-1
second generation

biomaterials 1.5
excipients 1.2

second order phase
transitions 1.11–12

self-assembly
elastin-like recombinamers

2.188, 2.191, 2.192, 2.194,
2.195, 2.199–200

hydrogels 1.238
light-sensitive polymeric

vesicles 1.322–3
lipids 1.33, 1.34
liposomes/micelles 1.94
magnetic nanoparticles 2.40, 2.43
micelles 1.169
molecularly imprinted

polymers 2.230, 2.232
polymeric micelles 1.116
polymersomes 1.179–85, 1.182
polysaccharide-based

nanogels 2.160
shell cross-linked micelles 1.218
solid polymeric nanoparticles

1.334
supramolecular hydrogels 1.242,

1.243
self-regulated DDS 1.96, 1.305, 2.154

layer-by-layer assemblies 2.141–2
mesoporous silica

nanoparticles 2.76

SEM (scanning electron microscopy)
1.44, 1.44, 1.291, 1.291

sequestering agents, polymers 1.9
sequestration, micelles 1.169–70
severe combined immunodeficiency

(SCID) mice 1.258–9
SGNs (spiral ganglionic

neurons) 1.297, 1.300
shape

carbon nanotubes 2.92, 2.110
nanoparticles 1.192–3
polymersomes 1.193

shear-stress induced release,
micelles 1.170

shell cross-linked (SCL)
micelles 1.218

shell-cross-linked reverse micelles
(SCRM) 1.319–20

shell-sheddable micelles, reduction-
sensitive 1.210–13, 1.211, 1.213

signal amplification, enzyme-
responsive materials 1.232

signal-to-noise ratio, polymersome
imaging compounds 1.196

silane coupling chemistry 2.69
silane monolayers 2.322

silica nanocontainers (SN) 1.248,
1.248–51, 1.249. see
also mesoporous silica
nanoparticles

silicon brushes, polymer 2.327
simvastatin 1.124
single-crystal shell drug

nanocarriers 2.54–6, 2.55, 2.56
single-walled carbon nanotubes

(SWCNTs) 2.90, 2.92, 2.100
encapsulation properties 2.101
environmental impacts 2.110
external attachment of drugs 2.96–7
layer-by-layer assemblies 2.119
toxicity/environmental impacts

2.104, 2.106, 2.107, 2.108
size factors

carbon nanotubes 2.105
enzyme-responsive

materials 1.236–7
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size factors (continued)
mesoporous silica

nanoparticles 2.65
nanoparticles 1.191–2
proteins, therapeutic 1.256
switching 2.154

skeletal myoblast sheets 2.297, 2.300,
2.301

skin contact, carbon
nanotubes 2.105, 2.108

small angle X-Ray scattering
(SAXS) 1.183

small interfering ribonucleic acid
(siRNA) 1.257

small unilamellar vesicles
(SUVs) 1.34

smart membranes, intrinsically
conducting polymers 1.294, 1.295.
see also stimuli responsive DDS

snap-top systems 2.78
sodium alginate (NaAlg) 2.158. see

also alginates
soft contact lenses 2.235–40, 2.236,

2.237, 2.239
soft coronal cross-linking 1.327
sol–gel phase transitions 1.13
sol–gel technology 1.130
solid polymeric nanoparticles

1.334–7, 1.335, 1.336, 1.337
solid tumor targeting 1.198
solubility, drugs 1.115
solvents. see also organic solvents

combination products 2.319
dimethylformamide 2.215, 2.216
imprinted hydrogels 2.242, 2.242,

2.248
molecularly imprinted

polymers 2.232
polymer–solvent interactions 1.12

sonoporation 1.153, 1.165, 1.167,
1.168. see also ultrasound

SOPC (stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine) 1.34–5, 1.35,
1.43, 1.46, 1.47

spatial conformation, polymer
chains 2.229

spherical
nanoparticles 1.192
polymersomes 1.193

spike-wave discharges (SWD) 2.57,
2.58

spiral ganglionic neurons
(SGNs) 1.297, 1.300

spiropyran 1.307, 1.310, 1.311, 1.313,
1.314, 1.324, 1.333–4, 1.338

spongy phases, polymersomes 1.183
SPR (surface plasmon resonance)

effects 2.14
spray-drying 2.65, 2.72
stability, intrinsically conducting

polymers 1.285–6
stacking devices, cell sheet

engineering 2.306

Staphylococcus aureus. see alsoMRSA
combination products 2.340, 2.341
layer-by-layer assemblies 2.130
polymer grafting 2.336
polymeric micelles 1.123–4
wounds 1.19

star-shaped micelles 1.131
Staundinger, Hermann 1.6
stealth systems 1.38, 1.50. see also

PEGylation; PHMA; PMOXA;
PMPC; PVP
lipid membrane components 1.42
mesoporous silica

nanoparticles 2.68–9
pH-sensitive liposomes 1.84, 1.85,

1.90
polymersomes 1.197
switchable micelles 1.247

stents 1.296–7, 2.316
stearoyl-2-oleoyl-sn-glycero-

3-phosphocholine (SOPC) 1.34–5,
1.35, 1.43, 1.46, 1.47

stimulated emission depletion (STED)
microscopy 1.185

stimuli responsive DDS 2.229. see
also specific DDS
combination products 2.321
general information 1.9–25, 1.10,

1.17, 1.22
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stress and strain parameters, cell
membranes 1.43

stromal-derived factor-1 (SDF-1)
cytokines 2.297–8
regenerative medicine 2.300

structure-property-composition
relationships 1.34–6,
1.40–51, 1.40, 1.41, 1.44–6,
1.48, 1.49

substrates, layer-by-layer
assemblies 2.117–18, 2.119

sugar-induced release. see glucose-
responsive DDS

supercritical CO2 (scCO2) 2.319
superparamagnetism 2.34
supramolecular hydrogels 1.241–4,

1.242

surface area-to-volume ratios
mesoporous silica

nanoparticles 2.65
nanoparticles 1.193

surface chemistry, carbon
nanotubes 2.106, 2.109

surface functionalization. see
functionalization

surface modification
magnetic nanoparticles 2.38,

2.38–40, 2.39
plasma polymerization 2.339–41

surface plasmon resonance (SPR)
effects 2.14

surface topologies,
polymersomes 1.194, 1.195

surfactant micelles 1.156–7
surfactants 2.171
SUVs (small unilamellar vesicles)

1.34
SWCNTs. see single-walled carbon

nanotubes
SWD (spike-wave discharges) 2.57,

2.58

swelling–collapse phenomenon 1.12.
see also equilibrium degree of
swelling; phase transitions

swelling solvents, combination
products 2.319, 2.319

switching. see also magnetic
nanoparticles; reversible
photoswitching
a-amino acid based

hydrogels 2.200
enzyme-responsive DDS 1.243
hydrophilic/hydrophobic

state 2.154
imprinted hydrogels 2.245
mesoporous silica

nanoparticles 2.75, 2.79,
2.79–80

micelles 1.246–8
size/shape 2.154
solid polymeric

nanoparticles 1.335
temperature-responsive

DDS 2.136
synergistic effects. see also

dual-responsive DDS
chemotherapy drugs/

ultrasound 1.165–6
cisplatin/temsirolimus 2.216,

2.216–17
combination products 2.316
gold nanoparticles 2.20, 2.20
magnetic nanoparticles 2.42
mesoporous silica

nanoparticles 2.71, 2.72, 2.73
pH/redox-stimulated DDS 1.213

synthetic glycosylated insulin
(G-insulin) 2.291

synthetic metals, electric field
responsive DDS 1.25

tamoxifen 2.118, 2.159
Tanaka equation 2.244–5
targeted drug delivery 2.1. see also

active targeting; specific DDS
cancer chemotherapeutics 2.3
cell sheet engineering 2.298–301
mesoporous silica

nanoparticles 2.66–8
nanogels 1.18
ultrasound-responsive

DDSs 1.159–61
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Tarzan-swing mechanism 2.234
TAT (transactivator of

transcription) 1.88, 1.265
taxol. see paclitaxel
TCEP (tri(2-carboxyethyl)phosphine

hydrochloride) 1.218
TCPS (tissue culture polystyrene)

dishes 2.295–6
TEM. see transmission electron

microscopy
temperature-responsive DDS 1.17,

1.21–4, 1.22. see also hyperthermia;
low temperature-sensitive
liposomes; photothermal therapy;
poly(isopropylacrylamide)
a-amino acid based

hydrogels 2.202, 2.209–11,
2.213, 2.214, 2.221

biomolecule-sensitive
hydrogels 2.261–2, 2.277

cell/tissue delivery
systems 2.294–5, 2.295,
2.297–302, 2.304–6

dendrimers, smart 1.96–9, 1.97
dual responsive hydrogels 2.170–3
elastin-like

recombinamers 2.193–4
glucose-sensitive hydrogels 2.267

hydrogels 2.154, 2.161, 2.161–9,
2.162–3, 2.166, 2.169

hydrolytically induced drug
release 2.243

imprinted hydrogels 2.245–9,
2.246–8

layer-by-layer assemblies 2.136–7,
2.136–7

liposomes 2.46, 2.47
magnetic nanoparticles 2.44,

2.44–50, 2.45–7
mesoporous silica

nanoparticles 2.69, 2.70
micelles, polymeric 1.120–33,

1.121, 1.125, 1.129, 1.130, 1.132
moieties 1.98–9
polyelectrolyte complexes 1.269,

1.269–73, 1.272

polymer grafting 2.331, 2.334
polymersomes 1.200
upper critical solution

temperature 2.168–9, 2.169
template extraction, molecularly

imprinted polymers 2.233, 2.234
templates, layer-by-layer

assemblies 2.117–18, 2.119
temsirolimus 2.202, 2.203, 2.215,

2.216, 2.216, 2.217, 2.224
tetrahydropyran (THP)-protected

2-hydroxyethyl methacrylate)
1.213

tetramethylpiperidinyl-1-oxy
(TEMPO) 2.323

TGF-b1 (transforming growth factor
beta 1) 2.125

theophylline 2.100, 2.240, 2.251
theranostics

carbon nanotubes 2.91
dendrimers, smart 1.108–9
enzymes in 1.232
gold nanoparticles 2.21–3, 2.22,

2.23

magnetic nanoparticles 2.41

pH-sensitive liposomes 1.90
polymeric micelles 1.128
polymersomes 1.196

therapeutic index, drug 1.120
therapeutic neutrophins 1.297
therapeutic proteins 1.256, 2.189
thermal decomposition, magnetic

nanoparticles 2.38, 2.38
thermal index (TI) 1.150, 1.155
thermal responsiveness. see

temperature-responsive DDS
ThermoDox. see doxorubicin
thermodynamic characterization,

ultrasound-responsive
DDSs 1.163–4

thermodynamic phase
transitions 1.14

thermoseeds 2.73
thiolated poly(methacrylic acid)

(PMASH) 1.224
thiolates 2.5
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thiol-disulfide exchange
reactions 1.209

thiophene fluorophore 2.160
thioundecyl-tetraethyleneglycoestero-

nitrobenzylethyldimethylam-
monium bromide (TUNA) 2.77–8

thioundecyltetraethyleneglyco-
lcarboxylate (TUEC) 2.77–8

third generation
biomaterials 1.6–7, 1.8
excipients 1.2

THP (tetrahydropyran-protected 2-
hydroxyethyl methacrylate) 1.213

three dimensional networks
a-amino acid based

hydrogels 2.200
layer-by-layer assemblies 2.143–4

three dimensional (3D) tissues 2.291,
2.293, 2.303, 2.304. see also cell/
tissue delivery systems

thrombin-sensitive peptide
linkers 1.19

time-controlled release. see release
rate

time-dependent tumor cell
death 2.167

timolol 2.236, 2.237, 2.237
TIRF (total internal reflectance

fluorescence) 1.185
tissue culture polystyrene (TCPS)

dishes 2.295–6
tissue engineering 2.293–4. see also

cell/tissue delivery systems
tissue-mimicking cell sheets. see cell

sheet engineering
TNF (tumor necrosis factor)

1.199, 2.5
topoisomerase inhibitors 1.169.

see also doxorubicin
total internal reflectance fluorescence

(TIRF) 1.185
toxicology 2.1

capsules, polymeric 1.328
carbon nanotubes 2.92, 2.97–8,

2.104–10
cisplatin hydrogels 2.214–17, 2.200

cross-linked micelles 1.216
enzyme inhibitors 1.234
fiber paradigm 2.107
layer-by-layer assemblies 2.140
light-sensitive polymeric

micelles 1.310
lipofectamine 1.200
nanoparticles 1.193–4
new excipients 1.9
pH-responsive nanogels 2.160
pilocarpine 2.220–1
polyelectrolyte complexes 1.270
reduction-sensitive

nanosystems 1.218
switchable micelles 1.247
see also toxicology

transactivator of transcription
(TAT) 1.88, 1.265

trans–cis isomerization
light-responsive hydrogels 2.251,

2.252
light-sensitive polymeric

micelles 1.310, 1.313, 1.314,
1.317, 1.318

light-sensitive polymeric
vesicles 1.323

phototriggered micelles/
nanoparticles 1.332

transdermal drug delivery, layer-by-
layer assemblies 2.144

transferrin receptors, tumor
cells 1.191

transforming growth factor beta 1
(TGF-b1) 2.125

transglutaminase 2.271, 2.187
transition temperature,

liposomes 1.47
translocation, carbon nanotubes 2.108
transmissionelectronmicroscopy(TEM)

elastin-like recombinamers 2.192
lipid bilayers 1.44, 1.44
polymersomes 1.182, 1.184, 1.185,

1.187, 1.190
trans-to-cis photoisomerization

light-sensitive polymeric
vesicles 1.322
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tri(2-carboxyethyl)phosphine
hydrochloride (TCEP) 1.218

triclocarban 1.118, 1.124
triclosan 1.118, 1.123
trimethyloylpropane ethoxylate

triacrylate 1.194
tumor cells

biochemical-responsive DDS
1.20, 1.21

enzyme-responsive DDS 1.19
enzyme disregulation 1.233

low temperature-sensitive
liposomes 1.34, 1.37, 1.38, 1.39

magnetic-responsive DDSs 1.24
nanogels 1.18
passive accumulation 1.81, 1.82
pH 1.16, 1.83, 1.134, 2.70, 2.129,

2.155, 2.158–61
reduction-sensitive

nanosystems 1.210
stress and strain parameters 1.43
temperature-responsive

nanogels 2.166
ultrasound-responsive DDSs 1.23,

1.159–61
vascularisation 1.37, 1.38, 1.61,

1.63–4, 1.198
tumor diagnosis. see theranostics
tumor markers 2.262, 2.277–9, 2.279
tumor necrosis factor (TNF) 1.199, 2.5
TUEC (thioundecyltetraethyl-

eneglycolcarboxylate) 2.77–8
TUNA (thioundecyl-

tetraethyleneglycoestero-
nitrobenzylethyldimethylam-
monium bromide) 2.77–8

TUNEL assay, gold
nanoparticles 2.8

two photon near-IR absorption 1.316
two-step model 1.183

UCST. see upper critical solution
temperature

Ugi condensation 2.186
ultra-small superparamagnetic iron

oxide (USPIO) 1.201

ultrasonication 2.95
ultrasound imaging

compounds 1.196, 1.196, 1.197
ultrasound-responsive DDSs 1.22,

1.23, 1.148–9
future perspectives 1.169–70
layer-by-layer assemblies

2.140–1
micelles 1.155–9
physics of ultrasound

1.149–5, 1.152
polymeric micelles 1.123,

1.157–8
targeting tumor cells 1.159–61
triggered release from

micelles 1.161–9, 1.162
ultraviolet light-responsive

DDSs 1.23, 1.305–7
gold nanoparticles 2.14
imprinted hydrogels 2.251, 2.252
layer-by-layer assemblies 2.139
mesoporous silica

nanoparticles 2.70, 2.77–8
micelles/nanoparticles

1.330, 1.338
nanogels 1.331
polymer grafting 2.322, 2.323
polymeric micelles 1.313, 1.314,

1.315
polymeric vesicles 1.322, 1.323–4
solid polymeric

nanoparticles 1.334, 1.336
United States Pharmacopoeia (USP),

21-National Formulary 1.2
upper critical solution temperature

(UCST)
dual responsive hydrogels 2.173
magnetic nanoparticles 2.44
polymeric micelles 1.121
temperature-responsive hydrogels

2.161, 2.161, 2.168–9, 2.169
temperature-sensitive

polymers 1.21–2
Urry’s model 2.181
USPIO (ultra-small superparamagnetic

iron oxide) 1.201
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vaginal pH 1.18
valine residues 2.200–1, 2.203, 2.205,

2.206, 2.207, 2.210, 2.211, 2.213,
2.213, 2.214, 2.219–21, 2.219, 2.220

Val-Pro-Gly-Xaa-Gly
(VPGXG) 2.181, 2.182. see also
elastin-like recombinamers

valproic acid 2.224
van der Waals interactions 1.12

carbon nanotubes 2.95
enzyme-responsive DDS 1.19
lipid bilayers 1.43

vancomycin
elastin-like recombinamers 2.189
polymer grafting 2.329–33, 2.331,

2.332, 2.334
polymeric micelles 1.123–4

vascular cell adhesion molecule 1
(VCAM-1) 1.191

vascular diseases, enzyme
disregulation 1.233

vascular endothelial growth factor
(VEGF)
biomolecule-sensitive

hydrogels 2.284, 2.285
cell sheet engineering 2.306
polyelectrolyte complexes 1.268
regenerative medicine 2.298,

2.300, 2.301
vascularization

tissue-mimicking cell sheets 2.303,
2.306

tumor cells 1.37, 1.38, 1.61,
1.63–4, 1.198

VCAM-1 (vascular cell adhesion
molecule) 1.191

VEGF. see vascular endothelial
growth factor

vesicle area dilation experiment 1.45

vesicles
elastin-like recombinamers 2.194,

2.195

fenestrations. see enhanced
permeability and retention effect

hollow 2.194–5, 2.195
light-sensitive polymeric

1.320–7, 1.321, 1.324–6
lipid bilayers 1.43
phase transitions 1.14

vesicle-to-micelle transitions
1.184

vinyl hydrogels 2.200–3, 2.201–2
viscoelasticity, biomaterials 1.6
VPGXG (Val-Pro-Gly-Xaa-Gly)

2.181, 2.182. see also elastin-like
recombinamers

volume changes, intrinsically
conducting polymers 1.289.
see also swelling–collapse
phenomenon

water solubility, drugs 1.115
wave nature, ultrasound 1.149–50
wet chemical polymer grafting

2.322

wet-chemical synthesis,
mesoporous silica nanoparticles
2.65

wild-type myoblast sheets 2.301

window chambers, optical
imaging 1.196

Wolf rearrangement
reaction 1.315–16

Wolman disease 1.233

worm-like micelles 1.193
wounds

enzyme-responsive DDS 1.19
pH 1.16–18, 2.155

X-ray contrast agents. see contrast
agents

zero premature release, chemotherapy
drugs 2.64, 2.65

zinc porphyrin 1.135
zwitterionic ligands 2.10
zwitterionic peptide linkers 2.272,

2.273
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Foreword

In recent years smart materials have found new and promising applications as
drug carriers for delivery of new therapeutic agents. At a time when present
uses of drug delivery have become rather difficult to launch commercially
because of the pressure from generic drug delivery systems, smart materials
provide new applications, especially in the treatment of diseases where present
formulations have not found good use. Indeed, intelligent biomaterial carriers
have attracted significant interest because of the promise to respond to
physiological conditions of the body, but also to respond to elevated quantities
of analytes responsible for a particular disease.

The present book is a welcome addition to the field of smart polymers and
comes to fill a major need in the use of smart materials as carriers for drug
delivery. As we read the various chapters it becomes apparent that the editors,
Professors Carmen Alvarez-Lorenzo and Angel Concheiro of the University of
Santiago de Compostela, have set specific goals for this book and have spent
numerous days trying to edit the chapters and balance the book. Their goals are
to highlight the design, characterization and investigation of the next
generation of ‘‘intelligent’’ or smart polymeric structures and biohybrids that
can be used for drug delivery and can ‘‘communicate’’ with their surrounding
environment.

The use of smart polymer carriers is a natural approach to the solution of
many delivery problems as the discovery and delivery of drugs to cure chronic
diseases have been achieved by a combination of intelligent material design and
advances in nanotechnology. In particular, there has been considerable work in
preparing nanostructured biomaterials for various applications, such as
carriers for controlled and targeted drug delivery, micropatterned devices,
systems for biological recognition, and others. Since many drugs act as
protagonists or antagonists to different chemicals in the body, a delivery system
that can respond to the concentrations of certain molecules in the body is
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invaluable. For this purpose, intelligent therapeutics or ‘‘smart drug delivery’’
call for the design of the next generation of responsive devices and materials,
both from purely synthetic materials as well as through combination of natural
and biological molecules with synthetic materials.

In other advanced pharmaceutical applications, biomimetic materials,
especially polymeric networks, capable of biological recognition can be
prepared by designing interactions between the building blocks of biocom-
patible networks and the desired specific ligands and by stabilizing these
interactions by a three-dimensional structure. In addition, biomimetic methods
are now used to build biohybrid systems or even biomimetic materials
(mimicking biological recognition) for drug targeting and tissue engineering
devices. Additionally, micro- and nanofabrication techniques have enabled the
development of novel biomedical systems, sensors and delivery devices that can
improve the therapeutic effect of drugs, such as micro- and nanoscale needles,
pumps, valves, and implantable drug delivery devices. These advances are
expertly presented in this book.

Why do we observe such an explosion in research in this field now? The
development of nanoparticulate systems for biological applications has taken a
level of sophistication never before seen in the field of biomedicine. Using
intelligent polymers, it is now possible to design new devices for intelligent
diagnostics, therapeutics, molecular communication, etc. Such systems can be
employed for auto-feedback action, whereby the biomaterial can be designed to
rapidly respond to changes in the external biological conditions. This idea may
be used to study biological communication and develop novel biological
machines. This book presents new molecular techniques which are used to
design new biomaterials based on star polymers, symmetric structures of
inorganic and organic materials, dendrimers, self-assembled monolayers and
biological/synthetic constructs.

In view of the growing need in biological, biomolecular and biomedical
engineering for scientists with a broad, but strong, background in materials
engineering and biological sciences, this book will promote the investigation
and utilization of novel macromolecular structures, biohybrid systems and
biopolymers with ability to interact with or recognize external phenomena
associated with biological or physiological solutions. The book incorporates
educational and research components with emphasis on the synthesis, design,
development and analysis of novel structures useful in the biomedical,
biochemical, cellular and related fields.

Nanostructured materials have thus created great excitement in research and
industrial circles because of numerous and diverse applications in electronic
devices, automobile engines, industrial catalysts, and cosmetics. To date, and
despite their great promise, applications of nanophase materials in the
biomedical field (other than in drug delivery) have been close to nonexistent.
Undoubtedly, the capability of synthesizing and processing nanomaterials with
tailored structures and enhanced properties provides tremendous opportunities
for designing novel biomaterials of exceptional promise for biomedical
applications.

vi Foreword
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Finally, the book addresses some of the novel applications of intelligent
materials which can be used in electronic devices. This raises exciting possi-
bilities for combining microelectronics and biotechnology to develop new
technologies with unprecedented power and versatility. Thus, in recent years we
have seen an explosion in the field of novel microfabricated and nanofabricated
devices for drug delivery.

This book covers all the areas addressed above in a most thorough way.
Various mechanisms of triggering drug delivery are addressed in a number of
chapters. After a careful introduction of the importance of intelligent polymers
in drug delivery by the editors Carmen Alvarez-Lorenzo and Angel Concheiro,
expert reviews of temperature and pH-sensitive liposomes are presented by
David Needham of Duke University and S. P. Vyas and associates of Dr.
Harisingh Gour University. The corresponding behavior of temperature and
pH-sensitive micelles is addressed by C. Kojima of Osaka Prefecture
University. William Pitt and associates of the University of Utah address
interesting and important applications of ultrasound-triggered release from
micelles.

Polymersomes are a relatively new class of important intelligent polymer
structures that can be used in drug delivery. This subject is expertly addressed
by Giuseppe Battaglia of the University of Sheffield. Two important aspects of
intelligent systems utilize reduction-sensitive nanosystems mostly for intra-
cellular drug delivery, as carefully presented by R. Cheng, F. Meng, C. Deng
and Z. Zhong of Soochow University, and enzyme-responsive drug delivery
systems, as described by P. F. Caponi and R. V. Ulijn of the University of
Strathclyde.

In subsequent chapters, the editors have tried to present important biological
applications of all these smart materials. For example, Cameron Alexander and
associates from the University of Nottingham address the use of bioresponsive
polyplexes and micelleplexes, while the editors give a detailed analysis of our
latest knowledge on UV and near-IR triggered release from nanoparticles.
Another important triggering mechanism is heating via remote irradiation of
gold nanoparticles-based systems, which is addressed by E. K. Lim and
associates of Yonsei University. Finally, magnetic-responsive nanoparticles for
drug delivery are expertly presented by Ting-Yu Liu of the National Taiwan
University and associates.

Recent advances in nanoscale systems based on inorganic materials that are
finding applications in drug delivery are presented by Maria Vallet-Regi of the
Complutense University (silica nanoparticles) and Gerard Tobias and
Emmanuel Flahaut of CMAB-CSIC, Barcelona, Spain and the University Paul
Sabatier (smart carbon nanotubes). The use of smart layer-by-layer films is a
powerful new method with important applications in drug delivery and is
expertly discussed by S. Sukhishvili and S. Pavlukhina of Stevens Institute of
Technology.

In the next few chapters, the editors have elected to present new applications
of intelligent hydrogels, a subject of major interest to the medical and phar-
maceutical fields. Thus, Francesco Puoci and Manuela Curcio of the University
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of Calabria discuss temperature- and pH-responsive hydrogels, Jose Carlos
Rodriguez-Cabello and associates of the University of Valladolid address
elastin-like hydrogels and self-assembled nanostructures, while Mario and
Ilaria Casolaro discuss multiple stimuli-responsive hydrogels. The editors
Carmen Alvarez-Lorenzo and Angel Concheiro offer an expert presentation of
molecularly-imprinted hydrogels and associated techniques. These materials
appear to have great promise for a variety of applications. Finally, T. Miyata of
Kansai University discusses the latest advances in biomolecule-sensitive
hydrogels.

In the development of smart biomaterials, it is often desired to attain spatial
control of cells and related biological organisms. Numerous surface micro-
and/or nanofabrication techniques have been developed in order to create a
material for regulating cell functions for application in tissue engineering,
microbiosensors, and other applications requiring a desired pattern of response
from the cells. Teruo Okano and H. Takahashi of the Tokyo Women’s Medical
University present a thorough review of the latest research on intelligent
surfaces for cell and tissue delivery. The book ends with another chapter
written by the editors Carmen Alvarez-Lorenzo and Angel Concheiro that
addresses an important area for current and future applications, that of
drug/medical device combination products. Often these combination products
are designed with possible stimuli-responsive eluting surfaces and promise to
exhibit recognitive characteristics.

I think that all researchers in the field of drug delivery will find this new book
a very valuable addition in the field and will use it for many years to come.
I know I will.

Nicholas A. Peppas, ScD, NAE, IOM, FBSE
The University of Texas at Austin

Austin, Texas, USA
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Preface

Writing a book is an adventure, in words of Winston Churchill. Editing a book
is not lesser adventure. It is both a challenging and a rewarding task. We put a
foot in this adventure when Prof. Hans-Jörg Schneider encouraged us to think
about a book project for the RSC Series on Smart Materials with a focus on
Drug Delivery; the second foot was put when the RSC Publications Committee
approved our proposal. The design and application of stimuli-responsive
materials is a growing field that benefits from contributions of people from
diverse backgrounds all around the world. Numerous drug delivery systems
with advanced performances based on the features of smart materials have
come up in the last years. A wide range of materials with diverse structure, their
processing for creating carriers of varied architecture, and the responsiveness to
physiological variables, to illness markers or to external stimuli useful for
triggering or switching on/off drug release are addressed in the present book. In
addition to small synthetic drugs, other classes of therapeutic molecules or even
cells are covered. A balance between novelty and clinical possibilities was the
criterion followed to choose the contents, which were organized as a function of
the carrier architecture and the stimulus that activates the release. Drug-device
combination products were also taken into account. An effort has been made to
not be lost in the particular details, but to prioritize the general concepts that
are behind the design and functioning of intelligent drug delivery systems.

It was truly rewarding when the invited contributors answered very positively
to the book project. We are in debt with all of them for their efforts on writing
comprehensive as well as educational chapters, covering in detail the state-
of-the-art in each assigned topic. Our acknowledgement goes also to Prof.
Nicholas Peppas for his always encouraging comments and the kind foreword,
and to the people of the RSC editorial office, particularly Mrs. Alice Toby-
Brant, for providing an invaluable help with formal and not so formal aspects.
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We finally would like to thank the readers of this book, from who we will be
very happy to receive comments and feedback. Working in the interface
between stimuli responsiveness and drug delivery is itself a tricky and long
adventure, but along the path outstanding advances for therapeutics are
already becoming a reality. We hope that this text would serve as a guide for the
beginners in the field and as a multidisciplinary meeting point for researchers
involved in quite diverse areas.

Carmen Alvarez-Lorenzo
Angel Concheiro

Department of Pharmacy and Pharmaceutical Technology
Faculty of Pharmacy, University of Santiago de Compostela

15782-Santiago de Compostela (Spain)
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CHAPTER 13

Remotely Triggered Drug
Release from Gold
Nanoparticle-based Systems

EUN-KYUNG LIM,a KWANGYEOL LEE,b

YONG-MIN HUHc AND SEUNGJOO HAAM*a

aDepartment of Chemical and Bimolecular Engineering, Yonsei University,
Seoul, 120-749, Republic of Korea; bDepartment of Chemistry,
Korea University, Seoul, 136-701, Republic of Korea; cDepartment of
Radiology, Yonsei University, Seoul, 120-752, Republic of Korea
*Email: haam@yonsei.ac.kr

13.1 Introduction

Non-specific delivery of drugs is accompanied by unwanted side effects such as
drug-resistance and toxicity, mainly because the amount of drug that reaches
the target site is much smaller than the administered dose. Enhancement of
drug efficacy would require increasing the dose. Therefore, the concept of
targeted drug delivery has been engendered by the necessity to improve the
therapeutic efficiency and to reduce the side effects, and various drug-delivery
approaches are being developed. In particular, nanoparticles can be surface-
modified to enable the conjugation of drug molecules and to improve the
solubility, the stability and the pharmacokinetics of drugs.1–7 They can also
take the form of a hollow container to load drug molecules in the center void.
Nanoparticles can passively accumulate in tumor tissues to a higher extent than
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in normal tissues by enhanced permeability and retention (EPR) effect.8–10

Tumor blood vessels are generally characterized by abnormalities such as a
relatively high proportion of proliferating endothelial cells because of the rapid
vascularization to provide oxygen and nutrients for fast-growing tumors. The
combination of leaky vasculature and poor lymphatic drainage leads to
accumulation of nanoparticles in the target site, and this passive tumor
targeting by the EPR effect has been the mainstream strategy for the delivery of
nanoparticle-based drug-delivery systems. Nanoparticles can be made much
more target-specific by conjugation of targeting moieties such as antibodies or
aptamers. This unprecedented targeting ability, which is unknown for
conventional drugs, makes nanoparticles effectively deliver drugs to the target
site, while significantly mitigating side effects.11–17

Recently, activatable nanoparticles have been designed to deliver drugs to
the target sites at accurate timing or condition; these systems can control drug
discharge by specific stimuli (external or internal) through chemical and/or
physical changes. External stimuli such as temperature, light and magnetic
field, and internal stimuli including pH and biological ions and molecules, are
often used to trigger drug release or to induce physical or chemical effects
leading to disease treatment.13,18–25 Gold nanoparticles provide a great
opportunity in this field due to their unique properties from size- and shape-
dependent surface plasmon resonance. They are easily formed in various
sizes and shapes with a great monodispersity, and most importantly they are
non-toxic and biocompatible.2,26–30 Gold nanoparticles can be heated by
irradiating with NIR light and it is extremely easy to introduce targeting
molecules, drugs and other biomolecules on their surface. These properties
facilitate a variety of approaches for developing drug-delivery systems (DDSs)
able to control drug release at remote sites.2,28 In this chapter, we describe
various types of gold nanoparticles useful for drug delivery as well as thera-
nostic systems. Especially, we focus on activatable DDSs based on gold
nanoparticles capable of triggering drug release by external or internal
stimuli.

13.2 Gold Nanoparticle-based DDSs

Delivery systems for drugs, proteins, DNA and RNA based on gold nano-
particles are attracting great attention because of advantages such as simple
synthesis, easily tunable size, facile surface modification, versatile conjugation
with biomolecules and biocompatibility (Figure 13.1).31–35 These features allow
the loading of therapeutic agents or biomolecules by covalent or non-covalent
conjugation.35–49

For tumor delivery, gold nanoparticles should be modified with molecules
that target cancer-specific markers and strongly interact with receptors over-
expressed on the cancer cells in order to accomplish active detection and
enhanced delivery to the target site.50–60 Proteins, peptides, nucleic acids

2 Chapter 13

D
ow

nl
oa

de
d 

on
 0

1/
09

/2
01

3 
10

:2
7:

05
. 

Pu
bl

is
he

d 
on

 1
7 

A
pr

il 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/9
78

18
49

73
43

18
-0

00
01

View Online

http://dx.doi.org/10.1039/9781849734318-00001


(aptamers), vitamins or carbohydrates are extensively employed as targeting
moieties.54,60 For example, doxorubicin (Dox)-loaded and folate-modified
poly(ethyleneglycol) (PEG)-functionalized gold nanoparticles (FOL-PEG-gold
nanoparticles) showed much higher toxicity for cancerous cells than for HFF
cells, suggesting that these nanocarriers have high potential to be used in
targeted cancer therapy.61 The nanoscale size of gold nanoparticles with a high
surface-to-volume ratio provides a versatile platform for attachment of a
number of drugs through covalent and non-covalent interactions.32 Chen
et al.62 conjugated methotrexate (MTX), as a chemotherapeutic agent, onto
gold nanoparticles (Figure 13.2) and showed that the accumulation of MTX
is faster and higher in tumor cells treated with MTX-gold nanoparticles
than in those treated with free MTX. MTX-gold nanoparticles showed tumor
growth suppression whereas MTX alone had no antitumor effect, indicating
that MTX-gold nanoparticles are much more effective than free MTX in
cancer treatment.62 Similarly, antibacterial drug-capped gold nanoparticles
showed good antibacterial effect against various strains of Gram-positive
and Gram-negative bacteria, such as S. aureus, M. luteus, E. coli and
P. aeruginosa.35

Gold nanoparticle-based systems, however, can be caught during circulation
by the reticulo-endothelial (RES) system to accumulate in the liver and spleen,
depending on their size and surface characteristics.63–65 To avoid RES capture,

Figure 13.1 Scheme of the two AuNP surface structures commonly employed for
drug delivery.
Reproduced from Ref. 32 with permission of Elsevier.
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hydrophilic polymers such as PEG are attached onto the surface of gold
nanoparticles. It is well known that PEG creates a highly water-bound barrier
resulting from hydrogen bonding between the oxygen atoms of PEG and water,
and thereby the surface density and the chain length of PEG on the nano-
particle surface could prevent opsonization and, thus, MPS uptake
(Figure 13.3).58,59,66–68 PEGylated gold nanoparticles exhibit excellent stability
under physiological conditions, minimal interaction with biomacromolecules

Figure 13.3 Main advantages of the PEGylated proteins. The polymer, PEG, shields
the protein surface from degrading agents by steric hindrance. Moreover,
the increased size of the conjugate decreases the kidney clearance.
Reproduced from Ref. 67 with permission of Elsevier.

Figure 13.2 Conjugation of methotrexate (MTX) to the surface of an AuNP.
Reproduced from Ref. 62 with permission of the American Chemical
Society.
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and specific molecular recognition due to the steric hindrance. Therefore,
hydrophobic dyes/drugs loaded inside the hydrophilic barrier are released only
upon contact with the target cell.66,68

Gold nanoparticles (AuNP) can be stabilized by thiolates via strong Au-S
bonds between weak acidic Au and the weak thiolate base as follows:69,70

ðRSÞnAuNP þmR0SH! ðRSÞn-mðR
0SÞmAUNPþmRSH ð13:1Þ

Using this approach, oligonucleotides, peptides, drugs and PEG can be
incorporated onto gold nanoparticles.49,59,71–73 Paciotti et al.58 reported that
PEG can be bonded to Au via Au-S bond-forming PEG-SH molecule and the
resulting PEGylated Au nanoparticles exhibited an increased residence time in
blood circulation (Figure 13.4). Other polymers have also been used to increase

Figure 13.4 (a) Pharmacokinetic profiles of native tumor necrosis factor (TNF) and
cAu-TNF vector in MC-38 tumor-burdened C57/BL6 mice
(n¼ 3/group/time point), that were intravenously injected with 10 mg of
either native TNF or cAu-TNF vector. At the indicated time points the
mice were anesthetized and bled through the retro-orbital sinus, and the
blood was diluted 1:1 with PBS containing 1mgmL�1 heparin. TNF
concentration was determined using an enzyme immunoassay. *po0.05
cAu-TNF versus native TNF. (b) Pharmacokinetic profiles of native
TNF and PT-cAu-TNF vector in MC-38 tumor-burdened C57/BL6
mice. Mice were bled at 5, 180 and 360min after the injection, and the
blood samples were analyzed as described above. Data are presented as
the mean� SEM blood concentration from three mice/time point.
*po0.1 **po0.05 versus native group.
Reproduced from Ref. 59 with permission of Informa Healthcare.
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the circulation time of nanoparticles. For example, a highly biocompatible drug
carrier based on gold nanorods has been prepared by exchanging hexadecyl-
trimethylammonium bromide (CTAB) with polycaprolactone dithiol
(PCL-diSH) and Pluronic F-127.73

Gold nanoparticles have also been actively investigated as an alternative
nanocarrier for siRNA delivery,74,75 due to their high stability in saline
solution, easy binding of complementary nucleic acid and compatibility with
cells and tissues.49,54,74–95 Recently, thiol-modified antisense oligonucleotides
were directly conjugated onto gold nanoparticles (Au-ASODN composites;
ASNPs) to be used in regulation of protein expression in cells.89 The affinity
constants of ASNPs for complementary nucleic acid are much higher than that
of unmodified oligonucleotides. The nucleic acids in ASNPs are less susceptible
to degradation by nucleases, and hence ASNPs are more efficient intra-cellular
oligonucleotide carriers than conventional transfection agents. Gold nano-
particles chemically modified with polymers and/or amino acids, including
primary and quaternary amine moieties, can act as scaffolds for effective DNA
binding with subsequent condensation.43,74,75,92,96–101 In a recent study,
siRNA–PEG/gold polyelectrolyte complexes were tested for intra-cellular
delivery of siRNA. These amine-functionalized gold nanoparticles can elec-
trostatically interact with PEGylated siRNA. The PEG moiety improves the
stability of the nanoparticle dispersions by protecting them from uncon-
trollable aggregation, and favors a more efficient internalization into human
prostate carcinoma cells compared to that achieved by polyelectrolyte
complexes with siRNA alone.74 Recently, formulations of uniform siRNA-
loaded nanoparticles PEI/siRNA/PEI-AuNP were prepared by deposition of
siRNA on gold nanoparticles via a layer-by-layer technique by ionic inter-
action.54 The homogeneity in the size and the amount of siRNA loaded that
can be achieved are greatly beneficial to siRNA-based therapy.54,102

Recent reports show that the polyvalent attachment of drugs and imaging
agents onto DNA-gold nanoparticles results in enhanced cellular uptake and
activity. Cytosine-phosphate-guanosine (CpG)-gold nanoparticles have been
shown to act as polyvalent immunostimulatory nanoagents by inducing
production of proinflammatory cytokines (TNF-a and IL-6) (Figure 13.5).59

Moreover, 6-mercaptopurine-9-b-D-ribofuranoside (6-MPR) – the most widely
utilized antileukemic and anti-inflammatory drugs – incorporated onto gold
nanoparticles (6-MPR-gold nanoparticles) has shown a substantially increased
antiproliferative effect against K-562 leukemia cells, compared to the drug in
typically administered free form. This effect is attributed to an enhanced intra-
cellular transport followed by the subsequent release in lysosomes.47

DNA-gold nanoparticles can also be used for the delivery of hydrophobic
chemotherapeutic agents (Figure 13.6).49 Lipid-DNA-gold nanoparticles appear
as a hybrid-based gene-delivery system able to render better transfection effi-
ciency and reduced cytotoxicity, by taking advantage of the features of both gold
nanoparticles and liposomes as gene-delivery vehicles. These lipid-DNA-gold
nanoparticle hybrid delivery systems require smaller lipid concentration to
achieve low cytotoxicitywith higher efficiency than a lipid-only delivery system.88
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13.3 Activatable DDSs Based on Gold Nanoparticles

Stimuli-responsive DDSs are mainly designed to provide the drug concen-
tration within its therapeutic window to target site. The internal and external
stimuli include temperature, light, pH, specific enzymes activity and reactive
oxygen species (ROS). The physical and chemical changes caused by the
stimulus in the container may reversibly trigger the drug release.20,87,103–105

Figure 13.5 a) Assembly of CpG-conjugated AuNPs and their immunostimulatory
effects, and b) CpG-AuNP conjugates stimulate the secretion of
cytokines. RAW264.7 cells were treated with the indicated materials at a
DNA concentration of 0.05mM. An equal molar concentration of
AuNPs was used as control. The concentrations of TNF-a and IL-6 in
culture media were measured at 8 h (TNF-a) or 24 h (IL-6) by an ELISA
method. Results are expressed as the mean� SD of three determinations.
Reproduced from Ref. 94 with permission of Wiley.
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Figure 13.6 a) Synthesis of PTX-DNA@AuNP conjugates, b) TUNEL assay testing
activity of PTX-DNA@AuNPs in MCF7 cells TUNEL (green) and
counter-stain (red) images of cells left untreated, DNA-AuNPs, 10 nM of
free paclitaxel and compound 1, and PTX-DNA@AuNPs at the equivalent
paclitaxel concentrations of 50 and 100nM. Scale bars correspond
to 50mm. After treatment by PTX-DNA@AuNPs for 48h, significant
numbers of TUNEL-positive cells and reduced populations are observed in
both tested cell lines. c) Cytotoxicity profiles of PTX-DNA@AuNPs (black
circles) at equivalent paclitaxel dose with MCF7 are present in the top,
middle and bottom panels, respectively (n¼ 6).
Reproduced from Ref. 49 with permission of the American Chemical
Society.
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13.3.1 pH-responsive Au-based DDSs

Tumors develop unique microenvironments with an extra-cellular pH more
acidic (pH 5–6) than that found in blood and healthy tissues (pH 7.4), because
the increased glycolysis and plasma membrane proton-pump activity leads to
an enhanced production and release of lactic acid to the extra-cellular regions.
The pH in endosome and lysosome is even at 5.0–5.5 (Figure 13.7).23,106–115

The pH-responsive drug carriers release drug in response to acidic condition
due to: i) cleavage of linkages, such as hydrazone, between drug and the nanoc-
arrier, or ii) change of internal structure (shrinking-swelling or protonation)
(Figure 13.8).116,117 For example, Au-P(LA-Dox)-b-PEG-OH/FA nanoparticles
exhibited pH-triggered drug-release properties useful for tumor-targeted drug

Figure 13.7 Scheme of a multi-functional drug carrier with tumor-targeting capa-
bility and intra-cellular delivery ability due to the pH-dependent
progressive hydrolysis of a chemical bond, e.g. benzoic-imine, in the
carrier-forming polymer. The particle has a PEG corona to obtain
prolonged circulation in the blood. A suitable particle size would make
the carrier accumulate in tumor tissue by means of the EPR effect. Under
the weak acidic condition in a tumor, the particle surface becomes
positively charged due to partial hydrolysis of the main linker, facili-
tating cellular uptake through adsorptive endocytosis. Subsequently, in
the more acidic environment of the endosome, the complete hydrolysis of
the main bond causes the particle to dissociate and destabilize the
endosomal membrane to release the drugs rapidly into the cytoplasm.
Reproduced from Ref. 106 with permission of the American Chemical
Society.
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delivery. The anticancer drug doxorubicin (Dox) was covalently conjugated
onto the hydrophobic inner shell by acid-cleavable hydrazone linkage
(Figure 13.8a).116 The rate and amount of Dox released from Au-P(LA-Dox)-
b-PEG-OH/FANPswere strongly influenced by pH condition;Doxwas abruptly
released when the hydrazone linkage was cleaved by hydrolysis in medium of pH
5.3 to 6.6. More than 90% of Dox was released at 48h in pH 5.3 medium, while
onlyB15%ofDoxwas released for the same time at pH7.4 (Figure 13.8b). These
Au-P(LA-Dox)-b-PEG-OH/FA NPs showed high cytotoxicity against the 4T1
mouse mammary carcinoma cell-line with targeting ability, indicating their
potential for chemotherapy.

13.3.2 Glutathione-mediated Au-based DDSs

The design of glutathione (GSH)-responsive DDSs relies on the dramatic
difference between intra-cellular and extra-cellular GSH concentrations.118–
120 Disulfide linkages can be broken in the presence of intra-cellular GSH.
Gold nanoparticles with thiol-modified drugs can exhibit exchange reactions
between Au-S-R and glutathione, inducing the efficient dissociation of the
drug from the gold nanoparticles.31,32,121–124 However, it is difficult to control
reactivity of the disulfide linkage, because this linkage exchange can also be
caused by cysteines of serum proteins in the bloodstream. Recent studies have
demonstrated GSH-mediated intra-cellular release of a thiolated hydrophobic
dye (HSBDP) from monolayer-functionalized gold nanoparticles. The release
rate of HSBDP was 8-fold greater than that of the tripeptide, suggesting that
the exchange in thiol groups is responsible for releasing HSBDP ligands from
the gold nanoparticles surface (Figure 13.9a,b).125 In addition, a novel
cyclodextrin-covered gold nanoparticle (AuNP) carrier has been developed
for non-covalent encapsulation of an anticancer drug. The surface of the
AuNPs was functionalized with cyclodextrin via disulfide linkages, and the
cyclodextrin moieties formed pockets effective for loading of hydrophobic
drugs (Figure 13.9c,d).124

13.3.3 Photo-active and/or Photodynamic Au-based DDSs

Recently, research efforts have been focused on developing light-sensitive
systems for remote-controlled release of drugs.2,32,69,70,73,126–136 General
aspects on this topic can be consulted in Chapter 11. Light provides a highly
orthogonal external stimulus, allowing spatiotemporal control of drug release.
DDSs have been designed by conjugating with drugs and carriers via photo-
cleavable bonds (Figure 13.10).137–139 The drug is not active while attached to
the carrier. Photo-irradiation causes the cleavage of the bonds and the drug is
trigger-released.2,137–140

Gold nanoparticles (AuNPs) for photo-controlled release of 5-fluorouracil
have been prepared by conjugating the drug to the particles (Au_PCFU)
through a photoresponsive o-nitrobenzyl linkage. The Au_PCFU also
contained a mixed monolayer of zwitterionic ligands that provided water
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Figure 13.8 a) Schematic illustration of an Au-P(LA-Dox)-b-PEG-OH/FA NP and its pH-triggered drug release; b) Dox release profiles
from the Au-P(LA-Dox)-b-PEG-OH/FA NPs at 371C. Reproduced from Ref. 116 with permission of Elsevier; c) scheme of
doxorubicin (Dox)-tethered responsive gold nanoparticles; and d) quantitative analyses of the in vitro release of doxorubicin at
371C from doxorubicin-tethered AuNPs at pH 7.4 and in acetate buffer at pH 5.0.
Reproduced from Ref. 117 with permission of the American Chemical Society.
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solubility and prevented premature cellular uptake (Figure 13.10a).138 Cell
viability studies showed an IC50 of 0.7 mM upon irradiation of Au_PCFU,
whereas no significant death was observed for cells treated with only light or
with only Au_PCFU (Figure 13.10b).138 In another example, the surface of the
gold nanoparticles was functionalized with the photoresponsive linker
thioundecyl-tetraethyleneglycolester-o-nitrobenzylethyldimethyl ammonium
bromide (TUNA). The drug release rate could be easily controlled by low-
power photo-irradiation under biocompatible and physiological conditions
(Figure 13.10c–d).139 Furthermore, the Au-S and the S-S bonds can be cleaved
not only by an intra-cellular physiological thioldisulfide bond exchange

Figure 13.9 a) Schematic depiction of the GSH-mediated surface monolayer
exchange reaction which triggers the release of the payload, in this case a
hydrophobic dye, from AuNPs; b) in vitro release of HSBDPmediated by
GSH. Samples of nanoparticles were incubated at 37 1C in pure water, in
tripeptide (10mM) and in GSH (10mM), and the fluorescence spectra of
the toluene phase were recorded. The fluorescence intensities at 507 nm of
the toluene phase were plotted against the incubation time. The slopes were
2.5 (initial period), 0.33 and 0.24 for the GSH, tripeptide and water,
respectively. Reproduced from Ref. 124 with permission of the American
Chemical Society; c) functionalization of AuNP carriers with b-lapachone,
using: i) SH-CD and mPEG-SH for AuNP-1 RhoCD and mPEG-SH
for RhoCD-AuNP-1); ii) SH-CD, mPEG-SH and NHS-PEG-SH for
AuNP-1.5 (RhoCD, mPEG-SH, NHS-PEG-SH or RhoCD-AuNP-1.5)
and iii) anti-EGFR; andd) effect of glutathione concentration on the release
of b-lapachone from AuNP-1/lap in HEPES buffer solution (pH 7.4).
Reproduced from Ref. 125 with permission of the Royal Society of
Chemistry.
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reaction, but also by applying sufficient energy. For example, the Au-S bond of
siRNA conjugated to the surface of a gold nanoshell can be cleaved using NIR
laser, enabling the controlled release of siRNA from the cell-internalized gold
nanoshell and the gene (GFP) silencing effect (Figure 13.10e–f).137

Figure 13.10 a) Photochemical reaction of Au_PCFU and delivery of payload to
cells, and b) effect of different conditions on the viability of MCF-7
cells. The concentration of Au_PCFU used was 1mM, and the light
exposure time was 20min.; c) upon UV irradiation, the photolabile
linker on the PR-AuNPs was cleaved, changing the surface charge
property (zeta-potential) of these gold nanoparticles from positive to
negative. The charge repulsion between the AuNPs andMSNwould then
uncap the mesopores and allow the release of guest molecules; d)
controlled release profile of fluorescein from PR-AuNPs-MSN after UV
irradiation (m), in the dark (�) and from fluorescein-loaded MSN
without the AuNPs cap (E); e) diagram of Tat-lipid-coated NS-siRNA
used for transfection and selective release of siRNA and scheme of the
siRNA construct used; and f) scheme of gene knockdown using laser.
Reproduced from Refs. 137–139 with permission of the American
Chemical Society.
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Photodynamic therapy (PDT) is another emerging, externally activatable,
strategy for cancer treatment. Photosensitizer (PS) molecules are activated by
UV or visible light, and this leads to the generation of oxidizing oxygen species
(reactive oxygen species, ROS) in a confined space. The overproduced ROS
causes a deleterious effect in cancer cells, by damaging DNA, RNA and
protein.2,141–145 PS molecules are inherently fluorescent and thus can be used
for imaging. For this reason, PDT has recently been evaluated as a possible
theranostic strategy for various forms of cancer.141Au-based PDT systems have
also been developed by conjugation of hydrophobic photosensitizing agents,
such as phthalocyamine (Pc), to PEGylated gold nanoparticles.142 Again the
PEG moieties inhibited colloidal aggregation in physiological condition, thus
providing the stability of the nanoparticles dispersion. The in vivo results
showed that AuNP-Pc4 accumulated into the target tumor within 2 hours
without adverse effect, while the accumulation of free Pc4 molecules up to a
therapeutically useful concentration usually takes about 2 days. This demon-
strates the usefulness of Au nanoparticles in developing effective PDT systems.
Furthermore, targeted PDT systems are also possible by attaching suitable
targeting moieties to the nanoparticle surface and, importantly, by confining
the light irradiation focus to the tumor site only. This would in turn lead to an
efficient cancer therapy without damage to normal tissues (Figure 13.11).141

13.3.4 Photothermally Mediated Au-based DDSs

Photothermal therapy (hyperthermia) of cancer is an attractive therapeutic
modality that consists in increasing the temperature (443 1C) at a desired site by
photo-irradiation.32,69,70,73,126–136 Generated heat kills cancer cells within the
localized irradiated area with minimal healthy tissue damage, unlike the conven-
tional chemotherapy and the gene therapy. Furthermore, it could be utilized to
control the release rate of drugs from delivery systems to reach a synergistic
effect.146

13.3.4.1 Photothermal Effect of Gold Nanoparticles

The unique surface plasmon resonance (SPR) effects of gold nanoparticles,
which converts absorbed light to heat, can be used for photothermal
therapy.70,73,126,128–130,133,147 Gold nanoparticles of various shapes absorb light
in a broad spectrum range, from near UV to NIR. When a gold nanoparticle is
irradiated, the absorbed light via SPR rapidly transforms into thermal energy,
causing local temperature increases, which are high enough to produce irre-
versible damage to photogenes, cancer cells and tumor tissues. To be efficient as
photothermal therapeutic agents, gold nanoparticles should have SPR in the
NIR range in order that the light is minimally absorbed by biological molecules
such as hemoglobin and water (Figure 13.12).148 The wavelength of maximal
absorption and the intensity of the SPR bands of the gold nanoparticles can be
easily tailored by changing their shape, size, morphology and composition
(Figure 13.13).149
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There are already data about the feasibility of gold-nanorod (rod-shaped
gold nanoparticle)-mediated NIR photothermal therapy for destruction of
tumors.132,149 The absorption peak of gold nanorods is easily tunable to the
NIR region by varying their aspect ratio (length/width). Recently, Haam et al.
developed thiolated dextran modified gold nanorods (DEX-GNRs) for
targeted photothermal therapy, and demonstrated their ability ot kill target
cells under NIR light irradiation.70 When exposed to NIR laser 808 nm, the
temperature of a DEX-GNRs solution increased from 24 1C to 48–52 1C. The
in vitro experiments using NIR light showed a significant cell-killing efficacy,
even with a low gold concentration and a low-power light source.

13.3.4.2 Photothermally Triggered Drug Release

Gold nanoparticles are largely used as activatable carriers with photothermal
properties that can lead to a triggered release of the drug in a localized area. As
mentioned earlier, gold nanoparticles can have a strong and tunable surface
plasmon absorption in the NIR range, by which heat is generated for hyper-
thermal therapy of cancer.32,69,70,73,126–136,147 Furthermore, induced heat can
trigger the release drugs from gold nanoparticle-based drug carriers by
changing the shape of the gold nanoparticles and by affecting the chemical
and/or physical properties of the surface-bound moieties.29,150–156 In particular,
gold nanorods undergo shape transformation to spherical nanoparticles due to
the induced heat after the absorption of NIR, which affects the binding of
biomolecules conjugated to their surface (Figure 13.14).150 Then, the release of

Figure 13.11 a) Schematic view of the photodynamic therapy (PDT) where PS is a
photo-activatable multi-functional agent, which upon light activation
can serve as both an imaging agent and a therapeutic agent, and
b) sequence of administration, localization and light activation of the
PS for PDT and for fluorescence imaging.
Reproduced from Ref. 141 with permission of the American Chemical
Society.
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siRNA bound via Au-S bond can be regulated by NIR irradiation; the changes
in the shapes of the gold nanorods are accompanied by the dissociation of
siRNA from Au.29,134,155,156 Utilizing the Au nanorod shape change, two
distinct DNA oligonucleotides can be selectively released from gold nanorods

Figure 13.13 a) Surface plasmon absorption spectra of gold nanorods of different
aspect ratio, and b) TEM image of nanorods of aspect ratio 3.9 (their
absorption spectrum is shown as the orange curve in panel a).
Reproduced from Ref. 149 with permission of the American Chemical
Society.

Figure 13.12 The NIR window is ideally suited for in vivo imaging because of the
minimal light absorption by hemoglobin (o650nm) and water (4900nm).
Reproduced from Ref. 148 with permission of Nature Publishing
Groups.
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that melt under different wavelength light; namely via selective laser-induced
melting of the nanorods. This strategy might be further developed for the
realization of multiple-drug-delivery techniques (Figure 13.15).154

Gold nanoparticles can be coated with thermally responsive polymers that
change their volume due to the heat induced by the NIR absorption.
Specifically, drug molecules can be trapped inside a hollow Au container and
the volume contraction of the thermally responsive polymer or liposome on the
Au container may lead to the release of the drug.20,157–175 Thermally responsive
polymers used for this purpose exhibit a decreased water-solubility as the
temperature increases, due to their characteristic of having lower critical
solution temperature (LCST).176–180 At lower temperature, water molecules
form hydrogen bonds with hydrophilic segments of the polymer, enabling its
dissolution in water. By contrast, at higher temperature, hydrophobic

Figure 13.14 a) Scheme of the effect of NIR laser irradiation spot (3.5mm in
diameter) on cells containing EGFP-GNR conjugates (left). After laser
irradiation, the gold nanorods of EGFP-GNR conjugates undergo a
shape transformation that results in the release of EGFP DNA (right),
and b) typical TEM images of EGFP-GNR conjugates i) before and
ii) after irradiation with laser beam (79 mJ/pulse for 60 s).
Reproduced from Ref. 150 with permission of the American Chemical
Society.
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interactions between hydrophobic segments of the polymer become
strengthened (Figure 13.16).136

Among many other temperature-responsive polymers, poly(N-isopropyl-
acrylamide) (pNIPAAm) is the most extensively studied because its LCST is in
the 25–32 1C range, i.e. near physiological temperature, and can be shifted to
higher or lower temperatures by incorporating hydrophilic or hydrophobic
segments.158,162,173 Gold nanocages can be modified with various phase-change
materials such as 1-tetradecanol or pNIPAAm for controlling the release
applying NIR laser irradiation (Figure 13.17).173 When these gold nanocages

Figure 13.15 Overview of selective release after laser irradiation of DNA-conjugated
nanocapsules (blue ovals) and nanobones (red bones). Exposure to
l¼ 800nm irradiation (left)melts the nanocapsules,which then selectively
release the DNA (labeled with FAM, green triangles). On the other hand,
exposure to l¼ 1100nm irradiation (right) melts the nanobones,
selectively releasing the DNA (labeled by TMR, orange stars).
Reproduced from Ref. 154 with permission of the American Chemical
Society.
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Figure 13.16 Schematic view of the drug delivery from a temperature-responsive
polymer with LSCT.
Reproduced from Ref. 136 with permission of Wiley.

Figure 13.17 a) Schematic illustration of the drug release mechanism from AuNCs
coated with a smart copolymer, and, below, absorption spectra of
alizarin-PEG released from the copolymer-covered AuNCs b) by
heating at 42 1C for 1, 3, 5 and 10 min and c) upon exposure to a pulsed
NIR laser for 1, 2, 4, 8 and 16min at 10mW cm�2. The insets show the
accumulated concentrations of alizarin-PEG released from the
AuNCs.
Reproduced from Ref. 173 with permission of Nature Publishing Group.
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are NIR irradiated matching their localized surface plasmon resonance (LSPR)
peak, the absorbed light is converted into heat. As the temperature increases
above the LCST, modified polymer chains collapse and thus the drugs are
released. With the laser turned off, the polymer chains change back to the
extended form due to a lowered temperature, and drug release is interrupted.
Furthermore, the drug release can be controlled by the on-and-off modulation
of the external NIR laser.

Recently, Haam et al.172 developed a novel nanotherapeutic system
consisting of a poly(lactic-co-glycolic acid) (PLGA) matrix containing Dox as a
chemotherapeutic agent and a gold over-layer on a polymer matrix
(Figure 13.18). This system provides synergistic therapeutic effects as compared
with the effects of the individual treatments. Upon irradiation with NIR light,
Dox can be abruptly released from polymer matrix leading to high cancer cell
toxicity as well as to photothermal ablation because of the increase in the local
temperature.

13.3.5 Enzymatically Activated Au-based DDSs

Specific enzymatic cleavage of protein substrates, typically peptide cleavage,
can be utilized for effective drug delivery. Drug can be trigger-released from
the carrier by the cleavage of specific peptide sequence in the presence of

Figure 13.18 a) Scheme of the preparation of multi-functional drug-loaded gold
nanoshells (DPGNS) for synergistic cancer therapy, b) TEM images of
DPGNS (scale bar: 50 nm) and c) Dox release patterns from I) DPGNS
and II) DPGNS irradiated by NIR laser (green arrow indicates onset of
NIR irradiation with 820 nm and 15Wcm�2 for 10min) for 120 h.
Reproduced from Ref. 172 with permission of Wiley.
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specific enzymes (cathepsin B, caspase) or protein antigens such as matrix
metalloproteinases (MMPs), when drug and drug carrier are conjugated via
peptide linker.21,31,32,111,181–184 MMPs can be used as important cancer-
specific markers, because of their overproduction in the cancer cells. General
aspects on enzyme-responsive DDSs can be found in Chapter 9.

An enzymatic-sensitive gold nanosystem (AuNP) has been prepared
through the anchoring of fluorescence dye (Cy5.5) molecules via MMP-
cleavable peptide substrate to gold nanoparticles.182 The Cy5.5 dyes are self-
quenched by the Fluorescent Resonance Energy Transfer (FRET) mechanism.
In the presence of MMPs, a high Cy5.5-fluorescence signal intensity is
caused by the de-quenching effect that occurs after the cleavage of the
Cy5.5-substrate peptide sequence by MMPs.182 These systems might be
further developed into activatable DDSs by using a drug instead of
fluorescent dye (Cy5.5).

13.4 Gold Nanoparticle-based Theranostic

Systems

Gold nanoparticles have been studied as imaging contrast agents due to
their optical properties.129,185–187 Recently, gold nanoparticles have received
much attention as computed tomography (CT) imaging agents because they
exhibit an enhanced absorption coefficient, which results in 2.7 times higher
contrast than typical iodine agents.131,187–189 Enzyme-sensitive or peptide
specific probes based on optical properties of gold nanoparticles have been
developed for tumor localization and metastasis imaging. Xia et al.184,190

modified the surface of gold nanocages with dye-labeled peptides, which
are cleavable by MMPs (Figure 13.19). When no MMP-2 protease was
present, the emission from the dye was quenched by the above-mentioned
FRET process. Upon exposure to the active MMPs, dye molecules were
released from the gold nanocages resulting in strong fluorescence
emission.184,190

Gold nanorods can be also utilized as photothermal agents, in addition to
the roles of optical tracers or imaging contrast agents (absorbance, photo-
acoustic or optical coherence tomography imaging).2,20,32,127,129,151,185,190–200

Integrin-targeting gold nanorods have been evaluated both in vitro and
in vivo regarding their utility in NIR optical imaging for glioblastoma,
demonstrating their theranostic ability. Gold nanorods were employed as
absorption imaging and photothermal therapeutic agents with excellent
tumor-targeting ability (Figure 13.20).129 It appears that gold nanoparticles
are well suited for theranostic systems enabling diagnosis and therapy
simultaneously, which can serve as optical tracers or contrast agents, kill
cancer cells through the photothermal effect, and furthermore remotely
control drug release by an external stimulus.129
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Figure 13.19 a) Scheme of a dual probe that could be activated by an enzyme. The
probe comprises Au nanocage and fluorescent dyes linked together
through enzyme-cleavable peptides. The fluorescence emission from the
dyes is initially quenched by the Au nanocage. Upon the cleavage of the
peptide and the release of the dye from the surface of the Au nanocage,
the fluorescence of the dye is recovered, b) fluorescence spectra of
FITC–GKGPLGVRGC–cage before and after incubation for 3 h with
1U (72 ngmL�1) MMP-2 at 37 1C, and c) fluorescence of FITC-
GKGPLGVRGC-cage incubated with different concentrations of
MMP-2 at 37 1C for 12 h. The sample was mixed with 1.5% agarose to
form a gel for imaging.
Reproduced from Ref.184 with permission of the Royal Society of
Chemistry.
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13.5 Conclusions and Outlook

Gold nanoparticles are promising materials for designing advanced DDSs with
the following major advantages: i) the ease with which their sizes and shapes
can be controlled during synthesis, ii) the well-established protocols for surface
modification with therapeutic agents and biological molecules such as targeting
moieties, and iii) the photothermal effect. Gold nanoparticles can further serve
as optical tracers or contrast agents for a variety of imaging and diagnostic
techniques due to their unique optical properties. Furthermore, gold
nanoparticle-based DDSs can regulate the release of drugs by various trig-
gering (external or internal) stimuli, which can facilitate an effective drug
delivery to the target site, while reducing unwanted side effects such as toxicity
and drug-resistance. The theranostic potential of these systems may greatly
contribute to a better understanding of the disease and to the development of
more effective cures.
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CHAPTER 14

Magnetic-responsive
Nanoparticles for Drug Delivery

SAN-YUAN CHEN,*a SHANG-HSIU HUa AND
TING-YU LIUb

aDepartment of Materials Science and Engineering, National Chiao Tung
University, Taiwan, ROC; b Institute of Polymer Science and Engineering,
National Taiwan University, Taipei 10617, Taiwan, ROC
*Email: sanyuanchen@mail.nctu.edu.tw

14.1 Introduction

Smart materials responsive to multiple environmental stimuli may offer
advanced performances in the drug-delivery field. Nanometric carriers (e.g.
nanoparticles, NPs) able to control the release of therapeutic agents have
received wide attention because they provide two relevant advantages, namely
high delivery efficiency and site-specific therapy, compared with traditional
dosage forms. Given these advantages, many smart structures that integrate
active drug molecules have been designed to optimize the release profiles. In
addition to slow, zero-order release patterns, the stimuli-responsive systems
may provide pulsatile profiles mimicking the natural release of biological
molecules, such as insulin or thyroxine, in the body.1 In addition to drug-
delivery applications, nanocarriers are also of high interest for nanoscale
chemistry. Irrespective of the application, external trigger of the release of a
controlled dose of the encapsulated cargo at a specific time and location is
highly beneficial. Therefore, many responsive drug carriers have been reported
that respond to specific stimuli, such as temperature,2,3 pH,4 electric field,5
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ultrasound6,7 and magnetic field8–11 to deliver drugs in a therapeutically
desirable manner. Some external stimuli, such as light, electric signals or
mechanical forces, require a physical contact with the drug carrier to trigger
drug release, which may be difficult to attain in practice. Furthermore, real-time
response upon a short-duration stimulus is also hard to achieve for most
stimuli-responsive polymeric materials, which is especially critical for urgent
treatments. Some of these drawbacks could be overcome by magnetic-
responsive materials used in conjunction with localized heating.12,13 Drug
delivery via magnetic-sensitive materials can be guided or triggered by a non-
contact force (an external high-frequency magnetic field), which is superior to
traditional stimuli such as pH or temperature. Through a magnetism-based
method (such as the application of an external magnet), the magnetic carriers
loaded with the pharmaceutical agents can be guided to the site-specific target,
and then provide a sustained drug release under external magnetic stimulation
(Figure 14.1). In addition, a high-frequency magnetic field can increase the
temperature of magnetic nanoparticles (MNPs), which could be useful for
creating local hyperthermia suitable for cancer therapy.

Nanocarriers encapsulating MNPs can be designed to deliver the drug to a
specific disease site, releasing the therapeutically effective dose to the right
region at the right time using a magnetic field.14–16 MNPs, especially those
using iron oxide, offer several other advantages for biomedical applications
including magnetic resonance imaging (MRI), cell sorting and hyperthermia,

Tumor tissue

Normal tissue

Catheter

Magnetic particlesNormal vessels have a

tight endothelium
Tumor vessels are disorganized and leaky

Magnetic field

Figure 14.1 Magnetic-responsive carriers loaded with pharmaceutical agents can be
guided to target tissues and trigger drug release through the application
of an externally applied magnetic field.
Reproduced from Ref. 12 with permission of Elsevier.
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because they do not have the multiple domains found in larger magnets; the
unit-cell spins of the entire nanoparticle line up and act as a single ‘‘super’’ spin
that aligns more perfectly with the applied field, giving rise to a higher magnetic
sensitivity. This ‘‘superparamagnetism’’, which is unique to NPs, provides a
stronger magnetic response than bulk magnetism, exhibiting a fast response to
a magnetic/temperature stimulus. In addition, combinations of nano-sized iron
oxide particles with biocompatible polymers lead to drug nanocarriers that not
only exhibit multiple functions, but also are more readily biodegraded in and
cleared from the body. In the following sections, the current status and
knowledge about the nanoscale hybrid systems that have been developed to
exploit magnetic-responsive NPs for drug delivery are analyzed in detail.17–20

14.2 Hyperthermia Theory of the Magnetic Field

Having a magnetic core or shell as a part of a colloidal nanoparticle offers three
opportunities: the MNPs can be attracted to a region with a high magnetic field
H; they may experience internal stress as non-uniform distortion arises from
magnetic forces; and they can be heated by a non-contact magnetic field. The
attracting field can be either direct current (DC) or alternating current (AC)
since the magnetic body force is the gradient of the magnetic internal energy
density as follows:

Magnetic internal energy density¼1=2wmoH
2 ð1Þ

In this expression, w is the susceptibility and mo the permeability of vacuum.
Therefore, high-susceptibility materials are desirable for magnetic localization.
On the other hand, the heating field is always AC, typically in the radio-
frequency (RF) range of 104B105Hz. Because an AC field can generate an
eddy current, induction heating is always feasible for any conductor, but it
becomes more efficient for a magnetic material in which magnetic hysteresis
causes additional energy dissipation. To maximize the sum of eddy current
(joule) heating and magnetic heating, a relatively high electrical resistivity and
large magnetic coercivity (mainly due to the resistance to domain wall
movement) are required. Nanomagnets suitable for nanocolloids are, however,
superparamagnetic, i.e. a single-domain ferromagnet free to switch following a
quasi-static field without apparent coercivity. Thus, nanomagnets contribute
little to coercivity, and the energy dissipation must come from some sort of
internal or boundary ‘‘friction’’ that does not prevent switching, but drags the
magnetic moment letting it lag behind the AC field. In a linear-response
medium, the Debye theory describes this lag in terms of relaxation time, t. It
then follows that maximal dissipation occurs when t�1 is commensurate with
the frequency f, i.e. 2pftB1, because when 2pftoo 1, there is no lag, but when
2pft 441, the moment stops to respond. Therefore, effective heating can be
obtained by tuning the frequency to the range of 2pftB1; under this condition,
more heat can be generated by driving the field harder (higher H) and faster
(higher f). Lastly, magnetic distortion can be caused by either a DC or an AC

34 Chapter 14

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
4.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
00

32
View Online

http://dx.doi.org/10.1039/9781849734318-00032


field, as long as the frequency is not much higher than the resonance
frequency.21

Under magnetic heating, the temperature of the magnetic nanocolloid
solution gradually rises to reach a steady state with several (up to tens) degrees
Celsius higher than room temperature. At this temperature, the heat input from
the MNPs equals the heat loss at the external boundary (e.g. container, fixtures
and surfaces). Because the energy input to heat up the water comes entirely
from the heat generated in the magnetic particles, the heating rate RM of the
MNPs can be calculated from the expression:

VMRMCM¼ð1�VMÞRWCW ð2Þ

RW being the heating rate of water, VM the volume fraction of MNPs relative to
the solution, and CW and CM the volumetric specific heat of water and the
MNPs, respectively. Assuming that magnetic heating involves isolated, inde-
pendent nanoparticles only, the heating effects of MNPs subjected to AC
magnetic fields are from two sources: Brownian and Néel relaxations
(Figure 14.2), and their relative contributions strongly depend on the particle
size. NPs with a core diameter less than 30 nm are usually composed of a single
domain, and their magnetization relaxation is governed by the combined effects
of the rotational external (Brownian) and internal (Néel) diffusion of the
particle magnetic moment.22 First, the particle may tumble, causing frictional
heating at the particle–water interface. The relaxation time, tB, for this mode
can be estimated as the time required for Brownian motion over a characteristic
distance of the order of one particle diameter. Brownian relaxation is due to
thermal orientational fluctuations of the grain itself in the carrier fluid, with the
magnetic moment being locked onto the crystal anisotropy axis. The char-
acteristic time, tB, for Brownian relaxation is given by the expression:

tB¼3ZVH=kT ð3Þ

(a) (b)

(c)

Figure 14.2 Intrinsic (Néel, a) and extrinsic (Brownian, b) remagnetization
mechanism and equipment of high-frequency magnetic field (HFMF, c).
Reproduced from Ref. 21 with permission of American Chemical
Society.
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where Z is the viscosity of the carrier fluid, k is the Boltzmann constant, T is the
temperature and VH is the hydrodynamic volume of the particle.21

Brownian relaxation may not be responsible for the frictional heating of the
MNPs. Friction may also arise from spin rotation without crystal-lattice
rotation. Néel relaxation refers to the internal thermal rotation of the particle
magnetic moment within the crystal. The relaxation time, tN, for this mode
(Néel relaxation) is the reciprocal of the spin flipping rate, which is of the order
of nD exp(–KV/kT). Here, nD is the Debye frequency of the order of 1012 s�1,
and KV is the energy barrier for coherent spin flipping, which may be of
magnetocrystalline or shaped origin. As the two relaxation mechanisms take
place in parallel, the effective relaxation time, t, can be estimated from the
following relationship:

1=t ¼ 1=tN þ 1=tB ð4Þ

and, then, the shorter time determines the dominant mechanism of relaxation.
The inductive heating (hyperthermia) in AC magnetic fields, in which the

thermal energy from a hysteresis loss of magnetic materials depends on the type
of the remagnetization process, has been the subject of many studies in recent
years. Hyperthermia from the magnetic drug-carriers induced by AC magnetic
fields can trigger drug release or enable thermal therapy. When a ferromagnetic
material is magnetized by an increasing applied field and then the field is
decreased, the magnetization does not follow the initial magnetization curve
obtained during the increase (Figure 14.3). This irreversibility or hysteresis can
occur in ferromagnetic or ferroelectric materials. An example of a full or major
hysteresis curve (or loop), i.e. M is taken to near Ms, is shown in Figure 14.3a.
At extremely high applied fields, the magnetization (M) approaches the satu-
ration value, Ms. Then, if the field is decreased to zero, the M vs. H curve does
not follow the initial profile, but instead lags behind and when H¼ 0 again a
remanent magnetization persists (the remanence Mr). If the field is now applied

M

H

Ms
Mr

Hc

Single-domain Multi-domain

Super

paramagneticHc

Dsp Ds
Diameter

40–60 nm

200–500 nm

128 nm5 nm

(a) (b)

Figure 14.3 Full-loop hysteresis curve (a), where Ms is the saturation magnetization,
Mr is the remanent magnetization (atH¼ 0) andHc is the coercivity; and
the relationship between the particle size and hysteresis coercivity (b).
Reproduced from Ref. 22 with permission of John Wiley and & Sons.
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in the inverse direction (a negative field), M is forced to zero at a field
magnitude called hysteresis coercivity, Hc. Increasing this negative field further
forces the magnetization toward saturation in the negative direction.
Symmetric behavior of this hysteresis curve is obtained as H is varied widely
between large positive and negative values. Hysteresis could be said to be due to
internal friction. Hence, the area inside the loop corresponds to the magnetic
energy that is dissipated while circling the loop.

The inductive heating effect in the AC magnetic field depends on the size of
the MNPs, which means that saturation magnetization (Ms) and hysteresis
coercivity (Hc) are very important factors in magnetic-responsiveness of NPs.
Fe3O4, for example, exhibits superparamagnetic behavior (Hc is near zero)
when the particle size is lower than 5 nm. Moreover, Hc reaches a maximum
when the particle size is 128 nm, i.e. the critical point between single-domain
and multi-domain iron particles. Hc becomes saturated when the particle size is
higher than 200 nm (Figure 14.3b). Thus, the heating ability of each ferrite
increases as the areas of the hysteresis loops and the frequency of the alter-
nating magnetic field increase.

14.3 Synthesis and Surface Modification of Magnetic

Nanoparticles

14.3.1 Synthesis of Magnetic Nanoparticles

Several methods have been widely investigated, including coprecipitation,
thermal decomposition, sol-gel reaction, electrochemical reaction, flow
injection synthesis, sonochemical synthesis, constrained environments, polyol
method, flame method, photochemical method and mechanical milling. Several
compounds, comprising organic monomers, organic polymers, inorganic
components and bioactive molecules, can be used as stabilizers. Two commonly
used synthesis procedures are described below.

14.3.1.1 Coprecipitation

The precipitation in aqueous media without organic stabilizing agents was the
first controlled process. In this method, magnetic iron oxides (Fe3O4 or
g-Fe2O3) are prepared using a mixture of FeCl3 and FeCl2 in a pH range of 8 to
14. Nucleation appears above the critical supersaturation species concen-
tration. The coprecipitation process is easy to implement, but the size
distribution of the obtained magnetite particles is wide. When the ratio of
[Fe21]/[Fe31] is fixed at 2/3 and the amount of iron ions in the solution varies
from 12.5 to 250mmol, the crystallinity reduces and particle size decreases to
about 8 nm.23 Size control of magnetite NPs with high crystallinity and
ferromagnetic properties could be successfully achieved using coexisting
anions. An increase in the size of the NPs was observed at high pressures, which

Magnetic-responsive Nanoparticles for Drug Delivery 37

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
4.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
00

32
View Online

http://dx.doi.org/10.1039/9781849734318-00032


may be explained by the change in the Gibbs free energy value during crys-
tallization from a homogeneous supersaturated solution.

14.3.1.2 Thermal Decomposition

Iron oxide NPs of high quality have been obtained by hydrolysis and oxidation
or neutralization of mixed metal hydroxides in a high-temperature solution.
The properties of the MNPs can be modulated through the control of reaction
conditions, including the nature of the solvent, temperature, time and
concentration and molar ratio of reactants. Monodisperse magnetic nano-
crystals have been synthesized through the thermal decomposition of organo-
metallic compounds in high-boiling organic solvents containing stabilizing
surfactants.24–27 The hydrophobic NPs can be transformed into hydrophilic
NPs by adding bipolar surfactants. For example, iron oxide NPs with uniform
size between 5 and 30 nm were successfully prepared through the ‘‘heating up’’
thermal decomposition method, using decanoic acid and carefully tuning the
heating rate.28 Figure 14.4 illustrates the preparation of magnetite nanocrystals
(Fe3O4) applying the thermal decomposition synthesis method and using
Fe(acac)3 [i.e. tris(acetylacetonato) iron(III)], tri-octylamine and oleic acid at
the relatively low temperature of 200 1C.28–30

14.3.2 Surface Modification of Magnetic Nanoparticles

Without a surface coating, the oil-soluble MNPs are not easy to use for
biological applications. Therefore, the native hydrophobic surface ligands must

Solvent

200 °C

Refluxing

Fe3O4

Fe(acac)3 + 1,2-RCH(OH)CH2OH+RCOOH+RNH2

Figure 14.4 Reaction of Fe-(acac)3 with surfactants applying a high-temperature
decomposition method to yield monodisperse Fe3O4 nanoparticles.
Reproduced from Ref. 28 with permission of American Chemical
Society.
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be modified not only to stabilize them against aggregation both in a biological
medium and in a magnetic field, but also to minimize the remanent magne-
tization. Based on this concept, surface ligands of other NPs such as quantum
dots (QDs) and gold NPs enable an easy adaptation of the previously
developed surface-engineering methods to the MNPs. In the paragraphs below,
three approaches to modify hydrophobic NPs in order to make them soluble in
aqueous biological buffers are discussed (Figure 14.5).

In the ligand exchange method, hydrophobic surface ligands are replaced
with amphiphilic ligands containing head-groups that bind the MNP surface,
and hydrophilic tails that interact with the aqueous solvent.31 There are widely
available, compatible ligands that can be applied in this convenient water-
solubilization procedure.32 However, a key drawback is the risk of desorption
of labile ligands from the MNP surface. Incomplete surface coverage is likely to
lead to NP aggregation, inefficient conjugation with biomolecules, and
desorption of the bioconjugated surface ligand. These stability problems can
reduce the overall biological functionality of the MNPs.

Another solubilization strategy to retain hydrophobic ligands on the MNP
surface is the adsorption (coating) of amphiphilic polymers, such as polyacrylic

Magnetic

NP

Magnetic

NP

(a) Inorganic coating

Magnetic

NP
Magnetic

NP

(b) Polymer coating (c) Ligand exchange

Amphiphilic

polymer
Adipic

acid

Tetraethyoxysilane

Figure 14.5 Scheme of three types of surface modification of magnetic nanoparticles:
inorganic surface coating with an amorphous silica shell (a), amphiphilic
polymer coating on the magnetic nanoparticles (b), and ligand exchange
to replace native surface ligands (c). These routes provide polar or
charged functional groups onto the outer surface of the NP enhancing
water solubility.
Reproduced from Ref. 34 with permission of Springer.
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acid copolymers,33 PEG-derived phospholipids34 and amphiphilic poly-
anhydrides. Amphiphilic polymers used for the encapsulation of MNPs contain
hydrophobic segments (mostly hydrocarbons), that intercalate and interact
with the alkyl tails of the native MNP surface ligands by means of the multi-
valency effect, and hydrophilic segments (PEG or multiple charged groups) that
cause the overall MNP–polymer constructs to be soluble in aqueous buffer.
Biodegradable amphiphilic polymers originally designed for drug delivery are
also used to encapsulate MNPs for in vivo applications, because the
components of the construct, namely the core material (Fe3O4/Fe2O3), the
surface ligands (oleic acid) and the polymer coating (polyethylacrylic-
polypropylacrylic acid), are biocompatible.

It is also possible to modify the surface of MNPs creating an inorganic shell,
typically consisting of silica or gold, according to one of the following
procedures: precipitation and reaction at the NP surface, or deposition of
preformed colloids onto the NP surface.35 The formation of silica shells
involves the base-catalyzed hydrolysis of alkoxides of tetraethoxysilane
(TEOS), followed by condensation of the resulting silanol groups. The
advantages of using silica include biocompatibility, ease of bioconjugation and
stability in vivo (biostability). Xia and coworkers employed a sol-gel approach
for the direct surface coating of MNPs with amorphous silica through the
hydrolysis and condensation of TEOS, and observed a concentration-
dependent shell thickness which ranged from 2 to 100 nm.36

14.4 Magnetic Nanocarriers for Drug Delivery

Recent advances in nanotechnology have improved the ability specifically to
tailor the features and properties of MNPs for therapeutic applications. MNP-
based drug carriers composed of an iron oxide core and a polymeric shell with a
specific tumor-targeting ligand are particularly promising for enhanced tumor
delivery of therapeutic agents. The use of an external magnetic field to localize
the therapeutic agents to the desired sites is a modern technology in the design
of drug-delivery systems (DDSs). MNPs enable minimization of the amounts of
cytotoxic drugs in the systemic circulation and of unwanted side effects.
Incorporation of MNPs in organic or inorganic matrices make them able to be
(i) visualized, since superparamagnetic NPs are used as contrast agents in MRI;
(ii) heated under a magnetic field to trigger drug release or to produce hyper-
thermia/ablation of cells; and (iii) guided or held in place as magnetic vectors by
a magnetic field gradient toward a certain location, to act as targeted DDSs
(Figure 14.6).7

The MNPs carriers combine intrinsic magnetic properties with drug-loading
capability and biochemical features that can be bestowed by means of suitable
modifications. Preparation methods of NPs generally fall into the category of
the so-called ‘‘bottom up’’ approach, in which materials are formed from atoms
or molecules in a controlled manner that is thermodynamically regulated by
means such as self-assembly. Depending on the synthesis procedure, particles
or capsules can be obtained. Core-shell NPs may be produced with a core of
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magnetic iron oxide (usually Fe3O4 or g-Fe2O3) and a shell of a polymer
(dextran, PLGA or PVA) and/or a non-polymer (silica or metals). The drug is
covalently attached to the surface or entrapped or adsorbed within the pores of
the magnetic carrier (polymer or mesoporous silica). Nanocapsules refers to
magnetic vesicular systems in which the drug is confined to an aqueous or oily
cavity, usually prepared by the reverse micelle procedure, and surrounded by an
organic membrane (i.e. magnetoliposomes) or encapsulated within a hollow
inorganic capsule. The MNP surface can be functionalized with carboxyl and
amine groups, biotin, streptavidin and antibodies. Coating the NPs with
neutral hydrophilic compounds, such as polyethylene glycol (PEG), poly-
saccharides or dysopsonins (human serum albumin, HSA), can increase the
circulatory half-life from minutes to hours or days. A similar effect can be
achieved choosing the particle size to avoid the action of the reticuloendothelial
system.38,39

14.4.1 Amphiphilic Micelles and Organic Nanoparticles

Amphiphilic polymers self-assembling into micelles are being broadly inves-
tigated as coatings of MNPs. The addition of ligands, such as tetradecyl-
phosphonate and PEG-2-tetradecylether, induces the formation of micelles
around the NP with the hydrophilic PEG end of the ligand contributing to the
water solubility. Similarly, water-soluble iron oxide NPs can be prepared using
a micelle-based coating of either amphiphilic PEG-phospholipids or
poly(maleic anhydride-alt-1-octadecene)-PEG block copolymers.40,41 Owing to
hydrophobic interactions, multiple MNPs are confined in the micelles formed
by the amphiphilic polystyrene-poly(acrylic acid) (PS-PAA) block copolymer.42

Similarly, the evaporation of organic solutions containing polylactide-PEG
block copolymers generates micelles that trap the MNPs at the hydrophobic
core. A recent report proposed a newly designed, multi-functional PLGA
nanostructure incorporatingmonodisperseMNPs forMRI, QDs for fluorescence

Imaging

• MRI

• Fluorescence 

Therapy

• Hyperthermia

(a) (b) (c)

• Controlled release

Guidance

• Local release

• Targeting

Figure 14.6 Magnetic nanoparticles for biomedical applications: imaging and
diagnosis (a), therapy (b) and guidance (c).
Reproduced from Ref. 37 with permission of Elsevier.
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visualization, and doxorubicin as a therapeutic agent (Figure 14.7). Multi-
functional magnetic nanocarriers (100–200nm) were prepared from an oil-
in-water emulsion using a non-ionic amphiphilic surfactant under sonication,
followed by solvent evaporation. Incorporation of cancer-specific targeting agents
at the surface of the MNPs opens the possibility of enhancing the therapeutic
efficacy through a synergistic strategy: the nanoconstructs are manipulated by a
magnetic field and concentrated near cancer cells, and the ligands force the
adhesion/penetration into the cancer cells (Figure 14.7).43

Diffusion of drug molecules from the nanocarriers to the environment is
thermodynamically unavoidable under a high concentration gradient.
Therefore, after administration, there is a risk of premature leakage and, thus,
of undesired clinical complications including reduced drug levels at the required
site. To minimize this problem, magnetic nanocarriers were designed and
constructed by preparing iron oxide NPs with drug molecules embedded in an
ultra-thin but dense silica nanoshell (SAIO@SiO2) (Figure 14.8). The nanoshell
acts as a physical barrier to prevent undesirable drug release before reaching
the target sites. For this purpose, a mixture of iron oxide NPs and amphiphilic
polymer PVA was employed to form cores that can entrap hydrophilic or
hydrophobic drugs, PVA acting as a glue among the NPs.44

The silica-coated core-shell (SAIO@SiO2) nanocarriers exhibited real-time
response to an external magnetic field, triggering burst drug release when the
cores partially disintegrate under the stimulus. When the stimulus stopped, the
core structure was recovered and a relatively slow and linear release was
immediately restored (Figure 14.9). In vitro tests showed that, in the absence
of a magnetic field, non-coated MNPs (SAIO) released 90% ibuprofen in
48 hours, while minimal release was observed for SAIO@SiO2 nanocarriers.

Fe3O4 or

Quantum dots

Doxorubicin

PLGA

F127 in water

O/W emulsion

by sonication

Evaporation of

organic solvent

Conjugating

targeting ligands

Figure 14.7 Procedure to obtain multi-functional magnetic nanocarriers.
Reproduced from Ref. 43 with permission of John Wiley & Sons.
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Application of the magnetic field led to a burst release from both the coated
and the non-coated MNPs (Figure 14.9). With stimuli of different duration, the
amount of drug released from the nanocarriers showed a linear increase with
time. Interestingly, ibuprofen release profiles from the SAIO@SiO2 nano-
carriers followed zero-order kinetics even under the magnetic stimulus. In other
words, despite there being a burst at the beginning of the application of the

Silica nanoshell (Hard shell)

Reduce drug diffusion

Protect therapeutic molecules

Fe3O4-PVA cores (Soft matrix)

Drug reservoir 

Fe3O4 as energy absorption

SAIO@SiO2 SAIO (self-assemble iron oxide NPs)

Figure 14.8 Structure of a self-assemble iron oxide/silica core-shell (SAIO@SiO2)
nanocarrier for magnetically controlled drug release.
Reproduced from Ref. 44 with permission of John Wiley & Sons.
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Figure 14.9 Natural and HFMF-triggered release profiles of ibuprofen from SAIO
and SAIO@SiO2 nanocarriers. The SAIO@SiO2 nanocarriers released
less drug than SAIO nanoparticles (þMF represents the application of a
high-frequency magnetic field).
Reproduced from Ref. 44 with permission of John Wiley & Sons.
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high-frequency magnetic field, ibuprofen release from the SAIO@SiO2

nanocarriers can still be well regulated.44

14.4.2 Temperature-responsive Magnetic Nanocarriers

Since body temperature is nearly constant, a small change can serve as an
environmental stimulus. Temperature-responsive soft materials used in
conjunction with localized heating (e.g. via hyperthermia) are therefore prime
candidates for biomedical applications under magnetic stimuli. One important
application of magnetically and thermally responsive smart nanomaterials for
remotely controlled drug delivery is illustrated in Figure 14.10.45

14.4.2.1 Thermal-responsive Polymers and Carriers

Like all materials, polymers manifest thermodynamic structural transitions
along with associated physical or chemical responses. Biomedical applications
may benefit from the behavior of polymer-water solutions that are stable
below a so-called lower critical solution temperature (LCST) and that, when
heated above the LCST, partition into two phases: water and a polymer-rich
phase. This behavior is in contrast to the phase separation below an upper
critical solution temperature (UCST) that is more commonly encountered in
non-polymer systems. Among block copolymers, the most studied are
the poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
PPO-PEO) triblock copolymers, commercialized as Pluronicss (BASF) or
Poloxamerss (ICI). PEO, also known as PEG, is frequently present as a

Figure 14.10 Drug release mechanisms under magnetic heating: gentle magnetic
heating causes temperature-responsive polymer to shrink, squeezing drug
out from the nanoparticle, while intense magnetic heating additionally
causes the rupture of the nanoparticle, triggering a burst-like drug release.
Reproduced from Ref. 45 with permission of Elsevier.
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biocompatible hydrophilic coating on NPs to improve their in vivo circulation;
PPO, in contrast, is more hydrophobic. The PEO and the PPO blocks can self-
segregate into hydrophilic and hydrophobic domains, respectively. These
aspects are covered in detail in Chapter 5. Above the LCST, inter-chain
aggregation occurs, forming alternating PEO and PPO layers arranged into
micelles, cylinders, lamellas or other supramolecular structures. Stabilized
supramolecular structures of PEO-PPO-PEO (via chemical cross-linking,
physical entanglement with another inter-penetrating polymer network or
adsorption onto a water/oil interface) undergo a volumetric transition at the
LCST due to water solubilization/rejection in the PPO layer.45 Some examples of
polymer-based temperature-responsive colloidal particles are given in Table 14.1;
most of them dilate below the LCST and shrink above the LCST, with a radius
ratio typically ranging from 2 to 5. Post-formation cross-linking adds stability
to the colloids, without substantially affecting their thermal response.45–47

Magnetic heating of the temperature-responsive nanocarriers above the
LCST induces aggregation and size shrinkage to squeeze out hydrophilic drugs.
These magnetic, thermal-responsive, drug-targeting carriers have several
advantages, such as: (i) the LCST of the outer shell can be designed to be above
human body temperature (37 1C); (ii) the magnetic carrier can be targeted to a
specific site; (iii) the encapsulated drug can be released in response to heat
generated by an alternative magnetic field; and (iv) the polymer carrier is
bioeliminable. Magnetic dual-functional nanospheres composed of magnetic
iron oxide NPs embedded in a thermo-sensitive Pluronic F-68/F-127 matrix
have been successfully synthesized by an in situ coprecipitation process. The
thermo-sensitive polymer undergoes a fast structural change when a short
exposure to high-frequency magnetic field causes rapid heating. During the
stimulus duration, considerable volume shrinkage of the nanospheres (2.3-fold
in diameter) occurs, and an instantaneous release of the encapsulated drug

Table 14.1 Volume change (%) and temperature transition (1C) of various
temperature-responsive drug carriers. Reproduced from Ref. 45
with permission of Elsevier.

Materials
Volume
changes (%)

Transition
temperature (1C)

PNIPAAm/iron oxide nanobeads B85 35
PNIPAAm microspheres B83 35
Au/Boltorn H40-NIPAAm nanoparticles B64 32
Pluronics F-127/iron oxide nanoparticles B78 20–25
Pluronics F-127 nanocapsules B97 26
Pluronics F-127/heparin nanocapsules B99 25
Pluronics F-127/poly(ethylenimine) nanocapsules 92–97 21
Au/Pluronics F-127 core-shell nanocapsules B96 18
Pluronics F-127/PEG nanocapsules B89 23
Pluronics F-68 nanocapsules B98 40
Pluronics F-68/iron oxide nanocapsules B94 40
Pluronics F-68/iron oxide nanocapsules B94 40
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(vitamin B12) is induced. The drug release profiles shown in Figure 14.11 are
quite convenient: very slow at 4 1C and 25 1C, modest at 37 1C (below the
LCST), much faster at 45 1C (above the LCST) and bursting upon magnetic
heating, with a release rate at least 100-fold higher than that of 25 1C.45,48

Thermo-sensitive magnetic liposomes have been designed to combine
biological and physical targeting mechanisms for use in hyperthermia-triggered
drug release (Figure 14.12). Folate-targeted doxorubicin-containing magnetic
liposomes showed encapsulation efficiencies of approximately 85% and 24%
for doxorubicin and MNPs (B10 nm), respectively. Magnetic hyperthermia at
42.5 and 43.5 1C synergistically increased the cell killing ability. These results
suggest that an integrated concept of biological and physical drug targeting,
triggered drug release and hyperthermia based on magnetic field can be used
advantageously for thermo-chemotherapy of cancer.49

14.4.2.2 Mesoporous Inorganic Magnetic Nanocarriers for
Drug Delivery

In addition to organic polymers, inorganic mesoporous silica has several
attractive features, such as stable mesoporous structure, large surface area,
tunable pore size and volume and well-defined surface properties (further

0.0

0.2

0.4
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0.8

1.0

0 100 200 300 400

Time (min)

M
t/
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∞

F68-IO(4) F68-IO(25)

F68-IO(37) F68-IO(45)

Mag. Heat

Figure 14.11 Cumulative release of a model drug (vitamin B12) from F-68–IO
nanocapsules at various temperatures. The rapid release rate at 45 1C is
mostly due to nanocapsule shrinkage. The much faster burst-like release
during magnetic heating is due to rupture of the nanocapsule.
Reproduced from Ref. 45 with permission of Elsevier.
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information is available in Chapter 15). Drugs can be loaded onto mesoporous
silica along with MNPs, forming multi-functional mesoporous silica-MNP
platforms (Figure 14.13) useful for diagnostics or monitoring (via fluorescence
image and MRI) and delivery of therapeutics to tumors.50 Hydrophobic
monodisperse iron oxide NPs were synthesized via high-temperature organic
phase methods and transferred, upon evaporation of the organic solvent, to
an aqueous phase containing an amphiphilic surfactant. Thick mesoporous
silica shells (100–200 nm) were grown around the water solubilized iron oxide
NPs using TEOS, at a controlled temperature (65–80 1C). Afterward, fluo-
rescein isothiocyanate (FITC) dye was conjugated to the pore walls and to the
particle surface. To prevent NPs aggregation during loading of hydrophobic
drugs, the surfaces were modified with trihydroxysilylpropyl methylphos-
phonate to inhibit inter-particle hydrogen bonding between the surface silanol
groups. Using a clinical MRI instrument, the aqueous NPs can produce hypo-
intense (negatively enhanced) T2-weighted MRI. In this case, a high NP
concentration was needed to achieve MRI contrast enhancement, because few
MNPs were loaded and the thick silica shell reduces the interaction of MNPs

Figure 14.12 Multi-functional temperature-sensitive magnetic liposomes containing
doxorubicin can be targeted physically by magnetic field and
biologically by folic acid to tumor cells. Drug release is triggered by
hyperthermia upon local application of an AC magnetic field on the
tumor tissue.
From Ref. 49 with permission of Elsevier.
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with water molecules. These carriers were able to load the anticancer drugs
camptothecin and paclitaxel and to induce their uptake by cancer cells
in vitro.50

More recently, a number of investigations have focused on nanocarriers
made of a nanoporous silica matrix, known as MCM-41. The therapeutic or
biologically active molecules are filled and anchored into the nanopores of the
silica NPs. Drug diffusion can be modulated by adding capping molecules that
open/close the entrance of the pores as a function of certain stimuli. These ideas
have been applied to fabricate multi-functional nanoprobes for imaging live
cancer cells by co-encapsulation of QDs and magnetite NPs within organically
modified silica. The biocompatible magnetic nanocarriers containing dye
molecules were suitable for optical tracking of basic processes at the cellular
level. In particular, (Zn0.4Fe0.6)Fe2O4 NPs were incorporated inside porous
nanocarriers having molecular valves that consist of a thread and a capping
molecule, which closes the silica pores to keep the drug inside (Figure 14.14).51

When an external alternating magnetic field was applied, the heat generation
and the subsequent pressure built up inside the porous NPs caused the rapid
removal of the molecular valves and the release of the cargo. Under a pulsed
magnetic field, the release of a fluorescent dye (Rhodamine B) occurred in each
pulse in a staircase-like fashion.51

14.4.2.3 Magnetic Nanocarriers for Gene Therapy

Gene therapy may represent a very effective approach to correct aberrant cell
signaling that induces uncontrolled cell growth and tumor formation. The
purpose of the delivery of DNA molecules to cancer cells is to insert or to

Anticancer drugs

Iron oxide

Targeting function

Figure 14.13 Multi-functional nanoparticle showing iron oxide nanocrystals encap-
sulated within mesoporous silica, hydrophobic anticancer drugs stored
inside the pores, and surface modification with phosphonate and folic
acid targeting ligands.
From Ref. 50 with permission of the American Chemical Society.
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modify a gene in order to solve a dysfunction. A variety of vectors, including
viruses, cell-based systems and synthetic vectors, have been tested for DNA
delivery. MNPs offer a novel approach to gene therapy which is known as
‘‘magnetofection’’.52 Recently, Mok and coworkers reported magnetic nano-
vectors composed of an iron oxide core coated with three different functional
molecules: polyethyleneimine (PEI), siRNA and chlorotoxin (Figure 14.15).53

Nanovectors with a size of 60 nm exhibited long-term stability and good
magnetic properties. The PEI was blocked on the vectors with citraconic
anhydride to increase the biocompatibility and to elicit a pH-sensitive cytotoxic
effect in the acidic tumor microenvironment. Furthermore, DNA encoding
green fluorescent protein (GFP) was used for optical monitoring of gene
expression, when mice bearing C6 rat glioma xenograft flank tumors were
treated with DNA-loaded chlorotoxin-activated iron-oxide nanovectors.54 The
accumulation in the tumor sites was monitored using MRI and analyzed by
histology. Furthermore, the uptake into cells was confirmed through gene
expression using Xenogen and confocal fluorescence imaging.

Figure 14.14 Scheme of a magnetically triggered drug release system. The particles
and machines are not drawn to scale.
Reproduced from Ref. 51 with permission of the American Chemical
Society.
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14.5 Nanocarriers with a Magnetic Shell

as DDSs

14.5.1 Polymer Drug Carriers with Magnetic Nanoparticle

Shells

Various nanocarriers or vesicles can be prepared using self-assembly of
amphiphilic block-copolymers and MNPs, regulating solvent-nanoparticle and
polymer-nanoparticle interactions (Figure 14.16).55 Three distinct structures can
be obtained: a) core-shell type polymer assemblies, in which NPs are arranged
at the interface between the polymer core and the shell (magneto-core shell),
b) polymer micelles with NPs homogeneously incorporated (magneto-micelles),
and c) polymersomes densely packed with NPs (magneto-polymersomes).
Furthermore, the morphology and the size of the nanoparticle-encapsulating
polymer assemblies significantly affect their magnetic relaxation properties,
emphasizing the importance of the self-assembling structure and nanoparticle
arrangement.55

Magnetoresponsive smart capsules can also be fabricated by a colloid-
templating technique (Figure 14.17). Magnetite (Fe3O4) NPs were selectively
deposited on a template surface by aqueous solution deposition using Pd
catalysts. Hollow capsules were obtained by removal of the template core.
Alternating magnetic fields were used to control the timing and dose of
repeatedly released cargo from such vesicles by locally heating the membrane,
which changed its permeability without major effects on the environment.56

Magnetic-sensitive particles were also prepared using Fe3O4/poly(allylamine)
(Fe3O4/PAH) to construct a shell that breaks under a given magnetic stimulus.
Depending on the duration of the stimulus, the magnetic-sensitive shell
structure showed relatively slow release to burst-like behavior. Thus, release
rate of encapsulated active substances can be tuned according to the time of

Figure 14.15 Scheme of the intra-cellular uptake, intra-cellular trafficking and
processing of magnetic nanovectors for delivering gene into tumor cells.
Reproduced from Ref. 53 with permission of the American Chemical
Society.

50 Chapter 14

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
4.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
00

32
View Online

http://dx.doi.org/10.1039/9781849734318-00032


exposition to the magnetic field. Furthermore, the magnetic-sensitive nano-
capsules allowed a rapid uptake by tumor cells suggesting a potential for
effective delivery of anticancer drugs.57

14.5.2 Mesoporous Silica Capped with Iron-oxide Nanoparticles

Nanosystems based on mesoporous inorganic silica nanoparticles (MSNs) may
result in leakage-free, site-specific delivery, sustained release and imaging
capability. Such is the case of the systems formed by MCM-41 type

Figure 14.17 Preparation process and release of substances from magneto-responsive
hybrid capsules. Nanoscale triggered release from liposomes, through
magnetic actuation of iron oxide nanoparticle containing membranes,
allows control over the released dose in space and time.
Reproduced from Ref. 57 with permission of the American Chemical
Society.

H2O

(a) (b) (c)

Figure 14.16 Self-assembly of nanoparticles and block copolymers: magneto-core
shell assemblies formed when DMF/THF mixture (96.8% DMF) was
used as the initial solvent for polymers and nanoparticles (a), magneto-
micelles assembled in THF (b) and magneto-polymersomes assembled
in dioxane/THF (96.8% dioxane) (c).
Reproduced from Ref. 55 with permission of the American Chemical
Society.
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mesoporous silica loaded with drug molecules, and with the pores chemically
capped with Fe3O4 NPs (Figure 14.18).58

The MCM-type silica matrix was first functionalized with 3-amino-
propyltrimethoxy silane to add amine groups along the silica surface
(Figure 14.19(a)). (S)-(þ)-Camptothecin was filled into the pores by soaking in
DMSO for 48 h and drying under a vacuum for 24 h. Camptothecin-loaded
amine-MSNs were covalently capped with meso-2,3-dimercaptosuccinic acid
functionalized superparamagnetic iron oxide NPs (DMSA-Fe3O4 NPs;
Figure 14.18). The resultant camptothecin-loaded MSN@Fe3O4 nanocarriers
(B100 nm; Figure 14.19(b)) were well suspended in distilled water for more
than 24 h without using any surfactant. The capped Fe3O4 NPs formed a dense

Magnetic

stimulus

= Camptothecin (CPT)

Magnetic

stimulus

=

OH

O

SH
HS

O

O

=
Si

NH2

MSN

Fe3O4

=

Fe3O4

MSN

Si

O

SH

NH

HS
O

O

Figure 14.18 Scheme of the synthesis and the structure of the Fe3O4 NPs-capped
mesoporous silica drugnanocarriers. The drug release fromMSN@Fe3O4

nanocarriers can be remotely controlled under a magnetic stimulus.
Reproduced from Ref. 58 with permission of the Royal Society of
Chemistry.
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and uniform layer tightly bound to the MSN surface without any signs of
removal from the surface upon vigorous stirring in distilled water. With a
magnetic trigger (Figure 14.19(c)) the Fe3O4 nanocaps can be removed from the
surface of mesoporous silica vehicles due to the breaking of chemical bonds,
subsequently leading to a fast-response drug release.

Without a magnetic stimulus, only a negligible amount of drug (0.2%) was
released from the MSN@Fe3O4. The application of the stimulus for 5 minutes
caused the cumulative drug release to increase up to 21.9% (Figure 14.20(a))
and, when the stimulus was removed, some of the Fe3O4 NPs fell from the
surface of the MSN, increasing the surface area exposure and resulting in an

(a) (b) (c)

Figure 14.19 TEM images of mesoporous silica nanoparticles (a), Fe3O4 NPs-capped
mesoporous silica nanocarriers (MSN@Fe3O4)Fe3O4 NPs before
(b) and after (c) the magnetic field was applied.
Reproduced from Ref. 58 with permission of the Royal Society of
Chemistry.
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Figure 14.20 Camptothecin released from MSN and MSN@Fe3O4 nanocarriers
triggered by magnetic stimulus for 1–5min. (a). The MSN@Fe3O4

nanocarriers showed no drug leakage compared to MSN nanoparticles.
A linear relationship was observed between the weight loss of Fe3O4

NPs and the Fe3O4 NP unoccupied surface area of MSN (b). A similar
relationship can be established between the amount of camptothecin
released and the Fe3O4 NPs unoccupied surface area of MSN at 10min.
and 12 hours of release test.
Reproduced from Ref. 58 with permission of the Royal Society of
Chemistry.
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increased camptothecin elution. After 24 hours, the cumulative release was
45.9%. This nanocarrier offers tunable release profiles depending on the
strength and the time period of magnetic induction. Further estimation on the
exposed surface area of the MSN upon magnetic stimulus was calculated using
the equation58

W¼P�4pR2 �r�h¼4=3�pr3 �r�N ð5Þ

where W represents the total weight of Fe3O4 NPs in an MSN@Fe3O4

nanocarrier, P is the random probability of 64% (for a randomly packed
configuration of the nanocaps on a given MSN surface area), R is the MSN
radius, r is the density (5.17 g cm�3), h is the thickness and r is the radius of the
Fe3O4 NPs, and N is the number of Fe3O4 NPs on the surface of an MSN
nanoparticle. On this basis, the exposed surface area can be correlated in a
quantitative manner with the weight change of the nanocarriers after being
subjected to the magnetic stimulus for various time spans (Figure 14.20(b)).
The transverse relaxivity, r2, of the MSN@Fe3O4 nanocarriers was ca.
121.57 s�1mM�1 Fe, which is larger than that reported for the mesoporous
silica NPs decorated with magnetite nanocrystals. Therefore, MSN@Fe3O4

nanocarriers could perform well as a T2-type magnetic resonance contrast
enhancement agent for cell or molecular imaging. In addition, the
MSN@Fe3O4 nanocarriers demonstrate fairly high cell uptake efficiency.
Taking into account these features together with its versatile magnetic
manipulation, this new type of MSN@Fe3O4 nanosystem can be considered a
new class of multi-functional nanodevice with combined tunable drug release
and nanoimaging modalities for a variety of biomedical uses.58

14.5.3 Magnetic Single-crystal Shell Drug Nanocarriers

Magnetic core-shell nanocarriers (15–23 nm) can be obtained surrounding a
drug core with a single crystalline iron oxide shell (Figure 14.21). With such a
unique core-shell configuration, drug molecules encapsulated in the core with
an outer single-crystalline thin iron oxide shell can be protected from damage
by harsh environment, and prevented from uncontrollable release due to
natural diffusion of molecules upon delivery. Micrographs of high-resolution
transmission electron microscopy (HRTEM) (Figure 14.21(a)) show a
relatively dense, single-crystal shell with an orderly arranged crystal lattice,
characteristic of magnetite (Fe3O4). Such a highly ordered arrangement of the
crystal lattice in the shell structure is relatively unique and results from a self-
assembly of the iron oxide salt in the presence of the drug. The amount of a
fluorescence dye released from the core-shell nanospheres under a high-
frequency magnetic field increased with the time of exposure, showing a
maximum at 180 seconds (Figure 14.22(a)). When the nanospheres were
exposed to a 60-second high-frequency magnetic field, kept away from the field
for another 120 seconds and then exposed again to the field, repeatable release
profiles were obtained by the action of the magnetic stimulus (Figure 14.22(b)).
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Negligible amounts of dye molecules were released in the absence of the
stimulus. This simple test indicates that the shell was reversibly closed right
after the field was removed, and that the dye molecules were physically enclosed
inside the core phase again, completely avoiding uncontrolled diffusion. The
changes in the structure of these core-shell nanocarriers are depicted in
Figure 14.21. After a short exposure to the stimulus, i.e. 60 seconds, the single-
crystal nanoshell underwent lattice deformation as a result of atomic rear-
rangement, forming nano-sized polycrystals of varying orientations.
Boundaries between the nano-polycrystal developed, and such boundaries,
which are prone to lead to nanocrevices under continuing stimulus, likely
provided conduits for the dye molecules. In other words, while being subjected
to the magnetic field for a short period (Figure 14.21(b)), crevices or cracks in a
nanometric scale evolved along the boundary region of the thin shell because of
the magnetically induced vibration, permitting the dye molecules to be easily

( 1 1  0 ) ( 1
 1

 0
 )

Long-term

HFMF

Short-term

HFMF

Magnetic Shells

Drug Core

Rupture

Single-Crystal Domain

(a)

(c)

(b)

Multiple Domains

Figure 14.21 TEM images and schematic illustration of a magnetic nanocarrier with
thin shell before (a) and while applying HFMF (b). Vibration enlarges
the dimension of the nanofaults, making dye molecules easy to release
out. The change in the dimension of the nanofaults is physically
reversible upon a short-term field exposure. By contrast, under long-
term exposure, the nanofaults receive a sufficient amount of the energy
to rupture the thin shell permanently (c).
Reproduced from Ref. 59 with permission of Elsevier.
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released. The change in the dimension of the nanocrevices is physically
reversible to a certain degree upon a short-term field exposure. However, under
long-term exposure, the nano-crevices further enlarge in scale as a nanometric
crack propagates along the spherical shell structure, which ultimately leads to
irreversible deformation, i.e. rupture of the shell (Figure 14.21(c)), while
absorbing a sufficient amount of magnetic energy, resulting in an increase in
both pore volume and surface area. The variation in the crystal lattice orien-
tation of the single-crystal iron oxide nanoshell upon magnetic stimulation may
be a result of the thermally induced atomic re-arrangement, in which the free or
surface energy of the single-crystal shell is reduced to form polycrystal-like
structures with varying orientations. Additionally, the drug-loaded NPs were
efficiently uptaken and rapidly released the drug in a well-controllable manner
within the cells. This observation illustrates the prevention of premature
leakage and the precise release of the required molecule for therapeutic
purposes under the action of the magnetic field.59

14.6 Magnetic-responsive Composite Drug-delivery

Membranes

Magnetic field-sensitive nanocarriers capable of delivering active agents in a
controllable manner can be used as building blocks to form nanoporous
membranes, that can be driven under a given electric field to aggregate onto
flexible electrodes. Taking advantage of electrophoretic deposition (EPD)
methods, a flexible drug-delivery device was designed and fabricated onto an
electrically conductive flexible polyethylene terephthalate (PET) substrate.
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Figure 14.22 Emission spectra of dye-loaded PVP-modified Silica/Fe3O4 core-shell
nanospheres (15mg per 10mL water) after applying HFMF from 30 s
to 180 s (a) and when exposed to HFMF for 60 s, kept away from the
field for another 120 s and then exposed again to the field (b).
A negligibly small amount of the dye molecule is further released from
the nanospheres for a time period of 120 s in the absence of the stimulus.
Reproduced from Ref. 59 with permission of Elsevier.
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Figure 14.23 illustrates the preparation procedure of a uniform and nano-
porous membrane.60 The membranes were used to fabricate a drug-delivery
chip with sandwich structure, consisting of PET-ethosuximide-loaded
membrane-PET for the controlled delivery of this antiepileptic drug. Etho-
suximide has long been used as the first-choice therapeutic agent to ameliorate
clinical spike-wave discharge (SWD) occurrences. The chip showed a variety of
release profiles (e.g. slow, sustained, stepwise and burst release profiles)
depending on the mode of magnetic operation. When the magnetic field was
removed, the release instantly ceased; the process being reversible.60

A preliminary in vivo study was carried out with Long-Evans rats that
display spontaneous SWDs. The frequency of the SWDs was recorded after
intra-peritoneal administration of saline solution, ethosuximide solution or
ethosuximide-Fe3O4@SiO2 particles dispersion, and the implantation of a
magnetically induced ethosuximide-chip (Figure 14.24). A significant reduction
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Figure 14.23 Schematic flowchart of the preparation of a multi-layer membrane for a
drug-delivery chip (a), drug release (b) and pulse release (c) profiles
from the ESM-containing core-shell nanoparticles. Magnetic field
triggers fast release, while minimal release is observed without the
magnetic induction treatment.
Reproduced from Ref. 60 with permission of Elsevier.
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in the number and total duration of spontaneous SWDs was recorded for the
rats bearing the chip when subjected to the same magnetic induction as in vitro,
indicating the usefulness of the chip for ethosuximide delivery. The flexible,
membrane-like drug-delivery chip may offer advantages over conventional
drug-delivery devices, improving dosing precision and ease of operation, and
enabling more versatile elution patterns and better compliance.

Another magnetic composite membrane has been prepared combining
multiple engineered MNPs (the sensor entity) with thermo-sensitive
PNIPAAm-based nanogels (the switching entity), which enables rapid,
repeatable and tunable drug delivery upon the application of an external
oscillating magnetic field (Figure 14.25). To facilitate an effective in vivo trig-
gering, nanogels were engineered to remain swollen (i.e. in the ‘‘off’’ state) at
physiological temperature by copolymerizing NIPAAm with N-isopropyl-
methacrylamide (NIPMAM) and acrylamide (AAm). The ratio between the
monomers was chosen with the aim of maximizing the size change from the
swollen to the collapsed state and, thus, of optimizing the membrane pore
opening when triggered. The ability of the membrane constituents and the
composite membrane to be triggered at physiologically relevant temperatures
was evaluated using both thermal and magnetic stimuli. Nanogels dispersed in
PBS shrink from B750 nm to B350 nm upon heating from the physiological
temperature to 50 1C, with 490% of the total deswelling transition completed
at 43 1C. Thermal triggering of the nanogel-containing membrane was tested by
placing it between two chambers of a glass flow cell submerged in a water bath,
and evaluating the flux of sodium fluorescein between the chambers (i.e. across

ESM-

Fe3O4@SiO2

ESM-Chip

2 s

Saline

ESM

Figure 14.24 Spontaneous spike-wave discharges (SWDs) recorded after intra-
peritoneal administration of saline solution, ethosuximide (ESM)
solution, ESM-containing nanoparticles (ESM-Fe3O4@SiO2) dispersion
and implantation of the ESM-chip.
Reproduced from Ref. 60 with permission of Elsevier.
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the membrane) as a function of time and temperature. An approximately
20-fold higher flux of sodium fluorescein occurred at temperature exceeding
the volume phase transition temperature (B40 1C) of the nanogels
(Figure 14.25(a)). The fluorescein flux could be switched on and off over
multiple thermal cycles with high reproducibility, suggesting that the nanogel
phase transition inside the membrane pores was fully reversible. The magnetic
triggering of the composite membrane is shown in Figure 14.25(b). The MNPs
embedded in the membrane heated inductively when subjected to an external
oscillating magnetic field. Upon application of a magnetic field at the right
frequency and amplitude, the water inside the semi-adiabatic flow cell heated
from 37 1C to 42 1C over the course of 10min, reaching the steady state. Heat
generated by magnetic induction was transferred to the adjacent thermo-
sensitive nanogels, causing the nanogels to shrink and permitting drug diffusion
out of the device. As in the thermally activated experiments, a 10- to 20-fold
differential flux was observed between the ‘‘off’’ and ‘‘on’’ states. Furthermore,
multiple on-off cycles could be performed without significantly changing the
permeability of the membrane in the ‘‘off’’ state. This reproducibility suggests
that magnetically triggered physical distortion of the device does not play a
significant role in accelerating drug release from membrane-based devices.61

14.7 Conclusion

The magnetic drug carriers show outstanding switching on/off of the release via
the addition and removal of an external high-frequency magnetic field,
respectively. Real-time responses can be obtained. Furthermore, the magnetic
drug carriers can be surface modified with ligands for active targeting delivery
and used as MRI contrast agents for cell-tracking. Combining magnetic-
responsive NPs that exhibit a rapid response to the magnetic field with intel-
ligent polymers allows for site-specific or cell-based drug delivery with

(a) (b)

Figure 14.25 Stimulus-responsive membrane triggering in vitro: changes in the
particle size (blue data, right y-axis) of dispersed nanogels and flux of
sodium fluorescein through the nanogel-loaded membranes (red data,
left y-axis) as a function of temperature (a); and proposed mechanism
of the membrane functioning (b).
Reproduced from Ref. 61 with permission of the American Chemical
Society.
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considerably improved therapeutic efficacy. We envision that these NPs will
play a significant role in the development of a new generation of site-selective,
controlled-release drug-delivery nanodevices and other carrier formats.
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CHAPTER 15

Smart Drug Delivery from Silica
Nanoparticles

MONTSERRAT COLILLAa,b AND
MARÍA VALLET-REGÍ*a,b

aDepartamento de Quı́mica Inorgánica y Bioinorgánica, Facultad de
Farmacia, Universidad Complutense de Madrid. Plaza Ramón y Cajal s/n,
28040 Madrid, Spain; bNetworking Research Center on Bioengineering,
Biomaterials and Nanomedicine (CIBER-BBN), Madrid, Spain
*Email: vallet@farm.ucm.es

15.1 Introduction

One of the main challenges for the biomedical scientific community is the
design of novel drug-delivery systems (DDSs) able to transport an effective
amount of cargo specifically to the target cell and/or tissue.1 Currently, most
clinically used drugs in oral or systemic administration are low-
molecular-weight compounds that exhibit short half-lives in the bloodstream
and a high overall clearance rate. Therefore, high initial drug doses are needed
to maintain therapeutic concentrations over a prolonged time period. In
addition, these drugs are distributed within the body and unspecifically interact
with both defected and healthy tissues. As a consequence, only small amounts
of the drug reach the target site and the therapy is associated with limited
efficacy and side effects. This is particularly important in oncology, where the
risk-benefit ratio associated with chemotherapy is often unmanageable.
Targeted DDSs that transport an effective drug dose to the cells and tissues is a
good alternative to overcome this shortcoming. An ideal smart DDS must
satisfy important requirements: i) the carrier material must be biocompatible;
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ii) high loading and protection capability of desired drug molecules; iii) ‘‘zero
premature release’’ of drug molecules before reaching its target; iv) cell type or
tissue specificity and site targeting ability; v) efficient cellular uptake;
vi) effective endosomal escape; and vii) controllable release rate to achieve an
effective local concentration.

In the last years, different approaches have been developed to design smart
DDSs able to provide site-specific and stimuli-responsive controlled drug release.
Drug-delivery nanocarriers based on organic platforms that have been
used include dendrimers,2 liposomes,3 polymers4,5 and virus-like particles6

(Figure 15.1). Recently, inorganic nanoparticles, such as gold,7 semiconductor
nanocrystals,8 superparamagnetic nanoparticles9 and silicon10 and silica-based
materials11,12 have been investigated as promising candidates for drug delivery.
Inorganic nanoparticles are receiving considerable attention due to their increased
mechanical strength, chemical stability, biocompatibility and resistance to
microbial attack as compared to their organic equivalents.11,13,14 In addition, the
ceramic matrix efficiently protects entrapped guest molecules against enzymatic
degradation or denaturation induced by pH and temperature as no swelling or
porosity changes take place as a response to environmental variations.

Among the different types of inorganic nanoparticles, mesoporous silica
nanoparticles (MSNPs) have emerged as promising drug-delivery carriers.
After the introduction of mesoporous materials in the drug-delivery arena in
2001,15 MSNPs are receiving growing scientific attention for their potential
applications in the biotechnology and nanomedicine fields.16–26 The synthesis
of MSNPs can be carried out by using two different approaches. The first one is

Figure 15.1 Some carrier systems used as release vehicles for smart drug delivery.
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the so-called ‘‘modified Stöber method’’, which consists in the condensation of
silica under basic medium in the presence of cationic surfactants as structure
directing agents.27 The second strategy is the aerosol-assisted synthesis, which
allows using not only cationic but also anionic and non-ionic surfactants to
obtain MSNPs.28–32 The surfactant removal usually leads to materials with
cylindrical mesopores arranged in a two-dimensional hexagonal fashion,
characteristic of MCM-41 type materials.33 MSNPs exhibit distinctive and
advantageous textural and structural features, such as high surface area (ca.
1000m2 g�1) and pore volume (ca. 1 cm3 g�1), stable mesostructure, tunable
pore diameter (2–10 nm), two functional surfaces (exterior particle and inner
pore faces) and tunable particle size. The nanoparticle size in the range of interest
for targeted intra-cellular delivery applications falls into the 50–200nm range,
since larger particles cannot easily bypass physical membranes in the body, and
smaller MSNPs are difficult to synthesize due to their inherent mesoporosity. As
the particle size has been demonstrated to play a pivotal role in the nanoparticle
distribution and behavior in living systems,34–36 narrow particle size distributions
are preferred. Therefore, wet-chemical synthesis methods are generally more
beneficial thanotherphysicalmethods suchas spray-drying,which commonly lead
to a relatively wide particle size distribution with non-negligible fractions of fine
and larger particles. The unique hexagonally ordered pore structures of MSNPs
offer the possibility of obtaining a ‘‘perfect’’ capping ofmesopore channels. This is
essential for certain applications, for instance thedeliveryof toxic antitumordrugs,
which requires ‘‘zero release’’ before reaching the targeted cells or tissues. Then,
drug release would take place at specific sites after application of a suitable
stimulus, in the so-called stimuli-responsive delivery systems.

The features of MSNPs make them excellent candidates to develop smart
DDSs. However, when aiming at smart drug delivery for specific applications in
biomedicine, diverse moieties have to be incorporated into the nanosystem to
provide it with multi-functionality. Thus, MSNPs can be modified by targeting
moieties, such as peptides, antibodies or simple molecules such as folic acid to
deliver specifically the desired drugs into unhealthy cells. Moreover, it is
possible to cover the outer surface of MSNPs with polymeric coatings. At this
point, MSNPs can be given ‘‘stealth’’ properties by functionalizing their
external surface with biocompatible polymers, thus preventing the removal of
MSNPs from blood circulation by the mononuclear phagocytic system. It is
also possible to coat MSNPs with stimuli-responsive polymers able to control
the delivery of the cargo in response to the application of a determined
stimulus. Moreover, the combination of MSNPs and polymers could permit the
delivery of nucleic acids for gene-therapy purposes. Magnetic nanoparticles can
be combined with MSNPs to design magnetic nanocomposites that could be
guided to the target organ or tissue by application of an external magnetic field.
In addition, magnetic NPs could act as thermoseeds for hyperthermia
treatment, which in combination with chemotherapy would increase the
antitumor effect of the system. Magnetic NPs can also be used as nanocaps that
block the pore entrances and allow drug delivery from mesochannels after their
removal by application of an external magnetic field. Magnetic NPs could also

Smart Drug Delivery from Silica Nanoparticles 65
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permit magnetic resonance imaging (MRI) to be performed. Finally, it is
possible to incorporate molecular nanogates as mesopore capping agents to
create gate-keeping properties, i.e. capping the pore openings to prevent
physically adsorbed cargo desorbing from the carrier before reaching the target
cells. The drug release would be triggered by a given stimulus that produces the
removal of the nanogates.

In this chapter we illustrate the different approaches developed so far to
design and improve the behavior of MSNPs as multi-functional drug-delivery
platforms. The results regarding the in vitro and in vivo biocompatibility of
these nanosystems are also reviewed.

15.2 Multi-functionality of Mesoporous Silica

Nanoparticles to Design Smart DDSs

MSNPs have an internal surface, i.e. the inner part of the mesoporous cavities,
and an external surface, i.e. the external face of the nanoparticle. This
remarkable feature permits the selective functionalization of the internal and
external surface of MSNPs with different functional groups or biologically
active molecules. Commonly, the functionalization of the mesopore walls of
MSNPs is performed by using co-condensation or one-step methods, which
allow homogeneously incorporating several functional groups during the
synthesis step. The co-condensation method of a tetraalkoxysilane, (RO)4Si,
and one or more organoalkoxysilanes, (RO)3SiR

0, has been widely employed to
synthesize mesoporous organic-inorganic hybrid materials.37,38 Thus, a wide
range of functional groups have been introduced to MSNPs to adsorb drug
molecules or covalently attach fluorophores.16,39 Usually, the fluorophore is
pre-reacted with an aminosilane that is subsequently used in the co-
condensation synthesis, yielding inherently fluorescent MSNPs for cell
imaging.40–46

However, as previously mentioned, when aiming at targeted smart drug
delivery, additional moieties have to be incorporated into MSNPs to provide
them with multi-functional properties, as schematically depicted in
Figure 15.2. The different possibilities reported to date are described in the
next sections.

15.2.1 Targeting Agents

Cell targeting is a key issue in cases such as cancer therapy, where the lack of
specificity of antitumor drugs results in adverse side effects and limited effec-
tiveness due to unspecific action on healthy cells. Much research effort is being
committed to develop MSNPs with cell-targeting capability to deliver
specifically the desired drugs to unhealthy cells. Tumor targeting can be mainly
achieved through the combined effect of passive and active targeting strategies.
The leaky vasculature and poorly operational lymph system of tumors allow
MSNPs exiting the blood vessels and accumulating at the tumor site by passive
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targeting, via the enhanced permeability and retention (EPR) effect.47–49 The
diffusion rate in the extra-cellular spaces of the tumor is governed by the size
and the surface charge of the particles. On the other hand, active targeting aims
at facilitating the interaction of MSNPs with cancer cells, retaining the
nanocarrier into the tumor site and facilitating the cellular uptake. The selec-
tivity is a function of the ability of the NPs to be internalized by the targeted cell
population. Several strategies have been proposed to chemically graft different
targeting ligands, such as sugars,50–54 monoclonal antibodies,55,56 DNA
aptamers57,58 or folic acid (FA),39,40,46,50,59–63 to the external surface of
MSNPs. These systems are supported in the ability of the targeting agents
selectively to bind receptors that are overexpressed on the cancer cell surface to
trigger receptor-mediated endocytosis. Among these possibilities, the func-
tionalization of MSNPs with FA has emerged as an attractive alternative for
targeted drug delivery64 because a-folate receptor (FR) is up-regulated in
various types of human cancer cells.65,66 Successful in vitro cell-specific drug
delivery to cancer cells using MSNPs functionalized with FA has been
reported.40 Thus, the cytotoxicity of MSNPs-FA loaded with the antitumor
drug camptothecin (CPT) was higher in cell lines overexpressing FR, such as
pancreatic PANC-1 cancer cells (60% cell death based on a viability assay),
than in control non-cancerous cells such as foreskin fibroblast HFF (30% cell
death). Moreover, the cytotoxicity of the FA-modified and unmodified drug-
loaded MSNPs was similar for the HFF since these cells do not overexpress the

Figure 15.2 Multi-functionality and cargo loading possibilities of mesoporous silica
nanoparticles.
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receptors. These results showed that FA modification to the MSNPs can
increase the particle uptake and deliver more drug to the cancer cells, but not to
the non-cancerous fibroblast. Similar numbers were reported by Zhu et al.,57

who investigated the effect of doxorubicin (Dox)-loaded MSNPs, which were
surface functionalized with aptamer conjugates, on cell viability in cancerous
HeLa cells (40% viability) and healthy QGY7703 cells (60% viability).
Recently, Rosenholm et al.60 attached methotrexate (MTX), an antitumor drug
structurally similar to FA, to the surface of MSNPs. MTX exerted a dual
function, acting as targeting ligand and cytotoxic agent. MTX-loaded MSNPs
induced an apoptotic cell death of about 33% after 72 h in the cancerous HeLa
cell line, compared to non-cancerous HEK293 cells where no apoptosis over the
control was observed.

In the last two years, Zink’s group has provided noteworthy advances this
landscape by carrying out in vivo studies of targeted versus non-targeted
MSNPs. These authors reported for the first time that MSNPs were effective for
antitumor drug delivery and that the tumor suppression was significant in a
subcutaneous human breast cancer xenograft in mice.62 In the study, the
subcutaneous tumors in mice were virtually eliminated by treating with CPT-
loaded MSNPs or CPT-loaded FA-modified-MSNPs. More recently, the same
research group reported the efficacy of MSNPs using two different human
pancreatic cancer xenografts on different mouse species.63 Significant tumor-
suppression effects were achieved with CPT-loaded MSNPs. Dramatic
improvement of the potency of tumor suppression was obtained by surface
modifying MSNPs with FA.

15.2.2 Polymeric Coatings

The aim of using polymers of different chemical nature to cover MSNPs is
two-fold. The first consists in grafting a certain polymer to the MSNPs to
increase their blood circulation lifetimes, by minimizing both their binding to
blood proteins and their uptake by human macrophages. The second strategy
regards the covalent link of stimuli-responsive polymers to MSNPs to control
the release of the cargo ‘‘on demand’’ obeying the application of a certain
stimulus (pH, temperature, light, etc.).

15.2.2.1 ‘‘Stealth’’ Properties

Huge protein adsorption onto MSNPs under physiological conditions is a
major concern and must be avoided because it would decrease the targetability
of the particles as well as increase their recognition as foreign bodies by the
defense mechanisms (the reticuloendothelial system, RES), which would lead to
rapid clearance from the blood circulation. Moreover, protein adsorption onto
MSNPs may affect their toxicity. The functionalization with certain polymers,
such as polyethylene glycol (PEG), a process known as PEGylation, has been
a widely used approach to provide MSNPs with ‘‘stealth’’ properties,
i.e. decreased protein adsorption (opsonization) capability. This characteristic
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promotes the EPR effect of MSNPs at the tumor site, and their blood circu-
lation half-lives are prolonged.67–69 The ‘‘stealth’’ features of PEGylated
particles are generally attributed to the steric hindrance and repulsion effects of
PEG chains against blood proteins and macrophages, which are closely
correlated to the PEG molecular weight, surface chain density and
conformation.70,71 One major challenge is to find the optimal PEG molecular
weight and chain density on MSNPs to minimize both their binding to blood
proteins and their uptake by human macrophages.72 He et al.69 investigated the
influence of PEG molecular weight and packing density on the adsorption of
serum proteins to MSNPs, whose PEG chains were linked to the MSNPs using
silane coupling chemistry. The results derived from this work revealed that
PEG molecular weights of 10–20 kD were optimal for minimizing non-specific
protein adsorption. Furthermore, the optimum PEG molecular weight may be
a function of the used chemistry to covalently link PEG to the MSNP surface.
Recently, the same research group carried out in vivo assays to evaluate the
effect of PEGylation of MSNPs on the in vivo biodistribution and urinary
excretion by tail-vein injection in ICR mice.73 The results indicated that
PEGylated MSNPs escaped more easily from capture by liver, spleen and lung
tissues, possessed longer blood-circulation lifetime, and were more slowly
biodegraded and correspondingly had a lower excreted amount of degradation
products in the urine compared to non-PEGylated MSNPs.

15.2.2.2 Stimuli-responsive Capability

It is possible to covalently link stimuli-responsive polymers to MSNPs with the
aim of regulating the transport of encapsulated cargo. When a stimulus, such as
a change of pH, temperature, light, redox potential, etc. is applied, the physico-
chemical properties of the polymer change, which allows the delivery of the
drug out of the mesopores.

The attachment of temperature-responsive polymers, such as
poly(N-isopropylacrylamide) (PNIPAAm) and its derivatives, onto the surface
of MSNPs has been reported in the recent years.74–77 PNIPAAm changes its
molecular chain conformation in response to temperature in aqueous
environments.78 Thus, the molecular chains of PNIPAAm are hydrated below
the lower critical solution temperature (LCST) of 32 1C, resulting in an
extended chain conformation that prevents the departure of the drugs loaded
inside the mesopore channels. When the temperature increases above the
LCST, the polymer chains dehydrate resulting in a collapsed conformation,
pore opening and subsequently release of the cargo. An increase in the LCST so
that collapse occurs under physiological conditions would be desirable for
biomedical applications. This can be achieved by performing modifications of
the polymer composition by copolymerization with other monomers such as
acrylamide79,80 or N-isopropylmethacrylamide.81,82 Very recently, Baeza
et al.83 have presented a novel nanodevice able to perform remotely controlled
release of small molecules and proteins in response to an alternating magnetic
field. This device is based on MSNPs with iron oxide nanocrystals encapsulated
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inside the silica matrix and decorated on the outer surface with a thermo-
responsive copolymer of poly(ethylenimine)-b-poly(N-isopropylacrylamide)
(PEI/NIPAAm). The polymer structure was designed with a double purpose: to
act as temperature-responsive gatekeeper for the drugs hosted inside the
mesopores, and to retain proteins in the polymer shell by electrostatic or
hydrogen bond interactions. The nanosystem retains the different cargos at low
temperature (20 1C) and delivers the entrapped molecules when the temperature
exceeds 35–40 1C following different release kinetics.

Another method consists in covalently linking pH-responsive polymers to the
external surface of MSNPs, which act as smart nanoshells able to regulate the
release of guest molecules. Liu et al.84 reported the grafting of poly(4-vinyl
pyridine) on the mesoporous silica surface to create a nanoshell that acts as pH-
sensitive barrier controlling the release of the molecules trapped inside the
pores. Poly(acrylic acid) (PAA) grafted MSNPs have also been prepared,
demonstrating that the drug release rate was pH dependent and increased with
the decrease of pH due to the fact that the protonization of PAA weakens the
interactions with the drug.85,86 It is also possible to design pH-responsive
nanocontainers that exhibit the opposite release behavior. In alkaline solution,
the polymer chains are extended, the mesopore entrances are open and the drug
is released. On the contrary, in acidic medium the compact polymer layers
block the pores and hinder the drug diffusion out of the channels. However, in
certain pathologies such as cancer, where targeted smart drug delivery is
especially relevant, the external pH of cancerous tissues is usually lower than
that of the surrounding healthy tissues.87 Consequently, suitable cancer
therapies demand the development of acid-triggered delivery systems that release
the drugs under acidic conditions and impede drug release at physiological pH.
With this goal in mind, Sun et al.88 have recently shown the preparation of novel
pH-responsive nanodevices consisting in poly(2-(diethylamino)ethyl metha-
crylate) (PDEAEMA) grafted toMSNPs. In acidicmedium, the tertiary amine in
PDEAEMA easily obtains a proton, forming a quaternary ammonium and the
protonated chains adopt an extended (soluble) conformation, allowing release of
the cargo. Conversely, in neutral or alkaline solution, the polymer is in the
collapsed (insoluble) state due to the hydrophobic interaction of polymer chains,
impeding the diffusion of the drug out of the pores.

Another innovative approach consists in anchoring a light-responsive
polymer on the pore outlets of MSNPs.89 This strategy relies upon the fact that
the incorporation of hydrophobic or hydrophilic monomers into the
PNIPAAm backbone can lead to a decrease or an increase in the LCST,
respectively. Therefore, when monomers bearing a light-responsive moiety such
as azobenzene and 2-nitrobenzyl groups were incorporated in the PNIPAAm
backbone, the resultant polymers were light-responsive. Their LCST could
be easily modulated by applying UV irradiation, which makes the polarity
of the light-responsive moieties change. Thus, upon UV irradiation, the
polymer modifies its conformation from collapsed to coil state, so that the
gate is opened and subsequently the entrapped molecules escape out of
the pores.
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Enzyme-responsive polymers have also been linked to MSNPs to provide
them with bioresponsive drug-delivery capability using the antitumor drug
Dox.90 The authors first electrostatically adsorbed an acrylamide to the MSNP
surface and then used the acryl groups to synthesize a covalently cross-linked
PEG-based polymer shell. They characterized MSNPs Dox-eluting properties
in vitro and demonstrated that the polymer-coated MSNPs release the
entrapped drug in response to proteases present at a tumor site in vivo, resulting
in cellular apoptosis.

Very recently, Chang et al.91 reported the grafting of dual-stimuli-responsive
polymers to MSNPs. Core-shell MSNPs with thermo-/pH-coupling sensitivity
were synthesized using the MSNPs as the core and a cross-linked
poly(N-isopropylacrylamide-co-methacrylic acid) (P(NIPAAm-co-MAA))
polymer as the outer shell. The temperature-sensitive volume phase transition
(VPTT) could be precisely regulated by the molar ratio of MAA to NIPAAm
and the concentration of NaCl. The amount of drug released was small below
the VPTT and increased above such value, the system exhibiting an apparent
thermo-/pH-response controlled drug release.

15.2.2.3 DNA and siRNA Delivery

Polymer coatings of MSNPs can be used for delivering nucleic acids, such as
DNA and siRNA, for gene-therapy purposes. The advantage of using MSNPs
for gene delivery lies in the possibility of combining the binding of nucleic acid
molecules on the outer surface of the particles and the incorporation of drugs
into the mesoporous cavities, permitting the dual delivery of nucleic acids and
drugs. Radu et al.92 reported the grafting of second generation (G2)
poly(amido amine) (PAMAM) dendrimers to MSNPs. A plasmid DNA
(pEGFPC1) that codes for an enhanced green fluorescence protein, forms a
complex with the G2-PAMAM dendrimers on the MSNPs, thus preventing the
enzymatic cleavage of the DNA and facilitating its entry into the cells.

Polyethyleneimine (PEI) coated MSNPs have also been used to deliver
siRNA and DNA constructs.93,94 In these reports, PEI binds to the surface of
MSNPs via electrostatic interactions. The cellular uptake of the PEI-coated
MSNPs is considerably increased compared to unmodified MSNPs. The
positively charged PEI electrostatically binds siRNA or DNA, enhances the
particle uptake by cells, and facilitates the endosomal escape of the nucleotide
being released. High-molecular-weight PEI (25 kD) increases the toxicity of the
MSNPs for cells, but also causes a higher siRNA and DNA delivery efficacy.
The 10 kD PEI polymer was demonstrated to retain high cellular uptake and
transfection efficiency while reducing or even eliminating cationic MSNPs
cytotoxicity. The PEI coating of the MSNPs does not affect their capability to
host and release drug molecules, providing a dual delivery system.93,94

Meng et al.95 have recently reported a PEI-coated MSNPs system that
delivers a siRNA to overcome the drug resistance of a cancer cell line and
simultaneously release encapsulated antitumor drugs. Overexpression of drug
efflux transporters such as P-glycoprotein (Pgp) is one of the major mechanisms
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for multiple drug resistance (MDR) in cancer cells. This new approach to
overcome drug resistance in cancer cells is based on a synergistic co-delivery
strategy that utilizes a siRNA to silence the expression of efflux transporter
together with Dox as chemotherapeutic agent. MSNPs were functionalized
with a phosphonate group, which allows electrostatic binding of Dox to the
porous interior. Dox release was achieved by acidification of the medium under
abiotic and biotic conditions. In addition, phosphonate modification allows
exterior coating with PEI, which endows the MSNPs contemporaneously to
deliver Pgp siRNA. The dual delivery of Dox and siRNA in KB-V1 cells was
capable of increasing the intra-cellular as well as the intra-nuclear drug
concentration, to levels exceeding those achieved with the free Dox or with the
drug being delivered by MSNPs in the absence of siRNA.95 These results
demonstrate that it is possible to use MSNPs as smart platforms to effectively
deliver a siRNA that knocks down gene expression of a drug exporter, which
can be used to improve drug sensitivity to a chemotherapeutic agent.

15.2.3 Magnetic Nanoparticles

Magnetic NPs constitute a valuable family of nanomaterials consisting of
typical magnetic elements such as iron, nickel, cobalt, manganese, chromium
and gadolinium, as well as their chemical compounds. They exhibit attractive
features, such as high values of saturation magnetization and magnetic
susceptibility, which make them suitable for different bionanotechnological
applications.96–99 Magnetic NPs can be synthesized with controlled size from a
few to tens of nanometers, which means that they can interact with diverse
biological entities (cells, viruses, proteins, etc.). In addition, magnetism of
magnetic NPs permits their manipulation by an external magnetic field gradient
to selective target and accumulation in the desired organs or tissues inside the
body.100,101 And, last but not least, magnetic NPs can respond to the action of
alternating magnetic fields (AMFs), leading to the transfer of energy from the
field to the particle. Thus, the magnetic NPs could be used to transmit certain
amounts of thermal energy into tumor cells, which constitutes the principle of
antitumor therapy by hyperthermia.102,103 Among magnetic NPs, colloidal
superparamagnetic iron oxide materials, such as magnetite (Fe3O4) or its
oxidized form maghemite (g-Fe2O3), are gaining attention as they offer high
potential for several biomedical applications. Further information on
magnetic-responsive DDSs can be consulted in Chapter 14.

Different approaches have been developed to synthesize magnetic MSNPs,
including impregnation and reduction, reverse microemulsion, phase transfer
and aerosol or spray-drying.104–107 In the following sections we focus on the use
of magnetic NPs within MSNPs that serve as thermoseeds for hyperthermia
treatment. The development of magnetic MSNPs for magnetic resonance
imaging (MRI) is also described. Finally, we tackle the possibility of attaching
magnetic NPs to block the pore openings of MSNPs, which can be removed by
application of an external magnetic field that triggers the cargo release.
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15.2.3.1 Thermoseeds for Hyperthermia

Hyperthermia as antitumor therapy consists of heating a tumor region to
inhibit the regulatory and growth processes of cancerous cells with the aim of
destroying them or making them more sensitive to the effects of radiation and
antineoplastic drugs. The incorporation of a sufficient amount of maghemite
(g-Fe2O3) nanoparticles encapsulated within a mesoporous silica matrix has led
to materials that can reach temperatures in the range of hyperthermia under the
action of alternating magnetic fields.104,108,109 This would permit the synergistic
combination of hyperthermia and chemotherapy for cancer treatment. Both the
mesoporous order and the magnetic properties of the resulting material can be
tailored by varying the type of surfactant employed, the surfactant/silica molar
ratio and the amount of encapsulated magnetic NPs. The capability of these
highly magnetic MSNPs to cause magnetic hyperthermia upon exposure to a
low-frequency alternating magnetic field has been demonstrated in vitro using
human cells of cancerous nature.110 Magnetic hyperthermia experiments
showed the ability to control the temperature rise in the cell culture
environment upon treatment with magnetic MSNPs and AMF exposure, thus
generating heat that severely compromises cell survival. Maximum temperature
in magnetic microspheres suspensions increased to a range above 42 1C as a
function of the amounts of particles exposed to AMF. Cell culture experiments
showed that, by adjusting the amount of magnetic MSNPs and the time of
exposure to AMF, heat treatments of mild to very high intensities could be
achieved. Cell viability dropped as a function of the intensity of the heat
treatment achieved by magnetic MSNPs and AMF exposures. The possibility
of fine-tuning the heating power output, together with efficient uptake by tumor
cells in vitro, makes magnetic MSNPs promising agents for hyperthermia
combined with intra-cellular delivery of chemotherapeutic drugs.

15.2.3.2 Magnetic Resonance Imaging (MRI)

Molecular imaging aims at visualizing molecules and molecular processes that
take place at a cellular level. MRI is one of the most powerful non-invasive
techniques used in clinical medicine that allows visualizing the internal
structure and the functions of the body.111 MRI uses the magnetic spins of
hydrogen nuclei aligned by a powerful external magnetic field. Two inde-
pendent relaxation processes occur in MRI: longitudinal relaxation, denoted
T1, and transverse relaxation, denoted T2. MRI agents produce image contrast
by affecting the relaxation properties of water protons and they are classified as
a function of the different contrast mechanism. T1 contrast agents generate a
positive image by increasing the longitudinal relaxation rates of surrounding
water protons. The most common T1 contrast agents are Gd(III) chelating
complexes. T2 contrast agents generate a negative image contrast by increasing
the transverse relaxation rates of water protons. T2 contrast agents are mainly
superparamagnetic nanoparticles, being the most used iron oxide NPs, which
can be strongly magnetized under an external magnetic field and lead to a
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considerable distortion of the local magnetic field. Mesoporous silica is a good
carrier for the metal because its high porosity permits water to move freely in
and out of the frame; the rigidity of the frame hampers the rotational
movement of the metal and improves the relaxation of water. Thus, the
incorporation Gd(III) compounds into MSNPs has been proposed as a good
strategy to design improved MRI contrast agents.112–115

Moreover, the combination of magnetic NPs and MSNPs has been
demonstrated to be a good method to design multi-functional platforms with
MRI capability. Mou and coworkers116,117 reported the synthesis of a multi-
functional fluorescent, magnetic and porous silica nanocomposite called
Mag-Dye@MSNs, which consisted of silica-coated core/shell super-
paramagnetic iron oxide NPs co-condensed with fluorescein isothiocyanate
(FITC)-incorporated MSNPs. Mag-Dye@MSNs can label human mesen-
chymal stem cells through endocytosis efficiently for MRI in vitro and in vivo, as
demonstrated by using a clinical 1.5-T MRI system with requirements of
simultaneous low incubation dosage of iron, low detection cell numbers and
short incubation time. Sanchez and coworkers105 reported a facile preparation
method of hybrid silica/spinel iron oxide composite microspheres built with
superparamagnetic NPs for MRI hyperthermia. A hybrid mesoporous matrix
enabled the transport of bioactive molecules for in vivo biomedical applications.
The reported nanohybrid materials exhibit interesting behavior for hyper-
thermia and an effective T2 effect for MRI applications.

Hyeon and coworkers118–120 reported the synthesis of highly versatile
nanocomposite nanoparticles by decorating the external surface of dye-doped
MSNPs with multiple magnetite nanocrystals. The superparamagnetic
property of the magnetite nanocrystals enabled the nanoparticles to be used as
a contrast agent in MRI, and the dye molecules in the silica framework
imparted optical imaging modality. Integrating a multitude of magnetite
nanocrystals on the silica surface resulted in remarkable enhancement of
magnetic resonance signal due to the synergistic magnetism. The anticancer
drug Dox could be loaded in the pores and induced efficient cell death. In vivo
passive targeting and accumulation of the nanoparticles at the tumor sites was
confirmed by both T2 magnetic resonance and fluorescence imaging.
Furthermore, apoptotic morphology was clearly detected in tumor tissues of
mice treated with Dox-loaded nanocomposite nanoparticles, demonstrating
that Dox was successfully delivered to the tumor sites and its anticancer activity
was retained. The same research group has recently developed multi-functional
core-shell structured MSNPs for simultaneous magnetic resonance and fluor-
escence imaging, cell targeting and photodynamic therapy (PDT) as a
promising material for cancer diagnosis and therapy.121

15.2.3.3 Stimuli-responsive Nanogates

Magnetic NPs can be covalently linked to pore entrances of MSNPs, acting as
nanocaps that hinder the leak of the drug out of the channels. The application
of a particular stimulus, such as a magnetic field or a change in pH or redox
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potential, promotes the removal of nanocaps, which allows the cargo to be
released ‘‘on demand’’.

Chen et al.122 reported the pore capping of MSNPs with Fe3O4 magnetic
nanoparticles. MSNPs were first functionalized with 3-amino-
propyltrimethoxysilane (APTS) and then loaded with the antitumor drug
CPT.Afterwards, themesopore entrances were capped through amidation of the
APTS bound at the pore surface with meso-2,3-dimercaptosuccinic acid func-
tionalized iron oxide superparamagnetic NPs (average diameter of 5.6 nm). The
application of a magnetic field provoked the removal of the Fe3O4 nanocaps by
cleaving of chemical bonds, and triggered the drug release. Recently, the group
of Vallet-Regı́123 has reported the use of alternatingmagnetic fields (AMF) as an
external release trigger to develop ‘‘on-off’’ stimuli-responsive drug-delivery
systems. For this purpose, oligonucleotide-modified MSNPs encapsulating iron
oxide superparamagnetic NPs were loaded with the model molecule fluorescein.
Then, the pore entrances were capped with iron oxide magnetic nanocrystals
functionalized with complementary strands, which acted as gatekeepers. DNA
duplex was selected to display a melting temperature of 47 1C, which
corresponds to the upper limit of therapeutic magnetic hyperthermia. The
magnetic-responsive release of this system was tested by exposure of the
fluorescein-loaded system to an AMF. Once the temperature reached 47 1C, the
pore channels were uncapped and the cargo molecule was released. This system
acts as a reversible gatekeeper, because the cargo release is triggered when the
temperature is increased but hindered when the temperature is stabilized at 37
1C. The ‘‘on-off’’ behavior makes this system a potential smart drug-delivery
device, with promising biomedical applications such as the synergistic combi-
nation of chemotherapy and hyperthermia for cancer treatment.

15.2.4 Stimuli-responsive Drug Delivery

The mushrooming expansion of MSNPs as stimuli-responsive DDSs aims at
avoiding the premature release of drug molecules before reaching the target
cells or tissue (Figure 15.3).16,20,25,40,41,124–129 For this purpose, the available
channels of MSNPs are used as drug reservoirs and different molecular
nanogates are utilized to block the pore entrances and avoid untimely
departure of the cargo. The application of an internal or external stimulus
provokes the opening of the nanocap and triggers the drug release
(Figure 15.3). The different stimuli that have been used as triggers and the
gatekeeping possibilities are summarized in the following sections.

15.2.4.1 pH

The pH is an attractive release trigger because some tissues in the body, such as
tumors or inflamed tissues, as well as endosomal cell compartments, have a
more acidic pH than blood or healthy tissues. Park et al.130 reported the
controlled release of molecules from MSNPs by using a pH-sensitive poly-
ethyleneimine/cyclodextrin (PEI/CD) polypseudorotaxane motif. The
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mesopores were filled with a guest molecule (calcein) and then blocked by
threading of CDs onto the surface-grafted PEI chains at pH 11. At pH 5.5,
calcein molecules were released from the pores by the reversible dethreading of
CDs from the PEI chain. Zink and coworkers have reported the potential
application of CDs in the development of pH-sensitive nanovalves.25,26,124,127

In 2009, they introduced a new category of MSNPs consisting of hollow
mesoporous silica nanoparticles capped by supramolecular machines based on
CDs.131 These authors prepared pH-responsive nanovalves controlled by a
supramolecular system containing a-CD rings interacting by hydrogen bonds
with anilinoalkane stalks that were tethered to the silica surface. When the
a-CD rings were complexed with the stalk at neutral pH, the a-CDs were
located near the nanopore openings, blocking the leakage of cargo molecules
previously loaded in the nanopores and the hollow interior of the particle.
When the nitrogen atoms on the aniline residues were protonated at lower pH,
the binding affinities between the a-CD rings and the stalks decreased, releasing
the a-CDs and allowing the cargo molecules to escape. The same research
group reported a system based on the function of b-CD nanovalves that were
also responsive to the endosomal acidification.132 In some recent works, the
same group investigated the opposite recognition, i.e. the b-CD rings were
immobilized and the stalks were movable.133 In this case, the removable
rhodamine B/benzidine stalks acted as nanopistons and moved in and out of
the cylindrical cavities provided by the b-CD rings in response to
changes in pH.

Figure 15.3 External and internal stimuli suitable for smart drug delivery from
mesoporous silica nanoparticles.
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A different approach consists in the incorporation of nanocaps tethered to the
mesopore entrances of MSNPs through acid cleavable chemical bonds. Thus,
gold134 and Fe3O4 nanoparticles

135 have been used as blocking caps to control
the transport of cargo fromMSNPs through a reversible pH-dependent boronate
ester bond, which is hydrolyzed under acid pH. Acid-labile acetal linker has also
been reported as a pH-responsive nanogated ensemble by capping the pores of
MSNPs with gold NPs through the formation of pH-sensitive bonds.136

Recently, Chen et al.137 have developed an imaginative pH-responsive release
system based on DNA nanoswitch-controlled organization of gold NPs
attached to MSNPs. In this system, the hybridization and dehybridization of
DNA between strands 1 and 2 were controlled by the adjustment of the pH of
the aqueous media. This structural transformation allows unlocking and
closing the mesopore outlets, leading to the controlled release of loaded
molecules from pore voids at acid conditions.

15.2.4.2 Light

Since processes involving light activation are rapid and directional, light-
responsive MSNPs permit low invasiveness in biological systems. Fujiwara
et al.138,139 reported for the first time that the uptake, storage and release of
organic molecules in MCM-41 could be regulated through the photo-
controlled and reversible inter-molecular dimerization of coumarin derivatives
attached to the pore entrances. Later, they developed a multi-functional, fully
controlled storage and release system by attaching azobenzene groups on
the mesopore outlets.140 The release of guest molecules included in the pores
of mesoporous silica was promoted by simultaneous irradiation with UV
and VIS light, which made the azobenzene molecules act as both impellers
and nanogates. The reversible cis-trans photo-isomerization of azobenzene
substituents on the pore surface by a rotation-inversion mechanism
causes a stirring action that accelerates the diffusion of the guest from the
mesopores.

Zink and coworkers141 have reported the use of light-operated mechanized
MSNPs whose operation is based on the high binding affinity in aqueous
solution between b-CD and trans-azobenzene derivatives and low, if any, binding
between b-CD and cis-azobenzene derivatives.141 Irradiating with 351 nm light
causes the isomerization of azobenzene to the cis conformation and, therefore,
pore uncapping. An alternative strategy proposed by Park et al.142 consisted of
covalently linking b-CDs on the surface of MSNPs through a photocleavable
o-nitrobenzyl ester moiety. Upon exposure to UV light, the guest molecules were
released from the pore by removal of the CD gatekeeper.142

Lin and coworkers143 described the use of gold nanoparticles as light-
sensitive gatekeepers by surface attachment through the photoresponsive
linker thioundecyl-tetraethyleneglycoestero-nitrobenzylethyldimethylammonium
bromide (TUNA). Upon UV irradiation, TUNA transforms in the negatively
charged thioundecyltetraethyleneglycolcarboxylate (TUEC), leading to the
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dissociation of the AuNPs from the MSNP surface due to charge repulsion.
Thus, an uncapping of the mesopores occurred and the release of guest
molecules took place.143 In a recent study, sulforhodamine 101 was loaded
inside the mesopores of mercaptopropyl-functionalized MSNPs and the cargo
molecules were entrapped by Ru(bpy)2(PPh3)-moieties, coordinated to
mercaptopropyl functional groups.144 Upon irradiation with visible light
(l¼ 455 nm), Ru-S coordination bonds were cleaved, triggering the release of
capping species and loaded molecules.

15.2.4.3 Redox Potential

Another interesting approach is to take advantage of the different redox
potentials between the intra-cellular and the extra-cellular space as internal
stimuli to trigger the release from MSNPs. Following this premise, different
redox potential-responsive release systems have been developed, consisting in
using different nanocaps, such as CdS,145 Fe3O4

146 or Au147 nanoparticles,
covalently linked to the MSNPs through chemically labile disulfide linkages.
The removal of the nanocaps and the subsequent release of the entrapped cargo
were achieved by cleaving such linkages with disulfide-reducing agents, such as
dithiothreitol (DTT) or mercaptoethanol (ME). Liu et al.148 reported the use of
cross-linked poly(N-acryloxysuccinimide) attached at the pore entrance of
MSNPs. After loading the dye molecules into MSNPs, the openings were
blocked by adding cystamine, a disulfide-based bifunctional primary amine,
which allows polymer chains to be cross-linked through the reaction with
N-oxysuccinimide groups along the polymer chain. The presence of DTT
cleaved the disulfide bond of the cystamine, causing a disruption in the
polymeric network and leading to the redox potential driven delivery. More
recently, the immobilization of collagen on the outer surface of MSNPs by
disulfide bonds, which can be cleaved with various reducing agents, has been
accomplished.54

Zink et al.149 reported the fabrication of snap-top systems using MSNPs
functionalized with rotaxanes incorporating disulfide bonds in their stalks,
which are encircled by curcurbit[6]uril or a-CD rings. Upon exposition to DTT,
there is a reductive cleavage of disulfide bonds in the stalks, resulting in the
snapping of the stalks of the rotaxanes and leading to the cargo release from
MSNPs. A similar approach carried out by Kim et al.150 involved glutathione-
induced intra-cellular release of cargos from MSNPs with CD gatekeepers
covalently linked onto the particle surface via a disulfide unit. However,
different studies have revealed that the medium in endosomes is slightly
reductive or even oxidative.151 Therefore, the contact to the cytosol is essential
for cleavage of the disulfide linkages and release of the cargo. The use of photo-
active compounds to open the endosome is one prospect to tackle this
challenge.152,153 Bein and coworkers demonstrated that there was no release of
disulfide-bound dye from MSNPs endocytosed by cells.154 Inefficient
endosomal escape is generally a bottleneck for molecular delivery into the
cytoplasm. However, after photochemical rupture of the endosomes by means
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of a photosensitizer, MSNPs successfully released disulfide-bound dye into the
cytoplasm, showing that the reducing milieu of the cytoplasm is enough to
cleave the disulfide linkages.

15.2.4.4 Enzymes

The design of enzyme-responsive nanocaps blocking the pores of MSNPs is
another attractive prospect, since there is an anomalous increase of enzymatic
presence or activity in some diseased tissues. Zink and coworkers155 func-
tionalized the pore outlets of MSNPs with a [2]rotaxane capped with an ester-
linked adamantyl stopper. The system released its cargo after addition of
porcine liver esterase, which induced dethreading of the [2]rotaxane due to
hydrolysis of the adamantyl ester. CDs have been also attached on the MSNPs
surface via ‘‘click chemistry’’ reactions. The addition of a-amilase catalyzed the
hydrolysis of these groups, allowing the release of molecules entrapped into the
mesopores.156 Bein and coworkers reported the attachment of avidin caps on
biotinylated MSNPs.157 The addition of the protease trypsin provoked the
hydrolysis of the attached avidin and the release of the entrapped cargo.
Martı́nez-Máñez and coworkers158 described the capping of MSNPs with
lactose and the selective uncapping in the presence of enzyme b-D-galac-
tosidase. The same research group functionalized the MSNPs surface with
saccharide derivatives and the cargo release was achieved by enzymatic
hydrolysis in the presence of pancreatin or b-D-galactosidase in pure water, and
also in intra-cellular media by lysosomal enzymes.159

15.2.4.5 Antigens

A groundbreaking strategy consists in using the highly specific antibody-
antigen interaction as a powerful switchable method to develop tailor-made
MSNPs for controlled release functions. Thus, Martı́nez-Máñez and
coworkers160 reported the functionalization of the pore outlets of MSNPs with
a certain hapten able to be recognized by an antibody that acts as a nanoscopic
cap. The opening protocol and delivery of the entrapped cargo relies on the
highly effective displacement reaction involving the presence in the solution of
the antigen to which the antibody is selective.

15.2.4.6 Dual Stimuli

Dual-controlled or multi-responsive controlled delivery systems are those able
to respond to two or more inputs in either an independent or a synergistic way.
Martı́nez-Máñez and coworkers161 reported the attachment of suitable poly-
amines on the MSNP surface to obtain dual stimuli-responsive gate-like
ensembles. The release of the cargo entrapped inside the mesoporous matrix
was triggered by changes in pH or by the presence of certain anions. The same
research group described the functionalization of the pore outlets of MSNPs
with boronic acid functionalized gold nanoparticles acting as nanocaps. These
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AuNPs were linked to the surface of saccharide-functionalized MSNPs through
the formation of boronate ester bonds, which are hydrolyzed under acidic
conditions (pH¼ 3). The nanosystem exhibited an ‘‘on-off’’ response due to the
reversibility of the boronate bond formation. Furthermore, the metallic
nanoparticles could be heated by laser irradiation at 1064 nm (266mJ) causing
a plasmon-resonance light-induction release due to the thermal boronate bond
cleavage. Angelos et al.162 demonstrated that dual-stimuli controlled release
MSNPs could also be used as AND logic gates. These molecular machines were
designed to operate in tandem with one another in such a way that the dual-
controlled nanoparticle systems function as AND logic gates. In this case, two
different molecular machines were mounted on the mesoporous silica surface,
azobenzene as light-activated nanoimpellers and [2]pseudorotaxanes as pH-
responsive nanovalves. The two systems can act separately, but only the
simultaneous activation of both molecular machines conducts to the load
release, showing that these kinds of devices could not only be used in drug-
delivery applications, but also could perform simple logic operations. Liu
et al.163 reported a multi-responsive supramolecular capped mesoporous silica
system by grafting b-CD-bearing polymer on the surface of mesoporous silica
and cross-linking by the addition of disulfide groups to form a polymeric
network that blocked the pore entrances. The nanodevice was able to release its
cargo in response to three different stimuli: UV light (causing the isomeric
transformation of azobenzene groups), presence of a-CD (as competitive
ligands to displace b-CD) and addition of disulfide reductive agents such as
DTT (to cleave the disulfide bond between b-CD and polymer main chains). In a
very recent work Chen et al.164 described the synthesis of dual stimuli-responsive
vehicles by attaching self-complementary duplex DNA to the pore openings of
MSNPs, which resulted in a cap for trapping guest molecules. The duplex DNA
cap could be either denatured by heating or hydrolyzed by endonucleases, thus
opening the nanopores and releasing the cargo.

15.3 Biocompatibility of Mesoporous Silica

Nanoparticles

The application of MSNPs as smart DDSs in nanomedicine requires
researching their cellular uptake and biocompatibility in vitro, and their
toxicity, biodistribution and clearance in vivo. The cellular uptake of MSNPs
can be investigated by grafting fluorescent dye molecules to the MSNPs, which
enables visualizing the nanosystems by fluorescence and confocal
microscopy.165 Cellular uptake of MSNPs and their good biocompatibility
have been confirmed by several research groups using both healthy and cancer
cell lines.17,91,165,166 No cellular toxicity is observed up to 100 mg mL�1 for
unmodified MSNPs with 100 nm of particle size,62,94,166–168 which is above the
effective particle concentration needed for most therapeutic treatments. The
cellular uptake and cytotoxicity of MSNPs depend on the particle size, shape,
surface charge and functional groups, as reported by different groups.17,26,169

80 Chapter 15

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
7.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
00

63
View Online

http://dx.doi.org/10.1039/9781849734318-00063


Cells staining assays together with the fluorescently labeled MSNPs permits
the study of the cellular uptake mechanisms and the particle location inside the
cells. Small MSNPs (o200 nm) are generally taken up by endocytosis. Further
details of the different endocytosis mechanisms for MSNPs can be found in
recent reviews.17,169 Summing up, the internalization of MSNPs through
endocytosis results in the formation of vesicles that capture the nanoparticles in
the extra-cellular environment. Then, these vesicles undergo a complex series of
fusion events directing the internalized MSNPs to the cytosolic compartment.
The series of events after the MSNPs have been endocytosed can be divided
into the following sequence: the material is first transported to primary
endosomes followed by transport to sorting endosomes. From sorting
endosomes, a fraction of the MSNPs are directed back to the cell exterior
through recycling endosomes, while the remaining fraction is transported to
secondary endosomes, which fuse with the acidic lysosomes. The MSNPs end
up inside these acidic (pHE4.5) organelles in cells. It has also been demon-
strated that nanoparticles with surface groups that can be protonated assist the
‘‘proton sponge effect’’, which leads to the endosomal escape of the uptaken
particles.93 This permits the membrane impermeable molecules such as
hydrophilic drugs, DNA and siRNA to be released from the membrane-
bounded endosomes and travel to their effective sites.

Several studies of the in vivo toxicity, biodistribution and clearance of
MSNPs in animal models have been reported.62,168,170 MSNPs of hollow and
MCM-41 types (100 nm) have shown very good long-term (41 month)
biocompatibility in mice.62 The in vivo toxicity of MSNPs is related to the
injection method. The size and surface functional groups and charges of the
particles greatly affect the biodistribution and pharmacokinetics.171–173 For
instance, positively charged MSNPs have a much faster clearance rate than
negatively charged ones. Moreover, as previously described (Section 15.2.2.1) it
is possible to coat MSNPs with PEG to increase their in vivo circulation time,
preventing their removal by phagocytes. Therefore less PEG-coated MSNPs
are trapped in the reticuloendothelial system (RES) of the liver and spleen.
In vivo degradation and urinary excretion of MSNPs have also been observed in
several cases. As commented in Section 15.2.1, one key factor to consider when
designing in vivo drug-delivery platforms is the targeting of diseased organs or
tissues. Thus, targeting of MSNPs with moieties that selectively bind cell
surface receptors to trigger receptor-mediated endocytosis increases the cellular
uptake of the nanosystems.39,42,55,174 The in vivo capability of delivering anti-
cancer drugs, such as CPT or Dox, for tumor shrinking has been also
demonstrated with human xenografts in mice.62,175

15.4 Future Prospects

MSNPs have become excellent nanoplatforms to design smart DDSs for
nanomedicine. The development of multi-functional stimuli-responsive drug-
delivery nanodevices requires the design of nanocarriers addressing: biocom-
patibility and absence of toxicity of all its components, biocompatible trigger
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stimuli and efficiency to target the suitable cells or tissues, considering the
enormous complexity of the human body. Significant achievements derived
from in vitro experiments have been made during the last decade. In addition,
in vivo findings are encouraging from the perspective of moving the MSNPs
platforms into clinical trials. Nevertheless, we are just at the beginning of a
groundbreaking scientific journey and much research work remains to be done
to allow the transit from bench to bedside.
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C. Bräuchle, J. Control. Release, 2008, 130, 175.

153. S. Febvay, D. M. Marini, A. M. Belcher and D. E. Clapham, Nano Lett.,
2010, 10, 2211.

154. A. M. Sauer, A. Schlossbauer, N. Ruthardt, V. Cauda, T. Bein and
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CHAPTER 16

Smart Carbon Nanotubes

GERARD TOBIAS*a AND EMMANUEL FLAHAUTb

a Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Campus
UAB, 08193-Bellaterra, Barcelona, Spain; bCentre Interuniversitaire de
Recherche et d’Ingénierie des Matériaux, Université Paul Sabatier,
CIRIMAT - UMR CNRS 5085, 31062 Toulouse Cedex 9, France
Email: flahaut@chimie.ups-tlse.fr
*Email: gerard.tobias@icmab.es

16.1 Introduction

16.1.1 Carbon Nanotubes: Structure and Properties

Carbon nanotubes (CNTs) are quasi-one-dimensional structures that can be
described as graphene layers rolled up to form seamless cylinders.1 Depending
on the number of layers, CNTs can be classified as single-walled CNTs
(SWCNTs),2 when their structure is formed by a single layer, or multi-walled
CNTs (MWCNTs), when their structure is formed by several concentric
layers.1 The structure of each layer consists of sp2 hybridized carbon atoms in a
hexagonal network with in-plane s bonds and out-of-plane p orbitals.3 This
particular structure is responsible for CNTs’ and graphene’s unique physical,
chemical and mechanical properties, which are of interest for a wide variety of
applications, ranging from reinforcement in composite materials, sensors or
energy storage to drug-delivery systems (DDSs). The length of CNTs is
typically in the region of micrometers with diameters that usually range from
about 0.8 to 2 nm, in the case of SWCNTs, and from 2 to 100 nm, in the case of
MWCNTs. Defect-free CNTs are almost chemically inert. Being an advantage
for some applications, this chemical inertness together with their intrinsic poor
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dispersibility in most solvents (both organic and water-based) represents a
major challenge towards their practical application. Furthermore, as-produced
SWCNTs and few-layered MWCNTs align parallel to each other forming
bundles, due to van der Waals interactions, which further agglomerate into
entangled networks. In this context, the functionalization of CNTs is a key step
towards increasing their dispersibility, reactivity, processability and biocom-
patibility. The functionalization of CNTs allows the modification of the
structural framework and the creation of supramolecular complexes.4 The main
strategies employed for the modification of CNTs can be classified into four
groups: covalent functionalization, non-covalent functionalization, external
decoration with inorganic materials and endohedral filling.5–9 For biomedical
applications and in particular for the development of novel CNT-based DDSs,
either covalent or non-covalent functionalization is essential. Furthermore, it is
also possible to apply two or more functionalization strategies on a given
specimen of CNTs resulting in CNTs bearing multiple functionalities.
A schematic representation of these four functionalization strategies is
presented in Figure 16.1.

16.1.2 Carbon Nanotubes in Drug Delivery

CNTs may play a role in the biomedical field and have been advocated as
promising candidates in the areas of drug delivery, diagnosis and therapy. Due

Figure 16.1 Schematic representation of strategies for the functionalization of carbon
nanotubes.
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to their needle-like shape, CNTs possess an enhanced capacity to penetrate
cellular membranes and better flow dynamics than that of spherical nanopar-
ticles, and can carry multiple moieties at high density because of their large
specific surface area.10 Functionalized CNTs are flexible structures that might
bend, allowing interaction with cells through multiple binding sites.11

Furthermore, it is possible to take advantage of their tubular shape and
simultaneously encapsulate a chosen payload in their interior, whilst the
external walls can be functionalized to render them dispersible, biocompatible
and even targetable.

The intrinsic electronic (and optical) properties of CNTs allow their moni-
toring (detection and imaging) in biological tissues by means of several spec-
troscopic techniques, including Raman,12–14 photoluminescence15–17 and
photo-acoustic imaging.18 The electronic properties of CNTs can also be
exploited for therapeutic purposes via photothermal therapy, since SWCNTs
strongly absorb light in the near-infrared (NIR) range (800–1600 nm).19,20 The
emission range of SWCNTs is within 800 to 2000 nm, covering the trans-
parency window of biological tissues (800–1400 nm). Therefore, CNTs can be
utilized for multiple imaging by merely taking advantage of their intrinsic
properties. Photoluminescence and Raman spectroscopy greatly complement
each other since the former is sensitive to individual semi-conducting
nanotubes, whereas specific signals for both semi-conducting and metallic
nanotubes (even in bundles) are obtained for the latter. Despite MWCNTs
being less attractive in terms of optical properties compared to SWCNTs, they
present different sizes and dispersibility properties and therefore should still be
regarded as potentially useful for drug delivery. Double-walled CNTs
(DWCNTs) keep a morphology very close to that of SWCNTs, but the outer
wall can be functionalized without any modification of the inner one.

If we want to use CNTs as a new platform for drug delivery, the first
questions that we need to answer are: are they biocompatible? Are they toxic?
Early studies reported that as-prepared CNTs were toxic, but it was later shown
that the toxicity was actually likely to be due to the presence of catalytic
particles or long nanotubes.21 Although pharmacological studies are still in
progress, there is a general consensus within the scientific community that
purified, short and well-dispersed nanotubes are indeed rather biocompatible.
Nevertheless, since the toxicity and the environmental impact of CNTs are key
points for any new development in the area of drug delivery, these aspects are
addressed in Section 16.5 at the end of the chapter.

The rational design of DDSs employing nanotechnological approaches
allows addressing and overcoming some limitations of ‘‘free’’ drugs. In this
context, the development of smart CNTs has the potential of moving a step
forward compared to conventional drugs. For instance, the use of CNTs could
improve the formulation of poorly water-soluble drugs, allow targeted delivery
reducing side effects and even enable the co-delivery of two or more drugs for
combination therapy. Furthermore by taking advantage of the different in vivo
microenvironments, smart nanotubes can be designed to trigger the release of
drugs via endogenous stimuli, such as a change in the pH or in the local
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temperature. Drug release could also be controlled via an external stimulus
(magnetic field, irradiation, etc.). In the search for smart nanomaterials, one
can design multi-functional nanotubes, which, apart from carrying the chosen
drug, can contain targeting and dispersing agents, nanoparticles for imaging, a
magnet for hyperthermia and so on. A schematic representation of such smart
nanotubes is presented in Figure 16.2.

16.2 Functionalization of Carbon Nanotubes for

Biomedical Applications

The use of CNTs for biomedical applications is hampered by their intrinsic
hydrophobicity, which hinders their dispersibility in aqueous media and hence
may compromise their biocompatibility. Therefore, the external sidewalls of the
CNTs need to be functionalized to render them dispersible. This can be
achieved by either covalent or non-covalent functionalization.5–8,22 Both
methods have their own advantages and disadvantages that must be carefully
considered depending on each specific application. When using CNTs as DDSs
the functionalization of the pristine material also plays a key role in rendering
them suitable for the attachment of both drugs and targeting agents. The
different functionalization approaches are now discussed.

16.2.1 Covalent Functionalization

Covalent functionalization of CNTs has been widely used to improve their
dispersibility, to conjugate a wide variety of moieties including biomolecules
and polymers and to tailor their properties for specific applications. The main
advantage of this approach is the stability of the chemical bond, which indeed
overpasses any of the functionalization strategies based on non-covalent
interactions. The strategies for covalent functionalization of CNTs can be
classified into two groups: direct sidewall functionalization and defect group
functionalization.

Direct sidewall functionalization is based on the rehybridization of sp2

carbon atoms of the CNT backbone into an sp3 configuration to form

Figure 16.2 Scheme of a smart carbon nanotube bearing multiple functionalities.
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covalent bonds with the attacking species. We will refer to defect group func-
tionalization when the desired functionalities are attached to intentionally
created defects or pre-existing chemical groups on the CNT scaffold. The major
drawback of both covalent approaches is the disturbance of the CNT tubular
structure leading to a modification or degradation of their intrinsic properties,
such as electronic and optical ones, which are sometimes employed to detect the
CNT-based DDSs in the biological environment. The main difference between
these complementary approaches is that defect functionalization is primarily
located (at low defect density creation) at the CNT tips where oxidation is
favored compared to the sidewall, as opposed to direct sidewall functional-
ization where the functionalities are installed on the CNT sp2 network,
i.e. along the outer wall. Both strategies have been used to design CNTs for
diverse applications including the development of multi-functional drug
nanocarriers.

16.2.1.1 Defect Group Functionalization

The most common approach for the generation of defects on the CNT structure
is oxidation by liquid-phase (i.e. refluxing in HNO3), gas-phase (i.e. O2) or even
electrochemical oxidation. It has been proved that the oxidation process starts
at topological defects of the sp2 network and the CNT tips (which ideally are
two hemifullerenes) because these are more reactive towards oxidative chemical
attacks than a perfect sp2 carbon network, due to the strong curvature
(pentagons). Hence, the oxidation process yields oxygen-bearing groups,
initially in the intrinsic defects and the CNT tips, but increasing the duration or
the energy of the treatment also results in the creation of new defects in the
CNT scaffold (sidewall). The oxidative process results in the creation of
carboxylic groups and other oxygen-bearing functionalities.23 These functional
groups created at the CNT surface serve as a starting point for further deri-
vatization. Removal of the amorphous carbon impurities has been shown to be
an essential step for an efficient sidewall functionalization using nitric acid.24

Among the different derivatization strategies, the esterification and amidation
of carboxylic acid groups have been extensively investigated to anchor drugs
and other biomolecules. The analysis of functionalized CNTs is typically
performed by spectroscopic techniques, widely used for the characterization of
organic compounds, such as Raman, infrared (IR), ultraviolet (UV) and
nuclear magnetic resonance (NMR), which provide information about the bulk
materials. Nowadays, electron microscopy techniques, initially used for the
characterization of inorganic materials, valuably complement the spectroscopic
analysis providing local information and even allowing in some cases the visual
detection of the organic moieties down to the atomic scale.25

16.2.1.2 Direct Sidewall Functionalization

The synthetic routes developed during the last years following this approach
are numerous. One of the first sidewall functionalization reactions was
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fluorination. The fluorinated CNTs serve as a starting point in many reactions
where fluorine atoms are later replaced and derivatized using, for instance,
Grignard or organolithium reagents. Following the same idea, CNTs have also
been chlorinated, brominated and iodinated. Among the different methods for
direct sidewall functionalization, cyclo-addition reactions deserve special
attention since they are being widely employed to render CNTs dispersible and
for the attachment of biomolecules. These include, for instance, the carbene
cyclo-addition to pristine CNTs, the 1,3-dipolar cyclo-addition reaction or the
so-called Bingel cyclopropanation. Both electrophilic and nucleophilic
additions have also been employed to modify the CNT structure. For instance,
electrophilic addition of alkylhalides results in the formation of alkyl and
hydroxyl groups, and as an example of the latter, nucleophilic addition of
amine-based nucleophiles leads to amino-functionalized CNTs. Other methods
for direct sidewall functionalization include radical additions with diazonium
salts, ozonolysis, plasma activation and mechano-chemical functionalization.

Both defect and direct sidewall functionalization are being employed for the
attachment of drugs and other molecules onto the CNT skeleton to allow their
integration in biological systems. In summary, there has been an extensive
effort in developing routes towards the covalent functionalization of CNTs
both at the sidewalls and at the tips. These efforts in combination with the
organic chemistry toolbox have led to tailor-made properties for various
applications in many fields in nanotechnology.

16.2.2 Non-covalent Functionalization

Non-covalent functionalization of CNTs consists of the adsorption or
wrapping of various functional molecules on the tubular surface. This
approach is based on p-p stacking, van der Waals or charge-transfer inter-
actions. Therefore its main interest resides in the fact that it preserves the
extended p-network of the tubes and, therefore, retains the intrinsic electronic
and optical properties of the CNTs, which might be employed for their
visualization in the biological medium. Most of the research on non-covalent
functionalization has aimed to achieve the dispersion of CNTs by the
exfoliation of bundles to obtain individual CNTs, which are otherwise very
difficult to disperse homogeneously in order to form a stable suspension. In the
past few years preparation of highly stable suspensions of individually
dispersed nanotubes has been achieved, in both aqueous and organic media.

Typically, the functionalization involves ultrasonication in a solvent followed
by centrifugation and filtration. Ultrasonication produces a high-shear
environment that results in the formation of gaps or spaces at the bundle ends.
These gaps are unstable, so in the absence of a dispersing agent the nanotubes
reattach through van der Waals attraction. When a dispersing agent is present,
these spaces or gaps at the bundle ends are propagated by the dispersant
adsorption, ultimately separating the individual nanotubes from the bundle.26

A wide range of compounds have been used for the non-covalent func-
tionalization of CNTs, including surfactants, polymers, biomolecules and
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polynuclear aromatic molecules.27 Besides, CNTs have also been modified with
ionic liquids, dyes, macrocyclic host molecules and phosphines, among others.
Depending on their final application, these non-covalently functionalized
CNTs have been used in some cases for further modification with biomolecules,
inorganic nanoparticles, organic moieties, etc.

16.3 External Attachment of Drugs onto Carbon

Nanotubes

CNTs are being explored as delivery vehicles for a wide range of
biomolecules.11,28–31 Apart from drugs, on which this chapter is focused,
biomacromolecules such as proteins, DNA and RNA have also been conjugated
to CNTs. Several drug molecules have been attached either covalently or through
p-p interactions on the surface of both SWCNTs and MWCNTs. Multi-
functional CNTs have been developed not only to include the chosen drugs, but
to also bear targeting ligands such as antibodies,17,19,32,33 folic acid20,34 and
peptides.35,36 Among the different drugs that have been attached to CNTs, special
attention has been paid to doxorubicin and platinum-based anticancer drugs.

16.3.1 Delivery of Doxorubicin with Carbon Nanotubes

Doxorubicin is a widely used anthracycline anticancer drug efficient against a
wide range of tumors, including breast, stomach, ovary, bladder and thyroid
gland cancer, as well as several types of lymphoma and leukemia.37 Anthra-
cyclines intercalate with DNA causing disruption of transcription and repli-
cation. The first report of the use of CNTs as carriers for doxorubicin showed,
in 2007, that a high-loading of drug could be conjugated onto the surface of
SWCNTs (4 g of drug per gram of nanotubes).36 The SWCNTs were initially
dispersed with poly(ethylene glycol) terminated with a lipid chain, which was
then linked to doxorubicin. This binding is pH dependent and favors drug
release in endosomes and lysosomes, as well as in tumor micro-environment
(with a pH lower than that of healthy tissues). Their multi-walled counterparts
have been employed in a similar manner using the block copolymer Pluronic
F127 to suspend the CNTs in water. An enhanced antitumoral effect was
observed towards human breast cancer cells in vitro compared to the free drug
and to the doxorubicin-Pluronic F127 complex.38 Smart DDSs for targeted
delivery of doxorubicin using CNTs have been developed by means of multiple
functionalization. The peptide arginine-glycine-aspartic acid (RGD) was
conjugated to doxorubicin-loaded SWCNTs to act as a targeting ligand in
order to impart recognition of moieties for integrin receptors.36 Targeted
delivery to cancer cells and controlled release of doxorubicin has been achieved
by functionalization of SWCNTs with polysaccharides and folic acid.39–41 Folic
acid receptors tend to be overexpressed in the surface of cancer cells. Dual
targeting via combination of both active (folate) and passive (iron) targeting
agents has been achieved with a CNT nanocarrier that contains doxorubicin,
folate and iron (magnetic material).40,42 The targeted delivery was assisted with
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an external magnetic field to guide the CNTs to the specific site. High drug
loading, pH-dependent controlled release and good delivery efficiency could be
achieved with this CNTs-based DDS. Another approach that is receiving great
attention in terms of targeting consists of the conjugation of monoclonal
antibodies. Triple functionalization of SWCNTs with doxorubicin (as thera-
peutic agent), fluorescein (to facilitate their detection) and monoclonal
antibody (for targeting) was recently reported for cancer therapy.43 The
monoclonal antibody assisted in the effective binding of the nanocarrier to the
cancer cells by recognition of the tumor marker (carcinoembryonic antigen).

Tumors treated with anthracyclines, such as doxorubicin, might become
multi-drug resistant to several structurally related drugs,44 which is a major
obstacle for a successful chemotherapeutical treatment. Recently, poly(ethylene
glycol)-conjugated MWCNTs have been reported as efficient doxorubicin
delivery systems for overcoming multi-drug resistance. The functionalized
CNTs accumulated with the same efficiency in multi-drug resistant cells
(generated by growth in a medium with doxorubicin) compared to non-
multi-drug resistant tumor cells.

16.3.2 Delivery of Platinum-based Drugs with Carbon

Nanotubes

Platinum-based anticancer drugs rank second in terms of delivery of chemo-
therapeutic agents using CNTs as vectors. Cisplatin, oxaliplatin and carbo-
platin have all been either conjugated to the external walls of CNTs or
encapsulated within their cavities. Research on platinum coordination
complexes as anticancer drugs began with the discovery, back in the 1960s, that
some platinum compounds inhibit bacterial cell division. Further studies
revealed that they also inhibit tumor cell growth. Platinum-based complexes
hydrolyse in the cells leading to positively charged platinum cations, which
coordinate to the nitrogen atoms of the adenine and guanine bases of DNA.
DNA duplication is hindered in this way, because cells are unable to repair
the distorted DNA helix leading to cell apoptosis.45 The highest antitumor
activity was exhibited by cisplatin (cis-diamminedichloroplatinum (II);
cis-[Pt(NH3)Cl2]. Cisplatin has been employed for the treatment of several
types of cancers, including metastatic testicular and ovarian cancers as well as
advanced bladder cancer.46 The initial studies on delivery of both doxorubicin
and cisplatin, using CNTs as DDSs, took place in 2007. In a similar approach
to the initial studies with doxorubicin, SWCNTs were dispersed by means of a
lipid-polyethylene chain bearing a platinum (IV) compound as a prodrug to
deliver cisplatin (cytotoxic drug of platinum (II) compound).47 The inert
platinum (IV) complex, attached via peptide linkages, becomes activated upon
reduction to the platinum (II) form in the cell endosomes. The lower pH
environment in the endosomes induces the reduction and release of cisplatin,
thus killing the testicular carcinoma cells used to establish the efficacy of the
system. The CNTs loaded with the platinum complex are taken into the cancer
cells by endocytosis and reside in the endosomes. The cytotoxic effect when
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using CNTs as DDSs is over 100-fold higher than that of the molecule
administered alone. A prodrug of platinum (IV) was employed since the direct
use of platinum (II) is limited by its deactivation upon administration. This is
due to the sensitivity of platinum (II)-based molecules to intra-cellular glut-
athione levels.48 This problem can be overcome by employing complexes of
platinum in a higher oxidation state (IV), as described, which become reduced
to the active antitumoral platinum (II) form upon entering the cells.

Later, CNTs have been conjugated not only with a platinum-based drug (or
prodrug) but also with targeting agents, such as folic acid, in a multi-modal
approach.34 The targeted delivery of the resulting construct showed a higher
toxicity towards folate receptor positive cells compared to folate receptor
negative cells. In vivo and in vitro studies have also been performed with CNTs
bearing cisplatin and epidermal growth factor (EGF).49 The CNTs are directed
to overexpressed epidermal growth factor receptors on squamous carcinoma
cells (head and neck). Tumor growth was inhibited much more rapidly in mice
treated with cisplatin-loaded CNTs bearing EGF compared to CNTs with the
same drug but without EGF. Although to a lesser extent, other platinum-based
chemotherapeutic agents, such as carboplatin and oxaliplatin, have also been
delivered by CNTs. The former has been encapsulated inside the cavity of
CNTs and will be discussed in Section 16.4.2. Oxaliplatin is another important
platinum-based anticancer drug employed for treatment of colorectal cancer46

that has recently been tested in photothermal therapy using CNTs.50 The local
effect of oxaliplatin on colorectal cancer cells was aided with photothermal
heating to 42 1C applying infrared radiation.

16.3.3 Delivery of Other Anticancer Drugs by Carbon

Nanotubes

CNTs have also been employed for the delivery of other anticancer drugs apart
from doxorubicin and platinum-based antitumoral agents. In this section some
representative examples are discussed.

Early studies on the use of CNTs for the delivery of methotrexate were
performed in 2006.51 Methotrexate is an inhibitor of folic acid biosynthesis,
which slows the proliferation of cells. Since cancer cells present a rapid
proliferation, methotrexate appeared to be a promising drug for cancer
treatment. Nowadays, its main use resides in the treatment of autoimmune and
inflammatory diseases.52 Initial studies with Jurkat cells incubated up to 72 h
showed that methotrexate remains active upon conjugation to CNTs.51 Later
on, the anticancer activity of the molecule conjugated to CNTs via cleavable
linkers, peptide and ester bonds was investigated. An enhanced anticancer
activity was found when using the peptide linker compared to the ester-bonded
conjugates and to the free drug. Proteases overexpressed in tumor cells were
responsible for the selective cleavage of the linker.53

The use of cleavable linkers has also been investigated with other drugs, such
as paclitaxel (commercialized as Taxol), both in vitro and in vivo. Paclitaxel, a
natural product mainly used for the treatment of metastatic breast and ovarian
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cancers,54 was conjugated to poly(ethylene glycol) functionalized SWCNTs via
ester cleavable bonds. Biodistribution and pharmacokinetic studies revealed a
higher tumor uptake of paclitaxel when incorporated in CNTs compared to the
free drug, and also longer blood circulation half-life.55 The tumor uptake of this
DDS is likely due to the EPR effect, since no targeting moieties had been
conjugated. A rapid dissociation and excretion of the paclitaxel molecules
carried to liver and spleen was observed, thus reducing the toxicity of the
conjugate. This result highlights the potential of CNTs for systemic adminis-
tration of chemotherapeutic agents. In another study, multi-functional CNTs
were developed for the delivery of a taxoid prodrug (derivative from paclitaxel)
also containing tumor-recognition modules (biotin and a spacer). The prodrug
attached to CNTs via a cleavable linker is activated to its cytotoxic form inside
the tumor cells, upon internalization and intra-cellular drug release.56 The
conjugate showed specificity to cancer cells that overexpress biotin receptors on
their surface. The cytotoxicity of the conjugate was ascribed to the released
taxoid molecules inside the cancer cells.

Following the concept described for oxaliplatin, MWCNTs bearing
mitomycin C have also been developed as delivery systems aided by photo-
thermal annealing.50 Mitomycin C is an ancillary anticancer agent that is
mainly used in combination with other drugs for the treatment of breast,
stomach, cervical, bladder, head, neck and lung cancers.57 After being activated
in cells, mitomycin C cross-links between DNA strands blocking its synthesis.

The antitumor activity of 10-hydroxycamptothecin covalently conjugated to
MWCNTs has been investigated both in vivo and in vitro. Camptothecin and its
analogues act by inhibiting the enzyme topoisomerase I, which plays a key role
in DNA replication. The developed DDS results in high concentration in tumor
sites and longer blood circulation compared to the free drug. Therefore, a better
anticancer activity is achieved by using CNTs for the delivery.58

Recently, CNTs have been used for the delivery of epirubicin, an anthra-
cycline chemotherapeutic agent similar to doxorubicin that is employed for the
treatment of several types of solid tumors. Actually epirubicin and doxorubicin
present the same molecular formulae and only differ in the spatial orientation
of one of the hydroxyl groups.59 Epirubicin has been conjugated to MWCNTs
via non-covalent supramolecular functionalization. A higher epirubicin loading
could be achieved by a previous oxidation of the CNTs by an acid treatment.
The nanocarriers released the drug faster in acidic medium than in neutral
medium. Furthermore, an enhanced concentration at tumor sites was achieved
when using CNTs than when administering free epirubicin.

16.3.4 Delivery of Other Drugs by Carbon Nanotubes

Although anticancer drugs have been the main focus for the development of
DDSs based on CNTs, other active substances have also been conjugated
to them. For instance the delivery of amphotericin B, a natural antifungal
agent,60 incorporated to CNTs presents several advantages. This drug has a
low solubility in aqueous media, which might be responsible for its toxicity.
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The attachment to MWCNTs allows the modulation of amphotericin B activity
and prevents the aggregation of the drug molecules.61 A fluorescent probe
anchored to the tubular structure of the CNTs facilitates the detection and the
monitoring of the cellular uptake. The functionalized CNTs behave as nano-
needles, crossing the membranes of mammalian cells without toxic effects.
Furthermore, amphotericin B delivered by CNTs maintains the antifungal
activity against several pathogens, including Candida albicans, Candida para-
psilosis and Cryptococcus neoformans.

The delivery of anti-inflammatory drugs using CNTs as nanocarriers has also
been studied. Dexamethasone,62 ketoprofen63 and dapsone64 have been
conjugated to SWCNTs (dexamethasone) and MWCNTs (ketoprofen, dapsone).
Dexamethasone is a member of the prednisone class (synthetic analogues of
cortisol/cortisone) with greater potency and longer half-life than prednisone itself
and, thus, is widely used in rheumatic/inflammatory disorders.65 The delivery of
dexamethasone through electrical stimuli has been achieved using CNTs as the
carrier. By tuning the potential applied to the system, it is possible to modulate the
cellular uptake of dexamethasone and the drug release rate.62 The use of electric
stimulus for the release of drugs is valid for both SWCNTs and MWCNTs.63 An
enhanced release of ketoprofen has been reported when applying a potential to
ketoprofen-loaded MWCNTs. A matrix of a polymeric network has been
employed to create the electro-sensitive delivery systems. Recently, the anti-
inflammatory and antimicrobial drug dapsone has been conjugated to
MWCNTs.64 In this case no external stimulus has been employed to modulate the
delivery of the drug. Prolonged incubation of cells with the nanocarrier (over
three days) resulted in cell apoptosis without oxidative stress. In contrast,
oxidative stress was observed when the cells were incubated with free dapsone.

Alzheimer’s disease is associated to the loss of neurons.66 SWCNTs have
been tested as drug carriers for the delivery of acetylcholine to the brain for the
treatment of this pathology.67 Lysosomes are identified as the pharmacological
target organelles for SWCNTs, and mitochondria are the toxicological target.
Thus, the amount of drug-loaded SWCNTs should be carefully regulated to
enable a preferential accumulation in lysosomes, compared to mitochondria.

Alginate microspheres filled with CNTs have been developed as drug carriers
for theophylline. The CNTs prevented the leakage of theophylline and
provided a more sustained drug-release profile. The cytocompatibility of the
alginate microspheres was not affected by the presence of CNTs in their
structure.68 CNTs functionalized with carboxylic acid groups have also been
employed to improve the hydrosolubility of carvedilol, a poorly water-soluble
drug used for the treatment of hypertension.69

16.4 Encapsulation of Drugs Inside Carbon Nanotubes

16.4.1 Carbon Nanotubes as Nanocontainers

Soon after the report on MWCNTs by Iijima in 1991,1 Pederson and
Broughton70 predicted on the basis of computer simulations that open-ended
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nanotubes should act as ‘‘nano-straws’’ and draw in molecules from vapor or
fluid phases. In the following years several groups reported on the encapsu-
lation of materials into MWCNTs. These initial studies focused on the
encapsulation of inorganic materials due to their ease of detection by means of
electron microscopy techniques. In the case of SWCNTs it was not until five
years after their discovery, back in 1993,2 that they were filled with materials
such as RuCl3 and fullerene C60.

71,72 Nowadays it is possible to encapsulate a
large variety of materials including inorganic salts,73 organic molecules,74

fullerenes,72 metals75 and water.76 Unprecedented structures and properties
have been observed for the encapsulated material, which can also alter the
properties of the SWCNTs.74,77,78 Thanks to advances in electron microscopy it
is nowadays possible to determine the structure that both inorganic and organic
materials adopt once confined within the CNT walls.73,79 Filled CNTs
encounter applications in different fields, ranging, for instance, from nano-
electronics to the biomedical field. Within the latter, filled CNTs are envisaged
as promising agents for in vivo imaging and tumor targeting. SWCNTs
containing Gd31 have been studied for magnetic resonance imaging (MRI),80

and I2@SWCNTs have been reported as X-ray contrast agents.81

Radionuclide-filled SWCNTs allow ultrasensitive imaging in vivo and the
delivery of an unprecedented radiodose density, and therefore present potential
for both diagnosis and treatment.82 Furthermore, a nanothermometer for
temperature control in biological environments is also being developed with
copper iodide filled tubes.83

16.4.2 Drug Delivery with Filled Carbon Nanotubes

The containment of materials into CNTs is gaining increasing attention for the
development of multi-functional DDSs, because the cavity can be filled with
therapeutic and/or imaging cargos, whilst the outer surface can be modified to
improve their dispersibility, biocompatibility and site-selectivity. The
containment of the chosen drug into CNTs presents some advantages
compared to delivery through external attachment. On the one hand, the
carbon shell protects the encapsulated drug from interaction with the external
environment, which in some cases might lead to the inactivation or even
decomposition of the drug molecules. On the other hand, a controlled discharge
of the cargo might be achieved via either an in situ or an ex situ stimulus.

The encapsulation of drugs has been studied from both experimental and
theoretical points of view. Platinum-based chemotherapeutic agents have not
only been anchored to the external CNT surface, but also filled into the inner
cavities of CNTs. Initial modeling on the viability of drug encapsulation,
performed with three different orientations of cisplatin, showed that the
minimum radius of the CNT host must be at least 4.785 Å to allow the loading
of this polar molecule.84 Subsequently, cisplatin has been experimentally filled
into CNTs. The resulting DDSs developed with shortened CNTs inhibited the
viability of breast and prostate cancer cells.85,86 A higher cisplatin loading has
recently been achieved by using functionalized gold nanoparticles to block the
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ends of the MWCNTs.87 Other platinum-based compounds have been
developed due to the side effects associated with the use of cisplatin, which
include nausea, vomiting, hearing loss and nerve and kidney damage. Carbo-
platin, available since 1989, presents reduced side effects compared to cisplatin
and is effective, for instance, for ovarian and lung carcinomas.46 The reversible
filling-release process of carboplatin into MWCNTs has been investigated
in vitro.88 The structure of the drug molecule is retained once confined within
the CNT cages. Carboplatin-loaded CNTs effectively suppressed the growth of
bladder cancer cells, whereas unfilled, open-ended CNTs barely affected their
growth.

Research is currently being devoted in finding routes that would allow a
triggered discharge of the encapsulated payload. A series of proof-of-principle
experiments by different groups have shown that it is indeed possible to achieve
a controlled discharge of material from CNTs by external stimuli via a high
voltage89 or current density,90 or from a change in the local environment of the
nanocarrier.91 Bulk filling of carbon nanotubes always results in the presence of
material both inside and outside their tubular structure. A simple and effective
methodology to seal soluble materials inside open-ended SWCNTs using
fullerene C60 molecules has recently been reported.89,90 The strong affinity that
C60 molecules have towards the inner CNT cavities72,92 allows them to act as
sealing agents. These are insoluble in water89 but can be removed, at least
partially, using organic solvents such as dichlorobenzene,93 toluene–ethanol
(4 : 1)94 or dichloromethane.90 Following this approach, the anticancer drug
hexamethylamine has been encapsulated inside SWCNTs by blocking the ends
with fullerenes. The discharge of both the fullerenes and the drug is performed
by treating the nanocarrier systems with dichloromethane.90 In order to realize
the release of the encapsulated payloads in aqueous media, relevant for
biological applications, the fullerenes need to be functionalized.91 A pH-
triggered release in aqueous media is possible by using, for instance,
dimethylamino functionalized fullerenes (f-C60) as ‘‘corks’’ (Figure 16.3).

Figure 16.3 Schematic representation of the process for the encapsulation, ‘‘corking’’
and pH-triggered release of the encapsulated payload from SWCNTs.
Adapted from Ref. 91.
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The removable corks isolate the encapsulated material from the external media
when the pH is that of a healthy tissue, but become soluble upon getting in
contact with an acidic medium, thus allowing the release of the encapsulated
compounds.91 Both bulk (UV-Vis) and local (HRTEM) data confirm the
successful containment and pH-sensitive release of the cargo. Recently another
approach based on molecular dynamic simulations has been proposed for the
controlled release of drugs from CNTs. This consists of encapsulating
the chosen payload and carbonated water inside the CNTs. The discharge of
the drug would take place by laser heating of the nanocarrier, which would
result in the emission of carbon dioxide that would increase the inner pressure
pushing the drug molecules outside the tubular cavities.95

Double-functionalized double-walled CNTs have also been evaluated for
gene delivery. A plasmid coding for the production of a fluorescent protein was
anchored to the outer wall of the nanotubes, while the inside was filled with
chloroquine, a lysosomotropic compound. After incorporation into the cells,
the pH decrease inside the lysosomes allowed the release of chloroquine from
the nanotubes, leading to the rupture of the lysosomes and the release of the
nanotubes directly into the cytoplasm, from where the plasmid could finally
reach the nucleus (Figure 16.4).96

Figure 16.4 Scheme of the intra-cellular trafficking of double-functionalized carbon
nanotubes to deliver gene material to the nucleus.
Reproduced from Ref. 96 with permission of Elsevier.
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16.5 Toxicity and Environmental Impact of Carbon

Nanotubes

Because of the many applications of CNTs, questions are raised about their
potential toxicity. Their annual production is now reaching thousands of tons
per year, and concerns exist about their safe handling and use by workers.
Dissemination in the environment could also happen during different steps of
their life cycle, from their production to their processing, use and finally during
disposal or recycling. In this section, the state-of-the-art in the field of toxicity
and ecotoxicity of carbon nanotubes is revised.

16.5.1 Introduction to Toxicity of Carbon Nanotubes

As the number of industrial applications of CNTs increases constantly with the
production capacity at the worldwide level (estimated to be around 4000 tons in
2012, and more than 12,000 in 2016),97 it is reasonable to ask the question of
their potential impact on both human health and the environment. It is
important to consider that the number of different kinds of CNTs (SWCNTs,
DWCNTs, MWCNTs) and different synthesis routes (arc-discharge, laser
ablation, (catalytic) chemical vapor deposition (C-CVD)) make the investi-
gation of the toxicity of CNTs more complex, and comparison of the results
already published almost impossible. CNTs are most of the time not found as
individual objects but in the form of bundles, or more likely as large micro-
metric agglomerates. All specimens contain different levels of residual
catalyst(s), depending on the synthesis route and purification steps that they
may have undergone. Usual purification treatments involve the combination of
acids and oxidizing agents, which lead to at least partial functionalization of the
outer wall, making the treated samples more hydrophilic. SWCNTs and
DWCNTs usually form long and flexible bundles (typically hundreds of
micrometers) while MWCNTs are generally shorter (tens of micrometers) and
more rigid. MWCNTs also have more surface defects, which enhances their
chemical reactivity. The specific surface area of CNTs can range from a few
tens of square meters per gram in the case of densely packed MWCNTs to just
below 1000m2 g–1 in the case of SWCNTs and DWCNTs (the theoretical limit
being 1300m2 g–1 in the case of individual closed SWCNTs).98,99

Toxicity is generally defined as the degree to which a substance can harm. It
can be acute or chronic. Acute toxicity involves harmful effects in an organism
through a single or short-term exposure. Chronic toxicity is the ability of a
substance or mixture of substances to cause harmful effects over an extended
period, usually upon repeated or continuous exposure. Genotoxicity
corresponds to alterations of the cell genetic material (DNA); its effects are
usually not visible in the short-term range and it is thus an indicator of
potential long-term effects (mutagenesis, carcinogenesis). Genotoxicity is a very
important indicator for the investigation of the toxicity in general, because it
deals with low-dose exposures, at which no toxicity is normally evidenced.
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The main exposure routes for dry CNTs are first inhalation and then dermal
contact. Ingestion is generally considered to be accidental, although it is in fact
more or less related to inhalation because some inhaled particles leave the
respiratory system and reach the stomach from the upper airways (via the
mucociliary escalator). Injection in the bloodstream is envisaged, but would not
be accidental (biological applications such as imaging, targeted cell delivery,
hyperthermia, etc.).

After entry into the body, and depending on the route, migration to other
organs could be possible. This would be especially true if the nanoparticles are
able to reach the blood circulation. Typical target organs would then be the
liver, the spleen and the kidneys, as well as the cardiovascular system in general.
It has also been reported that nanoparticles could reach the brain via the
olfactory nerve,100 although there is currently no in vivo evidence in the case of
CNTs. The different routes of exposure and the potential toxicity of CNTs are
described below. The ‘‘principle of precaution’’ should be applied, and
therefore gloves and a lab coat should be worn at any time as well as an adapted
(FFP3 type) disposable dust mask.

16.5.2 Main Characteristics of Carbon Nanotubes in Terms of

Toxicity Investigation

CNTs are usually not perfect cylindrical tubes made of pure sp2 carbon, as they
are often pictured. Their shape can vary from short and straight (typical for
arc-discharge MWCNTs) to long and flexible (SWCNTs, DWCNTs). Their
diameter can range from one nanometer (SWCNTs, DWCNTs) to ca. 100 nm
(large MWCNTs). They can be individual (rare) or most likely gathered into
bundles. The diameter of the bundles can vary from a few nanometers to
hundreds of nanometers. Inter-connections between the bundles are very often
observed (web-like material). Bundles can agglomerate themselves to form
much larger particles. The size and shape of nanoparticles are very important
parameters because they will determine the mobility within the body, and the
likelihood of being cleared or not (biopersistence): it is well known (and rather
intuitive) that fibers are less mobile than spherical particles. In terms of length,
macrophages will not manage to eliminate particles longer than them (about a
few tens of micrometers for humans, depending on the organ where they are
located), leading to what is called frustrated phagocytosis. Since CNTs can be
more or less agglomerated, such an agglomeration will also play a role in terms
of biological interaction.

The chemical composition of CNTs can vary strongly depending on their
purity. Whatever the synthesis technique, they usually still contain some
catalyst (typically transition metals, such as Fe, Co or Ni, as well as other
additives, including Y, Mo, S, etc.). The amount of residual catalyst can vary
from a few tens of wt. % in as-prepared materials to a few ppm in highly
purified CNTs. In purified samples, it is generally assumed that the residual
catalyst is encapsulated in graphitized shells or within the CNTs and cannot
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directly interact with the environment.101,102 The presence of such metals can
favor the production of free radicals such as reactive oxygen species (ROS),
which can themselves modulate different biological functions.

Other parameters such as the specific surface area and the surface chemistry
are also very important; for the same weight of CNTs, the available surface can
vary strongly. Functionalization of CNTs can be deliberate – for example, in
the case of targeted delivery, or to stabilize a suspension by addition of
surfactants– or not – when it occurs during purification – and will control the
interface with biological environments, because of the resulting surface charge
or modification of wettability, for example. The interactions of the CNTs with
their local environment may vary with time and will subtly affect the interaction
with the target sites (Figure 16.5).103

In the case of the toxicity of nanoparticles, the relevant unit to quantify the
exposure is probably the number of particles, and not the weight or even not
the specific surface area. A simple comparison between MWCNTs and
SWCNTs shows that the same weight of material can correspond to very
different amounts of individual objects.104

16.5.3 Biological Models

Toxicity can be assessed by means of both in vitro and in vivo experiments. In
the case of in vitro assays, cell cultures, usually immortalized cancer cells, but
also primary cultures or even stem cells, are exposed to suspensions of CNTs.
The way the suspension is prepared (with or without addition of a surfactant,

Figure 16.5 Potential modifications of particles due to interactions with the
environment.
Adapted from Ref. 103.
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dispersion by sonication with a bath or a tip, etc.) and exposed to the cells is
very important. In the case of in vivo assays, the animals (mice, rats, worms,
amphibians, fishes, etc.) are exposed either to aerosols (inhalation) or mainly to
suspensions of CNTs, which will be administrated according to different
protocols depending on the study (intra-tracheal instillation, injection, contact
with the skin, etc.). It must be noted that the transposition of the toxicity results
from animals (or even worse from cells) to humans is very delicate, but the data
are, however, very useful for the sake of comparison in a given system and with
given experimental conditions. As an example, it is sometimes even difficult to
transpose from rats to mice.

In the case of suspensions, the main issue concerns their stability. This
question has been widely studied worldwide and the general approach is the
addition of a surfactant in order to stabilize the CNTs in the liquid. The main
problem is that all commonly used surfactants are toxic to a certain extent and
thus cannot be used in the presence of living cells or animals for in vitro or
in vivo investigations, or must be used at such low concentrations that they do
not really play anymore the role there are supposed to play. Although a few
natural surfactants such as proteins,105 starch,106 gum arabic107 or sugar
derivatives108 have been investigated, the stability of the suspensions in the
presence of living organisms is often very different (fast destabilization leading
to flocculation). It is also extremely important to keep in mind that when
nanoparticles eventually reach the target cells, their surface is very likely to be
rather different from what it was initially, due to the unpredictable adsorption
of many biological compounds (proteins) all along the way: in the end, what the
cells see can be very different from the initial bare surface of the starting
nanoparticle.109

16.5.4 Inhalation

Among respiratory tract cells, the lung (alveolar) cells are the most studied.
Only one paper has been published so far about the in vivo impact on the
nose.110 The target respiratory cells in the lungs are the epithelial cells and the
macrophages. In particular, epithelial cells provide a selective and permeable
interface between the lumen and the underlying tissue, for exchange of gases
and other molecules. The intra-tracheal instillation of mice with suspensions of
SWCNTs, purified or not,111 led to an inflammatory response in the alveolar
area. Granuloma (spheroidal accumulation of immune cells trying to destroy a
foreign substance) were observed after 90 days of exposure due to frustrated
phagocytosis, i.e. impossibility for the macrophages to destroy or remove the
CNTs. Similar observations were reported (still with SWCNTs), but the
granuloma vanished after three months.112 The influence of the length of
the CNTs was investigated and it was shown, in the case of MWCNTs, that the
shorter the length the better the distribution in the lungs.113 Recent studies have
compared CNTs and asbestos because of the well known ‘‘fiber paradigm’’ in
pulmonary toxicology: fibers that are long (longer than the cells of the lung,
which usually get rid of fibers and other dusts – that is, usually longer than
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about 15 mm), thin (thin enough to enter the lungs – less than about 5 mm) and
biopersistent in the lungs are likely to lead to mesothelioma. Poland et al.21

have used peritoneal injection to compare the effect of different kinds of
MWCNTs (different diameters, different lengths) with amosite, a known
pathogenic form of asbestos. The results suggest that long and straight
MWCNTs may be pathogenic in the same manner as amosite, but the small
number of animals used in this study (three) may moderate the conclusions,
although this model was commonly used in the case of asbestos. Recent
publications by the same authors suggest that CNTs shorter than ca. 5 mm
would be safe, as they could escape the lung through the stomata of the parietal
pleura and thus be evacuated.114 In another study involving mesothelial cell
cultures, it was also shown that non-purified SWCNTs induced the activation
of molecular pathways associated with oxidative stress,115 similarly to asbestos.
In this case, it can clearly be questioned whether the oxidative stress came from
the CNTs themselves or from residual catalyst.116

16.5.5 Contamination through the Skin

It is generally admitted that nanoparticles do not cross a healthy dermis and
may only accumulate in the upper layers of the epidermis, although they may
reach the dermis along hair follicles.117 Only a few examples of skin penetration
are available (case of Ag nanoparticles),118 but none refer to CNTs. In vitro
cytotoxicity of CNTs vs. keratinocytes was, however, shown.119 Oxidative
stress, alterations of cellular membrane, internalization and production of pro-
inflammatory cytokines were also described after in vitro exposure of human
epidermal keratinocytes to MWCNTs.120

16.5.6 Translocation

After the CNTs have entered the body, they could travel following different
routes depending on the entry point (movements from one organ to another are
referred to as translocation) but also mainly on their physico-chemical char-
acteristics. The main route for translocation is via the bloodstream. Objects
recognized as non-self by the immune system usually end up in the liver or the
kidneys if they can be transported there, and could possibly be excreted
(eliminated) from the body. In the general case, CNTs will just accumulate
(biopersistence) if they cannot be excreted.

16.5.7 Mechanisms of Protection and Elimination

Foreign particles are usually intercepted by macrophages; namely, cells present
in all tissues, the role of which is to phagocytose (engulf and then digest)
cellular debris and pathogens, as well as to stimulate lymphocytes and other
immune cells to respond to the pathogens. Taking into account the small size of
macrophages as compared to that of CNTs aggregates, bundles or even
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individual CNTs, macrophages usually do not manage to get rid of the CNTs
by phagocytosis. However, they try to do so and thus release reactive oxygen
species (ROS), enzymes, cytokines (interferons), etc. and agglomerate around
them to isolate them from the body. Mechanisms involved in the inflammatory
response by macrophages have been described recently.121 Proteins present in
the blood and most biological fluids (complement system – innate immunity)
play a similar role by ‘‘labeling’’ the CNTs (opsonization)122 and possibly
generating some inflammation reactions. The complement system strongly
interacts with the leukocytes. These natural phenomena have deleterious
consequences on the surrounding tissues: inflammation in the first instance and,
often, formation of granuloma (commonly observed in the lungs after exposure
to CNTs). Each target organ has its own phagocytic cells (Kupffer cells in the
liver, Langerhans cells in the skin, etc.).

As soon as CNTs are in contact with a biological fluid, their surface
chemistry is likely to be modified very quickly by adsorption of proteins
(complement system,122 surfactants,123 etc.109); this adsorption can be very
specific122,123 and is likely to be dynamic and subject to affinity of the molecules
for the surface of the CNTs (pristine or functionalized). It is thus obvious that
the surface chemistry of the CNTs plays a very important role.

16.5.8 Genotoxicity

Genotoxicity deals with gene alterations and mutations, and corresponds to the
‘‘hidden risk’’ during classical toxicity investigations because the consequences
(mutagenic, carcinogenic effects) only appear after a long period of time and
are thus not observed during the assay. Genotoxicity was only scarcely inves-
tigated in the case of human studies. A few papers by Muller et al., however,
suggest a potential genotoxicity of MWCNTs and report chromosomal
alterations in human epithelial cells124 or the observation of micronuclei after
exposure of rat liver epithelial cells (immortalized).125 In the latter case, it was
shown that the chemical purity of the MWCNTs specimens played an
important role. Therefore purification and shortening strategies that preserve
the tubular structure of the CNTs with a low degree of structural defects are
needed.102,126 Recent publications also confirm the potential genotoxicity of
CNTs.127,128

16.5.9 Environmental Impact of Carbon Nanotubes

The potential use of CNTs in commercial products (e.g. sports equipment such
as tennis rackets, baseball bats or bikes, flat-screen displays, additives in tires
and automobile industry) begs the question of their fate at the end of their life
cycle. If the impact of CNTs on human health has been under investigation
already for a few years now, it is noteworthy that the environmental impact has
almost not been taken into account at all. Only a few publications are currently
available. A few studies on different aquatic organisms exposed to CNTs are
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available: aquatic worms exposed to SWCNTs,129 estuarine copepods exposed
to SWCNTs,130 freshwater crustaceans (Daphnia magna) exposed to func-
tionalized SWCNTs,131 cladocerans and amphipods exposed to raw and
oxidized MWCNTs,132 zebrafish embryos (Danio rerio) exposed to SWCNTs
and DWCNTs,133 trout exposed to dispersed SWCNTs in the presence of a
surfactant134 and amphibian larvae (Ambystoma mexicanum, Xenopus laevis)
exposed to DWCNTs.135,136 In the last case, no genotoxic effects could be
observed. The influence of CNTs on marine species has only scarcely been
investigated137 since seawater is a more complex environment, and the presence
of dissolved salts is not in favor of proper dispersion of CNTs. All of these
studies indicate that exposure to CNTs leads to biological disorders at different
levels, usually from or above 10mgL–1, which is much higher than what could
be reasonably found in the environment (or this could only be very localized,
and accidental).138 To minimize the environmental impact CNTs wastes should
be burnt. Due to the potentially very high specific surface area of CNTs, they
could act as vectors for pollutants adsorbed on their surface, such as polycyclic
aromatic hydrocarbons (PAH), ions, etc., even if they themselves do not show
any significant sign of toxicity.

16.6 Conclusions

Although the development of carbon nanotubes as DDSs is still in its infancy,
their potential to improve the performance of ‘‘free’’ drugs has been highlighted
with several examples through this chapter. Both in vitro and in vivo studies
reveal that the delivery of a chosen payload with carbon nanotubes results in an
enhanced therapeutic effect and/or in a reduced toxicity of the therapeutically
active molecule. The tubular shape of CNTs allows the delivery of biomolecules
via two complementary approaches, namely by anchoring the drug to the
external sidewall through either covalent or non-covalent functionalization,
and by encapsulating the chosen payload into the inner cavity. There is
currently no consensus about the toxicity of CNTs, although ca. 1700 papers
have already been published on this topic within only the last eight years.
Despite the worldwide effort devoted to this field of research, the huge variety
of CNTs types, shapes, compositions, sizes, surface functionalizations, etc.
make it very difficult to answer this simple question: ‘‘are CNTs toxic?’’ The
‘‘principle of precaution’’ should not stop all research in this area, but only
draw the attention to a more responsible attitude for people working on their
synthesis or manipulating them, and industrials willing to include them in
consumer products.
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CHAPTER 17

Smart Layer-by-Layer
Assemblies for Drug Delivery

SVETLANA PAVLUKHINA AND
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Department of Chemistry, Chemical Biology and Biomedical Engineering,
Stevens Institute of Technology, Hoboken, NJ 07030, USA
*Email: ssukhish@stevens.edu

17.1 Introduction

Localized drug delivery can significantly enhance treatment effectiveness, while
reducing adverse reaction and systemic toxicity effects. Layer-by-layer (LbL)
assemblies provide an ideal, versatile platform for constructing novel systems to
achieve such localized drug delivery.1–4 Importantly, LbL constructs can
support both prolonged release of functional compounds, as well as stimuli-
responsive, on-demand delivery. A combination of these functions becomes
highly desirable for designing novel drug-delivery systems. While our recent
review concerned delivery of biologically active molecules from LbL films,
i.e. from 2D matrices,3 this chapter focuses on the progress made within the last
3–4 years in development of LbL-based delivery systems with both 2D and 3D
geometries.

17.2 LbL Substrates and Templates

An important feature of the LbL technique is its ability to create conformal
coatings on planar or colloidal substrates of virtually any shape and surface
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chemistry.5 Planar, low-roughness substrates are usually used as model surfaces
during exploration of fundamentals of LbL film construction, such as film
composition, thickness and morphology. Examples of the most commonly used
planar substrates include silicon wafers, glass, quartz, gold and mica. In the
case of biomedical implant devices, surfaces of titanium or titanium alloys can
also be considered locally flat. The charge of the surfaces determines the
possibility of film deposition and growth.6,7 If a specific LbL system cannot be
directly deposited on a substrate, the surface can be pretreated with a precursor
layer. This treatment takes advantage of the fact that many solid surfaces are
negatively charged and enable adsorption of polycations, such as poly(ethylene
imine) (PEI). Moreover, the use of polyelectrolytes grafted onto a planar
inorganic substrate with different chain conformations as a template for
depositing polyelectrolyte multilayers (PEMs) may be promising for creation of
nanoscale patterns in the resulting multilayer films.8

Deposition of LbL films on colloidal substrates was demonstrated more than
a decade ago. Since then, solid organic particles (polystyrene and melamine
formaldehyde), inorganic particles (CaCO3 and MnCO3),

9 gold nanoparticles
(AuNP)10 and even cells11 have been used as core materials. After multilayer
deposition, the core-shell structures can be used ‘‘as is’’, or the core can be
dissolved to leave hollow polymeric capsules.12 For construction of hollow
capsules, inorganic materials are often preferable because of their ability to
dissolve in mild aqueous media, compared to severe conditions used for
dissolution of organic particles. Applicable templates and their properties were
discussed in a recent review.13

The size and shape of the capsules is usually determined by the template used
for deposition. In a very recent example illustrated in Figure 17.1, the use of
colloidal crystal templates in LbL deposition enabled the construction of highly
ordered 3D LbL structures.14 In addition, anisotropic micro- and nano-
structures have recently been prepared by LbL coating of anisotropically
shaped template particles.15,16

One way to prepare micro- and nanocapsules is the use of oil-in-water
emulsions as cores for multilayer deposition.17,18 For example, sequential
assembly of PEI and polyacrylic acid (PAA) at the surface of toluene-loaded
polyglutamate shells led to particle stabilization, and resulted in robust
containers useful for storage and delivery of water-insoluble compounds.17

Lipid droplets have also been used as templates and, when covered by protein-
polysaccharide films, showed better protection against oxidation.19 Another
interesting application of LbL is deposition of a protein shell at an air–liquid
interface. In this case, stable microbubbles coated with chemically reduced
lysozyme that retained its antimicrobial activity have been demostrated.20

Templates for LbL deposition can be made from the cargo itself, since many
high-potency drugs including some anticancer agents, such as paclitaxel and
tamoxifen, have low solubility in water.21–24 This approach assured extremely
high encapsulation efficacy. For example, aqueous suspensions of poorly
soluble drugs were sonicated to obtain 100–200 nm cores, and then coated by
PEM shells.23,24
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17.3 LbL Constituents and Architectures

A broad variety of LbL film constituents used in varying deposition conditions
enable tuning film composition, functionality, stability and permeability.
Driving forces for LbL assembly include electrostatic interactions, hydrogen
bonding, covalent attachment and even biological key-lock interactions.
Therefore, constituents of LbL assemblies comprise polyelectrolytes, proteins
and peptides,25–30 polysaccharides,31 DNA,32,45–47 anticancer drugs,33 inorganic
nanoparticles,33–35 carbon nanotubes,36 micelles37 and even viruses.38

Moreover, liposomes or degradable particles can also be incorporated within
LbL films as film components.39,40 Importantly, components that are
incompatible in bulk mixtures can be incorporated within different strata of
the LbL film, and the distance between those strata can be controlled at the
nanoscale.41

Incorporation of inorganic materials such as AuNPs,42 single-walled carbon
nanotubes (SWCNs),43 silica nanoparticles or clay nanoplatelets44,45 within the
LbL assemblies increase their mechanical strength and stiffness. Mechanical
properties of the capsules are important, since they regulate capsule stability
and integrity. Without such stabilization, all-polymer PEM capsules can
deform during intra-cellular uptake and lose a significant fraction of incor-
porated bioactive molecules.46

Figure 17.2 shows an example of how the amount of AuNPs deposited within
each assembly layer can be controlled by the deposition conditions.41

Figure 17.1 (A) 3D LbL setup used to deliver alternating solutions via solenoid valves
through a colloidal crystal template (CCT) secured within silicone tubing
and accelerated by a peristaltic pump. (B) SEM image of the annealed
polystyrene CCT. (C) Optical microscopy image of the LbL clay nano-
composite on the CCT.
Reprinted with permission from Ref. 14. Copyright (2012) American
Chemical Society.
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Stratification of AuNPs within LbL films is achieved via assembly of poly-
styrene sulfonate (PSS)/poly(allylamine hydrochloride) (PAH) spacer layers.
The AuNPs and PEM modules appear, respectively, as dark and light strata in
the cross-sectional transmission electron microscopy (TEM) image.

Amphiphilic block copolymer micelles (BCMs) can endow films with func-
tional hydrophobic domains addressable through environmental stimuli. These
domains can serve as depots for efficient uptake of small hydrophobic
molecules, and provide for on-demand, stimuli-responsive release. Progress in
constructing pH- and temperature-responsive 2D LbL assemblies via inclusion
of BCMs with responsive cores is summarized in a recent review.37 In parallel
efforts, responsive BCMs were assembled in 3D geometry; i.e. they were
included within walls of hollow capsules constructed entirely from pH-
responsive BCMs.47 This approach broadens the application of LbL assemblies
for encapsulation and release of diverse bioactive substances, as the resultant
capsules combine the advantages of 2D LbL assemblies of polymeric micelles
(i.e. their capability to load and controllably deliver hydrophobic molecules)
with those of LbL capsules (i.e. availability of the capsule interior for hydro-
philic drug compounds). Moreover, additional functionality has recently been
endowed to LbL films or capsules by assembly of DNA-grafted
poly(N-isopropylacrylamide) (PNIPAAm) micelles within PEMs, and the
resultant assemblies could be degraded by the addition of an enzyme DNAse.48

Chemical composition of the micellar shells assembled within capsule walls can
also be used to load functional compounds. For example, polystyrene-block-
poly(acrylic acid) BCMs incorporated within capsule walls enabled selective
trapping of positively charged water-soluble compounds.49

Besides micelles, other well-known vesicles for loading of functional
compounds are liposomes that can entrap drugs in the interior aqueous cavities,

Figure 17.2 Cross-section TEM image of heterogeneous LbL assembly of AuNPs
and polyelectrolytes (PSS and PAH). The spacer PEMs comprise
(PAH/PSS)4.5. The bottom two AuNP modules were assembled from dip
coating solutions with 1M NaCl. Solutions with 0.05M of ‘‘auxiliary’’
MgSO4 in 0.80M NaCl were used for the assembly of the top three
AuNP modules.
Reprinted with permission from Ref. 41. Copyright (2012) American
Chemical Society.
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or in the lipid phase of their shells. Combination of liposomes and LbL tech-
nology is advantageous due to their biocompatibility, simplicity of preparation
and well-known routes for drug incorporation and delivery.50 For example,
liposomes have recently been used as templates for LbL assembly resulting in
LbL capsules.51,52 In particular, positively charged chitosan (CHIT) was
deposited onto negatively charged liposomes, followed by deposition of anionic
dextran sulfate (DEXS) or DNA. Functional molecules of different charge, such
as 1-hydroxy pyrene-3,6,8-trisulfonic acid, alendronate or glucose, could then be
encapsulated and trapped within liposome-templated capsules.53 Moreover,
encapsulation of magnetic nanoparticles in the interior of the unilamellar
liposomes covered with LbL assemblies opens opportunities for controlling drug
delivery through the application of magnetic or electric fields.54

An interesting recent report describes assembly of liposomes at the surface of
poly(L-lysine) (PLL)/PSS PEMs. This phenomenon was explained by the ability
of PLL to diffuse within the films and stabilize the liposome vehicles during the
film construction.55 Figure 17.3 illustrates the mechanism of stabilization of
adsorbed liposomes by PLL diffusion (A) and shows relative vesicle adsorption
as a function of the number of deposited underlying PLL/PSS layers (B), when
the entire underlying PEM (uPEM) serves as a reservoir for PLL diffusion to
the surface.55 Inclusion of liposomes with LbL assemblies provides an ideal
environment for liposome-entrapped bioactive molecules. In 3D geometry,
such assembly results in liposome-containing capsules (capsosomes), which can
additionally entrap different types of bioactive compounds within capsule
interiors.39

LbL assembly is often performed using aqueous solutions, without exposure
to organic solvents. This represents a significant advantage for inclusion of
many bioactive molecules, such as proteins and nucleic acids, which tend to

Figure 17.3 Panel A. Stabilization of adsorbed liposome vehicles by PLL diffusion.
Panel B. Relative vehicle absorption as a function of number of
deposited underlying PLL/PSS layers (uPEMs).
Reprinted with permission from Ref. 55. Copyright (2011) American
Chemical Society.
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denature in non-aqueous media. However, organic solvents can also be used to
tune the composition of LbL films during film buildup.56 Moreover, organic
solvents can be advantageously used in reverse-phase LbL (RP-LbL) capsule
construction, when PEMs are deposited from organic solutions. This approach
enables encapsulation and release of water-soluble molecules using the aqueous
interior of 3D LbL assemblies. For example, the polymeric shell of LbL-coated
agarose microbeads expanded upon exposure to an aqueous solution, while the
microbead remained suspended within the interior of the LbL capsule wall
(Figure 17.4). These ‘‘inflated’’ capsules may be useful for localization and
delivery of two different drugs from microcapsules.57

In recent years further progress has been made with more complex
biomolecule delivery from capsules with compartmental architectures. In one
exciting example, self-exploding LbL-coated gel beads released their interior
as a result of degradation of smaller-size microcapsules, followed by an
increase in the osmotic pressure and the rupture of LbL bead shells.58 The
degradation time (or explosion time) could be conveniently regulated by the
cross-linking density of the gel network.58 Such advanced hierarchical
structures are very promising for time-controlled release of biologically

Figure 17.4 Confocal image of inflated microcapsules. Blue-PS microcapsules were
trapped within the agarose microbead, and fluorescein isothiocyanate
(FITC)-dextran (Mw 2000 kDa) is trapped inside the inflated LbL
microcapsule.
Reproduced from Ref. 57 with permission from The Royal Society of
Chemistry.
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active molecules. Another example of hierarchical delivery systems includes
LbL assemblies of mesoporous compartments which demonstrated multi-
step, self-regulated release of different encapsulated compounds.59,60

Preparation of more complex multi-compartmental capsules for simul-
taneous delivery of multiple drugs has also been achieved.61 Figure 17.5
shows a schematic illustration of the structure of capsules with advanced
hierarchical functionalities. For example, an enzyme and its substrate can be
simultaneously incorporated in the same capsule.61

17.4 Drug Incorporation Strategies within LbL

Assemblies

Often, bioactive molecules are incorporated within films as a component. In
this scenario, drug can be uniformly loaded with the entire film, and the amount
loaded can be simply and advantageously controlled by the number of PEM
layers or the film thickness. In some cases, bioactive molecules are complexed
with oppositely charged macromolecules, prior to assembly within LbL
architectures.62,63 LbL assemblies can also be loaded with functional molecules
at the post-assembly step.64,65 For the success of such an approach, the

Figure 17.5 Multi-compartment microcapsules: a) concentric, b) pericentric, c)
innercentric and d) acentric. The structure in the middle incorporates all
four approaches.
Reproduced from Ref. 61 by permission of John Wiley & Sons, Inc.
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interactions between infiltrating molecules with LbL films and the mesh size of
the LbL matrix should be considered.

For 3D LbL assemblies, drugs can be incorporated in the shell of capsules or
trapped within their internal cavity. The mesh size and the permeability of the
LbL films and capsules are important for biomolecules trapping and can be
controlled by environmental conditions such as pH, temperature or ionic
strength. Polyelectrolyte multilayer capsules consisting of poly(diallyldi-
methylammonium chloride) PDADMAC and PSS were shown either to swell
or to shrink in water at elevated temperatures depending on the polyelectrolyte
forming the outer layer rather than on the total number of layers.66,67

Shrinkage of the PDADMAC/PSS microcapsules resulted in denser and
more mechanically stable structures.68,69 This thermally induced shrinkage of
the capsule walls allows incorporation of hydrophilic solutes within the
capsules.68

Bioactive molecules can be a part of the template used for LbL deposition.
Templates for LbL constructions can be either insoluble particles of pure
drugs,21–24 or non-drug templates loaded with biologically active compounds.
The latter approach has been used for the encapsulation of DNA,70–72

proteins73,74 and siRNA.75 Dissolution of the core material yields functional
capsules containing the loaded compound dissolved within their interiors.
Depending on the ratio between the molecular sizes of the entrapped
compound and the mesh size of the capsule wall, encapsulated material can
then either controllably diffuse out of the capsule, or remain trapped within the
capsule interior compartment.

17.5 Drug Release Strategies

LbL assemblies can support either ‘‘passive’’ delivery of loaded compounds
(occurring due to drug diffusion or hydrolytic film degradation), or release of
functional compounds in response to stimuli. Stimuli-responsive drug release
can occur as a result of desorption of a drug from LbL films, enhanced
permeability of multilayer films, or decomposition of the entire film/capsule
wall. The stimuli can be divided into three categories: chemical (pH, ionic
strength, solvent), physical (light, electric or magnetic field, temperature and
mechanical stimuli) or biological, responding to the presence of bioactive
compounds.76 Very often, at physiologic conditions, external stimuli become
useful.77 It is also useful to construct pulsatile delivery systems responding in an
on-off manner to applied stimuli.

17.5.1 Diffusion-controlled Release

Release of functional molecules of low molecular weight is often regulated by
their concentration gradient between the film and the environment. In this
diffusion-controlled release scenario, recent studies established correlations
between film porosity, pore size and rate of loaded molecule diffusion.78 Several
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functional molecules (for example, cationic and anionic molecules) can also be
co-loaded and simultaneously released from the film through this elution-based
mechanism.79 Specifically, this has been demonstrated with two model
molecules – anionic methyl orange and cationic rhodamine 6G – which were
incorporated within the PEM film through adsorption to positively and
negatively charged groups provided within the film by the assembled poly-
ampholytes.79 Simultaneous delivery of hydrophobic and hydrophilic
molecules from LbL-covered surfaces by a diffusion mechanism has also been
reported.80

One of the problems frequently met with controlled release relying
exclusively on diffusion is that loaded functional compounds leach out of LbL
films in a short period of time. For many biomedical applications, it is desirable
to extend the release time for at least several days or weeks to increase thera-
peutic dose and diminish risk of toxicity. A promising approach to slow down
diffusion of drugs from LbL films is the insertion of low-permeability barrier
layers within PEM films. This approach was first demonstrated for hydro-
lytically degradable PEM films though the insertion of PAH/PAA or other
barrier layers.81 Release profiles can also be tailored by capping the films with
diazoresin and PSS barrier layers (Figure 17.6 a and b).79 Very recently, it has
been shown that incorporation of graphene oxide as a barrier layer within
hydrolytically degradable protein-containing films extends the release profile to
as long as 30 to 90 days.82

Diffusion-controlled delivery of functional molecules has also shown
promising for biological applications with 3D LbL constructs. Specifically,
CHIT/alginate capsules loaded with the anticancer drug daunorubicin (DNR)
within their interiors effectively induced the apoptosis of BEI-7402 tumor cells.
The release profile followed diffusion-controlled kinetics with complete release
from 2 to 6 h.83 In another case, LbL capsules with heparin at both the PEM
wall and in the hollow interior acted as centers for binding of growth factors
(such as TGF-b1), and prolonged the release of bioactive molecules. TGF-b1
burst release was followed by its sustained release over several days without
affecting its biological activity.84 Moreover, heparin-containing capsules can be
incorporated within a gelatin tissue engineered cryogel scaffold without
changing its properties.

17.5.2 Hydrolytic Degradation

Hydrolytic degradation of LbL constituents is often explored as a means to
release molecules that are either incorporated within LbL films, or trapped
within LbL capsules. The use of micelles,85 nanoparticles,86,40 polycyclo-
dextrins63 and prodrugs in alternation with polyions is reported for hydrolysis-
based delivery of bioactive molecules. In addition to the above assemblies,
which rely on non-covalent interactions, fabrication of degradable multilayer
films and capsules via ‘‘click’’ chemistry has recently been explored.87,88

A series of biocompatible cationic poly(b-amino esters) is frequently used as a
degradable component for multilayer construction. Films containing this
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degradable polycation can incorporate and release various individual
drugs,89–92 or multiple therapeutic agents, including gentamicin, vancomycin
and/or diclofenac.93–95 Hydrolytically degradable poly(b-amino ester)/DNA
PEMs deposited at planar substrates and at the surface of poly(styrene) particles
hold significant promise for DNA vaccine delivery.92,96,97,91,98 Importantly, since
the hydrolytic degradation rate of poly(b-amino ester) depends on the hydro-
phobicity, charge density and strength of ionic pairing within PEM film,99,100

degradation of LbL films can be controlled by molecular parameters, as well as
by the conditions of film assembly.

Many drugs are, however, hard to include directly within LbL assemblies at
the step of film assembly, because of their small size and few functional groups.

Figure 17.6 Time-dependent simultaneous release profiles of methyl orange (MO)
and cationic rhodamine 6G (R6G) molecules from PAH-D-CO2
microgels containing amine and carbamate groups assembled with PSS
in a (PAH-D-CO2/PSS)10 film (a), and a (PAH-D-CO2/PSS)10 film
capped with a cross-linked diazoresin (DAR) and PSS barrier layer (b).
Inset in (b) shows the release profile during the first 9 h.
Reprinted with permission from Ref. 79. Copyright (2010) American
Chemical Society.
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Several approaches have been used to overcome this challenge. In one
approach, small drugs (such as ciprofloxacin, flurbiprofen and diclofenac) have
been bound within polymeric cyclodextrins, offering the negatively charged
groups of the drug free to be assembled with a range of degradable polycations
within LbL films.63,94 Figure 17.7 illustrates this approach, in which bioactive
molecules were included within the cyclodextrin units of the polymer to
promote their assembly within the film. The release profiles were shown to be
independent of the type of incorporated agents and were governed by
hydrolytic degradation of the polycations.63 However, in this approach,
bioactive molecules remained bound within cyclodextrin interiors even after
release of the functional molecules to the solution. In another recent study,
BCMs were used for pre-loading of hydrophobic drugs (paclitaxel and
diclofenac) prior to their assembly with a hydrolytically degradable polycation,
and resultant PEMs controllably released drugs to in vitro cultured cells.85

Figure 17.7 LbL assembly of hydrolytically degradable polycations and anionic
supramolecular complexes. Poly(carboxymethyl-b-cyclodextrin) in
combination with small bioactive molecules was used as the anionic
supramolecular complex. (a) Fluorescent chemical probe prodan; (b)
ciprofloxacin; and (c) and (d) non-steroidal anti-inflammatory drugs
(NSAIDs) flurbiprofen and diclofenac.
Reproduced from Ref. 63 by permission of John Wiley & Sons, Inc.
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Hydrolysable components can also be a part of a drug carrier. For example,
hydrolysable poly(ethylene oxide)-block-poly(caprolactone) (PEO-b-PCL)
BCMs were used as containers for drug inclusion within LbL assemblies.101

Hydrogen-bonded films of triclosan-loaded PEO-b-PCL BCMs and PAA
rapidly deconstructed to release micelles upon exposure to physiologic
conditions, yet the film decomposition rate could be decreased via thermal
cross-linking of the film.101 In another example, hydrolysable nanoparticles (i.e.
poly(lactic acid) nanoparticles (PLA NPs)) were included within PLA NP/PEI
films, and shown to support prolonged release of pyrene from the films.40

Nanoparticles of poly(DL-lactic-co-glycolic acid) were also included within
PEMs and used for multiple drug delivery.86

An interesting type of degradable LbL assembly includes ‘‘charge-shifting’’
polymers, which change (‘‘shift’’) their charge rather than chain length during
degradation.102,103 For example, LbL films containing citraconate-modified
PAH were stable at neutral pH, but degraded producing positively charged
PAH in weakly acidic conditions.103 Changes in the polymer net charge within
the layers promoted film disintegration (Figure 17.8). Such LbL films show
longer degradation times compared to traditional degradable films whose
degradation occurs through main chain cleavage.

Figure 17.8 Hydrolysis of the citraconic amide side chains of anionic ‘‘charge-
shifting’’ polymer 2 under acidic conditions yields cationic poly(ally-
lamine). Anionic polymer 2 in combination with polycations can be used
to fabricate polyelectrolyte multilayers. Time-dependent changes in the
net charge of polymer 2 promote film disintegration and the release of
cationic film components.
Reproduced from Ref. 103 with permission from The Royal Society of
Chemistry.
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In a different approach, a drug is bound to the polymer matrix via a
hydrolysable bond.104,105 LbL assemblies of CHIT with a prodrug – paclitaxel
conjugated with hyaluronic acid (HA) via succinate ester linkage – showed
selective release of paclitaxel, while polymer matrices remained stable.104

Similar release, triggered by hydrolysis of a prodrug linkage with the film,
was demonstrated for hydrogen-bonded PAA/glucocorticoid-
poly(N-vinylpyrrolidone) (PVPON) multilayers, in which hydrolysis of a
prodrug hydrazone linkage was enhanced under acidic pH.105 In both
examples, the released drug retained its therapeutic activity.

While the above strategies are used for continuous, time-extended release,
burst and/or pulsed on-demand release can be beneficial for some biomedical
applications, where it could minimize the development of antibiotic resistance
or long-term toxicity. An interesting ‘‘explodable’’ system recently reported is
based on dextran–hydroxyethyl methacrylate (dex-HEMA) microgels coated
with PEM films that were impermeable to the degradation products of
dex-HEMA.106 Degradation of dex-HEMA caused a buildup of inner pressure
within the microcontainer, eventually leading to the rupture of the PEM
coatings and the burst release of encapsulated protein.106,107

17.5.3 pH-triggered Release

Developing LbL-based systems with built-in pH sensitivity is useful for several
routes including delivery of (a) proteins and peptides through the gastroin-
testinal tract, (b) anticancer drugs to tumor cells or (c) anti-inflammatory drugs
to inflamed tissues. In all these cases, local pH variations in specific tissues are
used as a trigger to deliver enhanced amounts of drugs. pH variations induce
increased drug flux either from the LbL film itself (which could be a part of an
LbL capsule or a planar coating deposited at the surface of a biomedical
implant), or from the interior of the LbL capsules.

pH response is usually realized through inclusion of weak polyelectrolytes
(wPEs) within LbL films. At pH values different from the film assembly pH,
such LbL assemblies can change their swelling degree or mesh size (and
therefore their permeability characteristics), or even decompose.108,109 For
example, hydrogen-bonded LbL films demonstrate pH-sensitivity as a result of
deprotonation of poly(carboxylic acids) at increased pH values.110 Another
study describes application of dendrimer/poly(methacrylic acid) (PMAA) LbL
films stabilized by a combination of hydrogen bonding and electrostatic
pairing, for pH-triggered rapid drug release.111

A significant challenge in constructing biologically relevant pH-responsive
coatings is tuning the film response within the pH range close to physiological
conditions. One example of such tuning has been demonstrated for hydrogen-
bonded films containing temperature-responsive polymers. Decomposition pH
of these LbL assemblies could be tuned by varying deposition and/or post-
assembly temperature.112 Specifically, when PNIPAAm/PMAA films prepared
at different temperatures were exposed to solutions of increasing pH at the
same temperature, they exhibited different pH stability. The critical pH of film
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disintegration (pHcrit) at 23 1C increased from 5.5 to 5.8 and 6.1 for assembly
temperatures 10, 23 and 30 1C, respectively (Figure 17.9). These systems might
be useful as temperature-triggered drug-release delivery systems.

The pH-decomposable films can also be stabilized within a broad pH range
through thermal, chemical or photochemical cross-linking of film
components.113,114 In one example, chemical cross-linking of hydrogen-bonded
PMAA/PVPON, followed by PVPON release, resulted in hydrogel-like PMAA
coating, which could be reversibly loaded with various functional
compounds.114 Importantly, such films can retain bioactive molecules at
pH 7.4, and release their contents upon pH lowering. Recently, films of this
type were saturated with an electrostatically interacting antimicrobial peptide,
and they released the peptide in response to the local pH lowering associated
with bacterial infection (Figure 17.10A).65 As the pH decreased, the peptide L5
was released faster from ethylenediamine (EDA)-stabilized (PMAA)10
hydrogels (Figure 17.10B), retaining its antibacterial activity (Figure 17.10C
and D). Cross-linking of LbL films of a different type has also been used to tune
the critical pH of film disintegration to neutral values of pH, as demonstrated
for multilayers of PAH-porphyrin conjugate and thiol-modified PAA.115

Electrostatically assembled multilayer films containing wPEs were also used
for controlled release of charged dyes via pH changes.111,116,117 Similarly,
release of antibiotics, such as cefazolin and gentamicin, from electrostatically
assembled films of poly(L-glutamic acid) (PLGA) and PLL has also been
triggered via pH changes.118 Importantly, released antibiotics retained their
antibacterial activity against Staphylococcus aureus.118 A model hydrophobic
compound, pyrene, was also incorporated within electrostatically assembled
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Figure 17.9 pH-triggered disintegration of hydrogen-bonded PNIPAAm/PMAA
films deposited at 10 1C (squares), 23 1C (circles) or 30 1C (diamonds) and
destructed in solutions at 23 1C.
Reprinted with permission from Ref. 112. Copyright (2009) American
Chemical Society.
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films of amphiphilic BCMs, and films showed pH-dependent release of pyrene
owing to the pH response of core-forming polymer blocks.119

For LbL capsules, changes in shell charge and permeability control the
release of loaded molecules from the wall or the interior of the capsule,
respectively. Biomimetic LbL capsules built from human serum albumin (HSA)
and a zwitterionic lipid, L-a-dimyristoyl phosphatidic acid (DMPA) were
permeable to dextran (40 kDa) at pH 4.8 and lower, but impermeable at pH 7.4
or higher120 as a result of pH-induced charge changes in HSA and DMPA, also
causing conformational reorganization of HSA. Permeability of hydrogen-
bonded capsules of PVPON, poly(N-vinylcaprolactam) (PVCL) or PNIPAAm
with tannic acid (TA) towards FITC-labeled polysaccharides was also
controlled by pH variations resulting in changes in multilayer total charge.121

Usually, the release of encapsulated cargo from capsules is promoted by an
increase in the density of charges of the same sign. For example, lysozyme was
retained within PAH/PAA capsules at pH 7.4, but was released at pH 2 due to
repulsions between lysozyme and pH-induced positive charges in PAH

Figure 17.10 (A) Scheme illustrating release of peptide L5 from the LbL films due to
pH lowering during bacterial growth. (B) Effect of pH on retention of
peptide within the film. The inset shows normalized optical density of
S. epidermidis measured at 600 nm (OD600) in tryptic soy broth (TSB)
after incubation for 4 h in the presence of the as-synthesized or peptide-
loaded hydrogels. Surface coverage by S. epidermidis of (PMAA)10 as-
synthesized (C) and peptide-loaded (D) after incubation for 4 h in the
TSB medium.
Adapted with permission from Ref. 65. Copyright (2010) American
Chemical Society.
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chains.122 In another system useful for oral delivery of protein drugs, release of
bovine serum albumin from microcapsules of CHIT and DEXS was suppressed
at pH 1.4, but occurred very rapidly at pH 7.4 as a result of a decrease of the
positive charges on CHIT.123 Capsules constructed from non-degradable
polymers, poly(4-vinylpyridine hydrochloride) (PVP) and PSS, also allowed
encapsulation of HSA in the pH range 6–6.8 where capsule walls were highly
swollen, and HSA release at pH46.8 where capsule walls dissolved.124 pH-
responsive capsules from organomodified clay layers sandwiched between
PDADMAC and PSS have shown release of ibuprofen (pKa¼ 4.4) at low pH,
as a result of desorption of electrostatically bound ibuprofen from clay
nanosheets at acidic pH values.125

Some interesting systems with dual response (with pH used as one stimulus)
have also been reported. Release of FITC-dextran from intra-cellularly
degradable polyelectrolyte capsules was simultaneously mediated by pH and by
an enzyme. Such microcapsules are attractive candidates for local delivery of
drugs to target tissues.126 Paramagnetic microcapsules composed of CHIT and
citrate-modified metal oxide nanoparticles have also provided pH-sensitive
release of methylene blue (MB).127 When the MB-adsorbed magnetic micro-
spheres were placed in solutions of pH 7 or 10, no significant amount of the dye
was released even after 48 h. However, at pH4 almost all MB was released from
the loaded microspheres in 48 h due to weakening interactions between the
assembled molecules.127

Recently, pH and salt stimuli were used to regulate singlet oxygen generation
efficiency of the porphine-based fluorophore (Por4–) within LbL films through
spacing of Por4– and Ag clusters with pH- and salt-responsive (PAA)/
poly(diallyl-dimethylammonium chloride) (PDDA) bilayers (Figure 17.11).128

The approach could be used to control the activity of oxygen-producing species
in photodynamic therapy.128

Figure 17.11 Schematic of tunable metal-enhanced fluorescence (MEF) effects as
influenced by ionic strength or pH.
Reproduced from Ref. 128 by permission of John Wiley & Sons, Inc.
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17.5.4 Salt-triggered Release

In contrast to polyelectrolyte gels, PEM films usually swell with increasing ionic
strength. Salt ions weaken the interactions between polycations and polyanions
within the layers, and also contribute to increase the osmotic pressure within the
films. At a certain critical ionic strength multilayers can dissolve. The influence of
salt concentration on permeability and morphology of electrostatically
assembled multilayers,129–131 as well as the mechanism of swelling and
dissolution of PEM films,132 are well known. However, salt has the opposite
effect on PEMs containing hydrophobic polymers.133 For example, the presence
of salt in solution triggered an increase in hydrophobic interactions within the
PSS/polycation capsule wall, resulting in capsule shrinkage.133 Figure 17.12
shows an interesting example of salt-induced fusion of PEM capsules composed
of PDADMAC and PSS, in which salt enhanced molecular mobility of
assembled polyelectrolytes and enabled capsule fusion.134 Such an approach is
promising for constructing various artificial vesicles, including artificial cells.

Increased concentrations of small ions can also be used to trigger release of
functional molecules from LbL assemblies. Salt-induced release of MB from
PLGA/PLL multilayers, for example, has been demonstrated.135 While complete
release of MB in deionized water was accomplished within several hours, only a

Figure 17.12 Fusion mechanism of microcapsules (a), and the magnified view of the
interfacial areas. (b) (I) Salt creates defects and pores in the contacting
membranes; (II) pores enlarge by lateral tension; (III) the inner contents
of neutral polymers mix; and (IV–V) the polyelectrolyte molecules in
the membranes do not mix.
Reproduced from Ref. 134 with permission from The Royal Society of
Chemistry.
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few minutes were required for the dye release in buffered solution.135 The
mechanism of release in this case most likely includes direct displacement of MB
from the binding sites in the film.

17.5.5 Electrochemical and Redox-activated Release

Application of electrical signals is an attractive way to control drug delivery via
remote stimuli. The approach is simple, safe and inexpensive. However, special
attention should be paid to the susceptibility of drugs to be oxidated or reducted,
and to the effect of applied current on the behavior of tissue and cells. It was found,
for example, that current densities larger than 0.57Am–2 induce death of myoblast
cells cultured directly on the microelectrodes within 2 min of exposure.136

The manipulation of PEM stability and controlled release of functional
molecules is enabled by the effect of the electric field on the charge and/or the
oxidation state of the film. For example, the formation and stability of
biocompatible PLL/heparin multilayers depend on the applied potential.137

The application of a voltage to a multilayer-coated indium tin oxide (ITO)
electrode resulted in on/off switching of heparin elution from the films.137

Similarly, release of porphyrin from PAH/PAA LbL film was achieved by
application of electrode potential þ1.2V or higher.138 PLL/DNA films
fabricated at 0V were stable in pH7.4 buffer, but dissolved slowly under
applied potential higher than 1.8V. However, dissolution was much quicker if a
bias potential of 1.2V was applied during film fabrication.139 Moreover,
electrochemical release has been demonstrated with films of electro-active
nanoparticles. LbL films containing such nanoparticles dissolved due to a
change in the oxidation state of the nanoparticles, resulting in release of film
constituents.140 This work demonstrates the rich potential of electrochemical
techniques to control dissolution kinetics of LbL coatings.139

Significant attention has been paid to explorations of the mechanism of PEM
modification upon the application of an external current. The process was
explained by pH changes occurring in the vicinity of the electrode as a result of
the electrolysis of water and the migration of ions within the film, in response to
the applied potential.139,141 A proton gradient is established next to the
electrode as a result of the application of the electric field (the longer the
distance from the electrode, the lower the proton concentration). A decrease in
pH by more than 1 unit was observed at the distance up to 20 mm from the
electrode in water after application of 4Am–2 current for 1.5 s, while in buffer
the extent of the pH change was narrowed to the submicrometer range.136 The
produced protons neutralize charge on weak anionic groups within PEMs,
leading to disruption of polyanion/polycation ionic pairs, and eventually to
release of free polyelectrolytes in the bulk solutions. Charge misbalance also
occurs as a result of proton absorption, and the excess of positive charge is
compensated by counter-ions migrating within the films.141 This can result in
elevated osmotic pressure, formation of cavities in the assembly and film
detachment. In one example, electrochemically triggered release of dye
molecules from liposomes embedded within PLL/PLGA multilayers
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(Figure 17.13) occurred due to protonation of the negatively charged phos-
phatidyl serine head groups of the lipids, leading to destabilization and rupture
of the vesicular assembly.142 Another hypothesis on the mechanism of elec-
trochemical degradation includes the formation of gases at the electrode
surface. For example, oxygen is produced during water electrolysis, and
chloride ions present in the vicinity of the electrode might also be oxidized to
form Cl2.

141 Gases, produced and accumulated under the PEM films, can form
bubbles and eventually lead to delamination of PEMs from surfaces.141

Another way of changing the molecular charge within LbL films is through
changing redox state of film constituents. In one example, LbL organometallic
capsules change their permeability in response to chemical oxidation with
FeCl3.

143 Another promising route to control PEM permeability is cleavage of
disulfide bonds by the addition of a reducing agent (such as dithiothreitol), or
by reducing agents existing in Nature, such as the reducing conditions of a cell
membrane.144–146 For example, the cellular concentration of glutathione was
found to regulate degradation of the disulfide-cross-linked PMAA shell,
causing release of a peptide from the capsule shell.147 LbL films of a hyper-
branched poly(amido amine) containing bioreducible disulfide bonds have also
been applied for DNA delivery.148 The release dynamics of DNA could be
controlled by the type of binding of DNA within LbL constructs. When DNA
was included within LbL as DNA-polycation complex, rather than unbound
DNA chains, faster DNA delivery was achieved.148 These results are promising
for controlled gene delivery and tissue engineering applications.

Figure 17.13 Schematics of LbL films containing pH-sensitive liposomes for elec-
trochemically triggered release of the liposome content. The platform
includes the underlying PEM (uPEM), the vesicles and the covering
PEM (cPEM).
Reproduced from Ref. 142 by permission of John Wiley & Sons, Inc.
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17.5.6 Temperature-triggered Release

Temperature-induced hydrophilic-to-hydrophobic polymer phase transitions
have also been used to control drug delivery. One approach to achieve highly
efficient temperature-control delivery of functional compounds from LbL films
is to include temperature-responsive micelles within multilayers. Often, these
systems contain PNIPAAm, a biocompatible polymer with a lower critical
solution temperature (LCST) of B32 1C. One example of constructing
temperature-responsive assemblies using PNIPAAm-containing BCMs is
hydrogen-bonded films of PVPON-b-PNIPAAm micelles assembled with
PMAA (Figure 17.14).149 A decrease in temperature below the LCST of
PNIPAAm led to the solubilization of micellar core blocks and the acceleration
of the release of incorporated small hydrophobic molecules.149

Multilayers of cationic BCMs poly(2-(dimethylamino)ethyl methacrylate)-
block-PNIPAAm (PDMA-b-PNIPAAm) with PSS showed temperature-
controlled switching between the hydrophobic and hydrophilic state of

Figure 17.14 Panel A. Temperature-induced swelling/deswelling of hydrogen-bonded
films of PVPON-b-PNIPAAm micelles assembled with PMAA. In situ
ellipsometry measurements of thickness (a) and refractive index (b) of a
(BCM/PMAA)4 film in 0.01M phosphate buffer of pH 5.0 at 20 1C
(filled squares) and 45 1C (open squares), and AFM images taken for
film dried at 45 1C (c), as well as for wet film at 20 1C (d). Panel B.
(a) Release kinetics of pyrene from a [BCM/PMAA]10 film in 30mL of
pH 5.0 buffer solution at 20 and 37 1C. Pyrene release was monitored by
measuring fluorescence intensity of pyrene accumulated in solution
(lex¼ 338 nm, lem¼ 373 nm). (b) Schematic representation of reversible
temperature-triggered swelling of BCM/PMAA films.
Reprinted with permission from Ref. 149. Copyright (2009) American
Chemical Society.
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assembled micellar cores.150 Similar reversible switching between hydrophobic
and hydrophilic states of the film-assembled micelles was recently reported for a
different system.151 Temperature-controlled film swelling/deswelling was also
used to regulate the release of a micelle-loaded pyrene dye, whose release rate
increased at temperatures below the LCST of PNIPAAm (Figure 17.15).150

Very recently, hydrogen-bonded multilayers of micelles of the pH- and the
temperature-responsive block copolymer, poly[2-(N-morpholino)ethylmetha-
crylate-block-2-(diisopropylamino)ethyl methacrylate] (PMEMA-b-PDPA)
and tannic acid (TA) releasing pyrene have also been reported.152

Alternatively, temperature response can be endowed to LbL films via inclusion
of liposomes as multilayer constituents.50 Heating liposome-containing PEMs
above the phase transition temperature of the constituent lipid ofB41 1C resulted
in an increase of lipid bilayer permeability and release rate of vesicle-encapsulated
molecules. Moreover, the response was reversible, and release of functional
molecules could be interrupted by lowering the temperature below 41 1C.50

17.5.7 Light-triggered Release

The use of light as a remote trigger for drug delivery is attractive as it provides
spatial and temporal control of bioactive molecule release.153 Important
parameters for such controlled drug delivery are interaction of external
radiation with light-sensitive molecules and/or metal nanoparticles

Figure 17.15 Surface morphology of wet BCM/PSS single bilayer films after 5 min
exposure to 0.01M phosphate buffer solutions at (a) pH 6, 45 1C,
(b) pH 6, 25 1C, (c) pH 4, 45 1C and (d) pH 4, 25 1C observed by in situ
AFM. (e) Release profile of pyrene dye from (BCMpyr/PSS)10 film in
0.01M phosphate buffer solution at pH 6 as followed by the intensity at
374 nm with excitation wavelength of lex¼ 333 nm. pH of aqueous
solutions was adjusted to 6, and temperature was controlled at 25 1C
(squares), 35 1C (circles), 40 1C (triangles) and 45 1C (hexagons).
Reprinted with permission from Ref. 150. Copyright (2011) American
Chemical Society.
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incorporated within coatings. The delivery profiles of bioactive compounds can
be tuned by light wavelength and power.154,155 Incorporation of gold nanorods
within PEMs, for example, provides wavelength-selective response of LbL
assemblies in the visible and near infrared (NIR) regions.156 A combination of
exceptional mechanical and optical properties of carbon nanotubes (with
absorption in broad spectral infrared and visible range) also makes them
attractive candidates as functional blocks for LbL assemblies capable of light-
triggered release of bioactive molecules.36 NIR light is promising for in vivo
applications, as it penetrates deeper biological tissues, and is less damaging to
cells compared to visible light.

In the case of plasmonic nanostructures assembled within multilayer films,
the response is achieved through photothermal effects, i.e. local heating
generated as the result of light absorption and scattering by metal nanopar-
ticles. This process can result in changes in PEM permeability and/or in film
rupture, depending on the incident intensity of light, the size of the nanopar-
ticles and their absorption characteristics. For example, AuNPs do not have
NIR absorption, but an NIR absorption band emerges with core/shell
structures or gold aggregates (e.g. obtained by adding salt ions).157 In earlier
studies, fast release of functional molecules from AuNP-containing LbL
capsules via NIR irradiation was realized as a result of high thermal stress and
shell rupture.158–160 In more recent studies, the use of aggregates of AuNPs
enabled not only ‘‘explosions’’ of the capsules to be avoided, but also
membrane permeability to be reversibly controlled. The shells permeability was
decreased after the laser was turned off and subsequently increased when the
laser was turned on161 (Figure 17.16). In another example of reversible
response, films and capsule-included films of biocompatible polymers (HA and
PLL) containing aggregates of AuNPs released their cargo under stimulation
with NIR as a result of light-triggered changes in film permeability.162

Incorporation of chemical photosensitive groups within LbL assemblies is
another promising approach for constructing capsules for reversible encapsu-
lation and release of molecules of interest. For example, capsules containing
photoactive groups such as azobenzene moieties are good candidates
for encapsulation of heat-sensitive molecules (proteins and DNAs), which
might denature in conditions of extreme heat generation, often caused by
interaction of light with plasmonic nanostructures. Light can also induce
greater mobility of molecules within LbL assemblies, and this phenomenon
can be used as a tool for encapsulation of molecular cargo. For example,
light-induced shrinking of capsules made of PAH, poly{1-[4-(carboxy-
4-hydroxyphenylazo)benzenesulfoamido]-1,2-ethanediyl, sodium salt} and
poly(vinylsulfonate), was used for encapsulation of fluorescent dextran.163

Several interesting examples exist of the use of light to activate release of
therapeutic species from LbL microcapsules. For example, when taken up by
cells, ALG/CHIT capsules containing entrapped drug for photodynamic
therapy, hypocrellin B (HB), remained biocompatible in the absence of
radiation, but became highly cytotoxic after irradiation with UV light as a
result of oxygen-containing radicals produced by HB.164 In another example,
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porphyrin included within PEM capsule walls as a light absorbing agent
endowed the capsule walls with the capability to deform under 532 nm laser
irradiation in the presence of an oxidizing agent, a feature that could be useful
for drug release.165 Finally, another interesting approach describes the use of
light to produce protons from microencapsulated photo-acid generating
compounds. Specifically, the UV-light-triggered pH lowering resulted in
microcapsule swelling and release of the entrapped drugs.166

17.5.8 Magnetic Field-triggered Release

At high-frequency magnetic field (HFMF) of 50–360 kHz, magnetic nano-
particles produce heat and promote stress development in the polymer multi-
layers that can result in changes in PEM permeability due to nanocavities
development or even multilayer rupture.167,168 For instance, the amount of
doxorubicin (Dox) released from (Fe3O4 NP/PAH)4 capsules under a magnetic
stimulus is significantly higher than from the same capsules in the absence of
magnetic field (Figure 17.17).167 In another interesting example, LbL films of
magnetic nanoparticles on oil droplets allow drug loading in the oil core and

Figure 17.16 Remote release from microcapsules. (A) Schematics of nanoparticle
functionalized polyelectrolyte layers opening channels upon laser
illumination; (B) a polymeric microcapsule shell acts as a reversible
nanomembrane. After the second illumination the microcapsule
completely releases its content (right).
Reprinted with permission from Ref. 161. Copyright (2008) American
Chemical Society.
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are promising for magnetically driven delivery of biomolecules.169 Importantly,
magnetically sensitive alginate-templated LbL microshells constructed for Dox
delivery were less cytotoxic than Dox itself.170 In addition to release through
damage or rupture of the capsule walls, drug release can also occur due to a
phase transition in the lipid membrane caused by heating of magnetic nano-
particles under magnetic stimuli, such as in the case of capsules composed of
polyelectrolytes, magnetic nanoparticles and lipids.171 Finally, microparticles
with dual response to magnetic fields and laser radiation have been recently
constructed by simultaneous incorporation of iron oxide and gold nanopar-
ticles within LbL shells.172

17.5.9 Ultrasound-triggered Release

Ultrasound can also be used as a promising means for treatment and drug
delivery.173 Disruption of polymer layers under ultrasound treatment is due to
the shear forces between the fluid layers. High power ultrasonic treatment (120
or 500W, 20 kHz) of PAH/PSS174,175 and Fe3O4 NP/PAH/PSS 175 capsules
disrupted capsule walls and released the encapsulated material even at short
(5 s) sonication times. PEMs with magnetite nanoparticles enable magnetic-
field-assisted targeting of capsule to the desired site before ultrasonic
treatment.175

Figure 17.17 Doxorubicin release profiles of (Fe3O4/PAH)4 capsules triggered by a
HFMF, from 12 to 39min (black squares). The control groups of
(PSS/PAH)4 capsules without magnetic iron incorporation under
HFMF (blue triangle) and without HFMF (green triangle), and
(Fe3O4/PAH)4 capsules without HFMF treatment (red circles) are also
shown.
Reprinted with permission from Ref. 167. Copyright (2008) American
Chemical Society.
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It is important to minimize the intensity and time of ultrasound exposure to
the safety level of a few W cm–2.176 Improved sensitivity of drug carriers to the
ultrasound has been achieved, for example, by inclusion of ZnO nanoparticles
within PAH/PSS capsules. In addition, incorporation of ZnO nanoparticles
significantly increases their stiffness.177 Under the same power and time of
treatment conditions, the capsule wall disintegrated to much smaller shell
residues as the fraction of ZnO nanoparticles within the multilayers
increased.177

17.5.10 Application of Biological Stimuli

17.5.10.1 Sugar-induced Release

Engineering glucose-sensitive materials that release insulin in response to
elevated levels of glucose in blood are central in the treatment of diabetes.
Sensitivity of these materials to glucose is often provided through inclusion of a
glucose-binding boronic moiety. Glucose-responsive LbL films and capsules
were constructed by including, for example, glucose oxidase, lectin and
phenylboronic acid.178,179 LbL films of poly(vinyl alcohol) (PVA) and
poly(acrylamide-co-3-(acrylamido)phenylboronic acid) have demonstrated
sensitivity to 5–30mM of glucose via enhanced film decomposition.180

However, these films slowly decomposed even in the absence of glucose.180

LbL capsules stable at normal glucose level (5mM) were constructed from PSS
and a copolymer containing phenylboronic acid moieties.181 These capsules
decomposed within 5min in the presence of 27mM glucose.181 Another
glucose-sensitive LbL system includes films and capsules built from PVA-
borate and CHIT.182 These capsules disintegrated within several hours in the
presence of 25mM glucose, and additionally allowed efficient loading of Dox
for a combined targeting and treatment of cancer cells, which have higher
glucose content.182

17.5.10.2 Enzymatic Degradation

PEMs susceptible to degradation by enzymes have also been explored. The fact
that polypeptides and polysaccharides degrade into non-toxic, non-
immunogenic monomeric products makes them specifically promising
candidates for enzymatic drug delivery. For example, LbL films of CHIT and
HA degradable by lysozyme and hyaluronidase have been constructed.183 The
rate of degradation of these films, as well as other biocompatible PLL/DNA
multilayers,184 could be significantly lowered by covalent cross-linking.183 In
the latter system, degradation of PLL/DNA film resulted in release of DNA. As
in the case of hydrolytically degradable assembly, stability, permeability and
degradation of enzymatically degradable LbL assemblies were strongly
influenced by the nature of the polymers, as was demonstrated for PLL/HA
and PAH/HA capsules stabilized by carbodiimide chemistry.185 Higher sensi-
tivity of the PLL/HA capsules to degradation by hyaluronidase was explained
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by weaker interactions between the polyelectrolytes as compared to the
PAH/HA systems.185

Since the rate of enzymatic degradation depends on enzyme concentrations,
multilayers can be advantageously used to regulate local enzyme concentration
through enzyme adsorption at the LbL surface.73 Larger amounts of
chitosanase were adsorbed – for example at the DEXS-topped/CHIT multi-
layer – as a result of electrostatic interactions, as compared to CHIT-topped
multilayer, leading to faster enzymatic degradation of the membrane of the
capsules.73 In another example, the degradation rate of DNA/PDADMAC
films was controlled by the concentration of Ca21 and Mg21 affecting activity
of DNase I.186

Control over incorporation depth of a drug within a multilayer, as well as
over its released dose, can be achieved via a combination of enzymatic sensi-
tivity with click-chemistry. For example, Dox was conjugated to alkyne-
functionalized PLGA (PLGAAlk). PLGAAlk and PLGAAlkDox were assembled
with PVPON within LbL films at planar and colloidal silica templates. After
film stabilization using diazide cross-linkers and PVPON release, Dox-loaded
capsules were degraded enzymatically, showing sustained release of Dox over
2 h and in vitro anticancer activity.88 Similar to hydrolytic degradation, the
prodrug approach was also applied to enzymatically degrade LbL assemblies.
For example, assembly of a Dox-polymer conjugate within LbL films at the
surfaces of gold nanoparticles produced capsules responsive to the presence of
lysosomal enzyme cathepsin B. Release of Dox selectively occurred from Dox-
polymer conjugates with a specific amino acid sequence of an oligopeptide
spacer, while the release rate was negligible in the case of linkers with a random
amino acid sequence.187 Enzymatic fragmentation of a model fluorescently
labeled prodrug entrapped within biodegradable DEXS/poly-L-arginine
(pARG) multilayers produced fluorescently labeled peptide fragments, and this
occurred exclusively after capsule uptake by living cells, as the result of
degradation by intra-cellular proteases (Figure 17.18).188 In contrast, prodrug
entrapped within non-degradable PAH/PSS capsules was not released after an
incubation period of several days (Figure 17.18).188 Enzymatic degradation of
DEXS/pARG capsules was also used to deliver antigens and vaccines.189,190

17.6 LbL Interfacing Biology

Versatility and multi-functionality of LbL assemblies make them promising for
coating of a broad variety of interfaces, and especially surfaces of biomedical
devices.191,192 Specific examples include coatings of biomedical implants,
arteries, catheters and vessels. LbL assemblies with desired chemical
composition, molecular architecture and mechanical properties can be
constructed, which regulate surfaces interactions with cells and/or deliver
bioactive compounds to surrounding tissues. For example, incorporation of
growth factors within films of synthetic hydrolytically degradable polymers
and/or biologically derived oppositely charged polyelectrolytes (such as
heparin sulfate and chondroitin sulfate) significantly enhanced proliferation of

142 Chapter 17

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
6.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

17
View Online

http://dx.doi.org/10.1039/9781849734318-00117


MC3T3 preosteoblast cells.193 In another example, LbL assemblies of
PLL/pDNA194 and CHIT/pDNA195 on titanium significantly improved surface
interactions with fibroblast and osteoblast cells, respectively. PEMs can also be
used selectively to enrich cells in vitro. Fetal liver cells were successfully
enriched and maintained by the PLGA/PLL surface coatings.196 Specific modes
of interaction between LbL coatings and biological matter are not yet
completely understood, and significant advancement in the field can be
achieved through additional experimentation.

Apart from their use as functional coatings, PEMs can also be used for
growth and detachment of cell sheets.197 The approach includes building a non-
degradable support film (such as PAH/PSS) on top of a sacrificial precursor
film, and the use of this construct as a substrate for cell growth. The sacrificial
precursor film degrades in mild conditions, resulting in detachment of PEM-
supported cell sheets.197 This approach shows great potential for tissue repair
and evaluation of novel therapeutic agents.

The field of 3D LbL assemblies has continued to flourish and evolve towards
interfacing biology. A significant advantage of these multi-functional,
responsive 3D constructs is that they can be conveniently targeted to specific

Figure 17.18 Confocal microscope images taken immediately and during 2 h after
addition of (a) non-degradable PSS/PAH or (b) degradable DEXS/
pARG capsules loaded with a model fluorescently labeled prodrug to
embryonic NIH/3T3 fibroblasts.
Reprinted with permission from Ref. 188. Copyright (2009) American
Chemical Society.
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cells or tissues via their surface modification with a ligand. For example, specific
recognition of galactose-containing microcapsules by membrane galactose
receptors has been reported.198 Polyelectrolyte capsules expressing an antigen
have also been used for targeting the delivery to colon cancer cells.199

One promising and not yet sufficiently explored application of PEMs is their
use as skin patches for transdermal drug delivery. For example, LbL-based skin
patches with film-incorporated ovalbumin (ova) and cytosine–phosphate
diester–guanine-rich (CpG) oligonucleotides, enabled transdermal release of
both biomolecules to Langerhans cells in two different time scales – with rapid
release of ova, and sustained release of CpG.200 Considering the relative
simplicity and rapid progress made in the area of functional and stimuli-
responsive LbL materials, this approach shows great potential for LbL-based
delivery systems.
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encapsulation, 2001, 18, 385.

12. C. S. Peyratout and L. Dähne, Angew. Chem. Int. Ed., 2004, 43, 3762.
13. A. G. Skirtach and O. Kreft, in Nanotechnology in Drug Delivery, M. M.

de Villiers, P. Aramwit and G. S. Kwon (eds.), Springer, New York, 2009,
p. 545.

144 Chapter 17

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
6.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

17
View Online

http://dx.doi.org/10.1039/9781849734318-00117


14. C. M. Andres, M. L. Fox and N. A. Kotov, Chem. Mater., 2012, 24, 9.
15. O. Shchepelina, V. Kozlovskaya, E. Kharlampieva, W. Mao, A. Alexeev

and V. V. Tsukruk, Macromol. Rapid Commun., 2010, 31, 2041.
16. O. Shchepelina, V. Kozlovskaya, S. Singamaneni, E. Kharlampieva and

V. V. Tsukruk, J. Mater. Chem., 2010, 20, 6587.
17. X. Teng, D. G. Shchukin and H. Möhwald, Adv. Funct. Mater., 2007,
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A. G. Skirtach, Macromol. Biosci., 2010, 10, 465.

62. M. Dimitrova, C. Affolter, F. Meyer, I. Nguyen, D. G. Richard,
C. Schuster, R. Bartenschlager, J. C. Voegel, J. Ogier and T. F. Baumert,
P. Natl. Acad. Sci. USA, 2008, 105, 16320.

63. R. C. Smith, M. Riollano, A. Leung and P. T. Hammond, Angew. Chem.,
2009, 121, 9136.

64. G. B. Sukhorukov, D. V. Volodkin, A. M. Gu and A. I. Petrov, J. Mater.
Chem., 2004, 14, 2073.

65. S. Pavlukhina, Y. Lu, A. Patimetha, M. Libera and S. Sukhishvili,
Biomacromolecules, 2010, 11, 3448.
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T. Zemb and P. Guttmann, Adv. Mater., 2007, 19, 1331.

69. R. Palankar, A. G. Skirtach, O. Kreft, M. Bédard, M. Garstka, K. Gould,
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CHAPTER 18

pH- and Temperature-responsive
Hydrogels in Drug Delivery

FRANCESCO PUOCI* AND MANUELA CURCIO

Department of Pharmaceutical Sciences, University of Calabria, Edificio
Polifunzionale, Arcavacata di Rende (CS), 87036 Italy
*Email: francesco.puoci@unical.it

18.1 Introduction

Over the past two decades, controlled drug-delivery research has been focused
on two main challenges. The first one was to obtain sustained zero-order release
of therapeutic agents over a prolonged period of time. This goal has been
achieved for a wide range of systems, including matrices with controllable
swelling,1 diffusion2 or erosion rate.3 Even though these systems are thera-
peutically advantageous over the conventional systems, they are not always
effective from a pharmacological point of view because they remain insensitive
to the biorhythms and the pathological changes in the body. The need to obtain
materials able to respond to changes in the local environment prompted the
second challenge, which aims to fabricate stimuli-responsive materials able to
respond to changes in temperature, pH or concentration of specific molecules.4

The purpose is to synchronize drug release profiles with the modifications of
physiological conditions and to mimic the behavior of macromolecular systems
constituting living tissues, i.e. proteins, polysaccharides and nucleic acids,
which are stable along a wide range of external parameters, such as pH or
temperature, but undergo drastic conformational changes upon narrow
variation of these variables around a given critical point.5 Release of hormones
is an important example of the ability of the body to respond to the variation of
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the surrounding environment; in fact, in this process, a baseline release is
combined with pulsed, one-shot type release within a short time range.6,7 The
distinguishing characteristic of the stimuli-responsive materials is their ability
to undergo rapid changes in their microstructure from a hydrophilic to a
hydrophobic state, which are triggered by small perturbations in the
environment. The macroscopic changes that occur are reversible; namely, the
materials are capable of returning to the initial state when the trigger is
removed.8,9

Soft materials, such as hydrogels, have attracted great attention in the field of
smart drug-delivery systems, due to their versatility and their unique properties,
such as the high water content and soft and rubbery consistency that make
them similar to natural tissues. Depending on the preparation method,
hydrogels with different sizes and shapes can be obtained. Microgels are cross-
linked hydrogel particles that are confined to small dimensions, while nanogels
are characterized by their submicron size. Microgels and nanogels have a high
water content, a large surface area for multi-valent bioconjugation and an
interior network for the incorporation of therapeutics. These unique properties
offer great potential for their utilization in many fields, such as tissue
engineering,10 bionanotechnology11 and drug delivery.12 If synthesized with
suitable functionalities, the so-called ‘‘smart’’ or ‘‘intelligent’’ hydrogels can be
obtained. These kinds of materials are able to modify their size/shape through
abrupt changes in the physical nature of the network in response to external
or internal stimuli. Externally controlled stimuli, such as temperature, light,
pressure, sound and electric and magnetic fields, are produced with the help of
different stimuli-generating devices, ultimately resulting in pulsed drug
delivery.13 Internally regulated systems, however, include those responding to
the variations of internal body parameters, such as temperature, pH, ionic
strength, redox state and specific molecular recognition events. They are also
known as self-regulated devices, and the release rate is controlled by a feedback
mechanism produced within the body that leads to structural changes in the
polymer network, without any external intervention.

Hydrogels able to respond to pH and temperature signals have been the
most widely investigated. This is firstly because many physiological and
pathological conditions are accompanied by variations of pH and/or
temperature. Modifications of pH are indeed found along the gastrointestinal
tract and in certain tissues, tumoral and infected areas and subcellular
compartments, while the body temperature can be altered by several patho-
logical conditions, including infections and other diseases. Secondly, pH and
temperature can be easily registered or even manipulated under both in vitro
and in vivo conditions.14,15 It follows that hydrogels able to dramatically
respond to one or both of these signals are very useful in biomedical appli-
cations such as controlled release of drugs. This chapter is an overview of
the recent research on pH- and temperature-sensitive micro- and nanogels,
principally, and their application as drug carriers. Dually pH- and
temperature-responsive materials and their potential use as drug-delivery
systems are also discussed.
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18.2 pH-responsive Hydrogels for Drug Delivery

pH-responsive materials are polyelectrolytes characterized by bearing ionizable
weak acidic or basic moieties attached to a hydrophobic backbone able to swell
or collapse in response to the pH variation in the surrounding environment.
Poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) are commonly
used polyacids, while poly(N,N0-dimethyl aminoethyl methacrylate)
(PDMAEMA) and poly(N,N0-diethyl aminoethyl methacrylate) (PDEAEMA)
are typical examples of pH-sensitive polybases (Figure 18.1). If a pH variation
around the pKa value of the functional group occurs, electrostatic repulsive
forces are generated, leading to an increase in the hydrodynamic volume of the
polymeric hydrogel (i.e. swelling). For example, the carboxylic pendant groups
of PAA accept protons at pH below its pKa (4.28), releasing them at greater pH
values. As a consequence, when the hydrogel passes from a deionized to an
ionized state, the increase in hydrophilicity and the repulsion among equally
charged groups make the network increase its hydrodynamic volume and,
hence, the degree of swelling (Figure 18.2a). The opposite behavior is observed
for PDMAEMA; i.e., the hydrogel. The hydrogel enhances its hydrodynamic
volume at low pH, when the amino groups are protonated, becoming swollen
(Figure 18.2b).

The most common application of the pH-sensitive hydrogels is the oral
delivery of drugs and peptides, due to their ability to respond to the abrupt pH
modification that occurs from the stomach (pH 2) to the intestine (pH 5–8).16

However, their properties can be exploited in many other physiological or
pathological conditions characterized by changes in pH. Thus, they are
potentially useful for the targeting of drugs to tumor cells, because the extra-
cellular space of cancer tissues has a pH range from 6.5 to 7.2, thus slightly
lower than the healthy pH 7.4,17,18 or in the treatment of chronic wounds that
exhibit pH values ranging from 7.4 and 5.4.19 The most recent research about

Figure 18.1 Structure of some polyacids (poly(methacrylic acid) (PMAA) and
poly(acrylic acid) (PAA), and polybases (poly(N,N0-dimethyl aminoethyl
methacrylate) (PDMAEMA) and poly(N,N0-diethyl aminoethyl meth-
acrylate) (PDEAEMA), commonly used for preparing pH-responsive
networks.
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pH-responsive hydrogels with particular attention to their applicability as
drug-delivery systems is summarized below.

18.2.1 pH-responsive Microgels

Most anionic pH-responsive microgels are based on PAA and its derivatives,
and mostly intended for oral drug administration. Morishita et al.20 prepared
pH-responsive microparticles based on poly(methacrylic acid-g-ethylene glycol)
(PMAA-g-EG) to be used as carriers of insulin. Due to the chemical nature of
the hydrogel, insulin release was significantly retarded in acidic media, while
rapid release occurred under neutral/basic conditions. In a more recent work,21

pH-responsive hydrogels based on methacrylic acid (MAA) grafted on
poly(ethylene oxide)-poly(vinylpyrrolidone) (PEO-PVP) networks were
synthesized by means of electron beam irradiation. The grafted hydrogels
showed pH- and composition-dependent swelling behavior. The suitability of
these gels as matrix materials for stimuli-responsive sustained-release drug
formulations was evaluated by performing in vitro assays with an antihyper-
tensive drug, metoprolol tartarate, at pH 1.2 and 7.4. The extent of drug release
was found to be pH-dependent and the kinetics, after fitting the profiles to
Korsemeyer and Peppas’s equation, indicated that the anomalous diffusion was
the main release mechanism. The applicability of pH-responsive poly(metha-
crylic acid-co-ethylene glycol dimethacrylate) (PMAA-co-EGDMA) hydrogel
microparticles as intelligent delivery carriers for ascorbic acid was also
demonstrated.22 A drastic change in the swelling ratio of these microparticles
was observed at pH 5. As the MAA proportion in the hydrogel increased, a
greater degree of swelling was observed at pH above 5. It was found that the
loading efficiency of the ascorbic acid into the hydrogel was affected more by
the degree of swelling than by the hydrogel/ascorbic acid electrostatic inter-
actions. The (PMAA-co-EGMA) microgels showed a pH-sensitive release
behavior. Thus, at pH 4, almost no ascorbic acid permeated through the

Figure 18.2 Schematic view of the effect of a pH change on the swelling of
poly(acrylic acid), PAA, (a) and poly(N,N0-dimethyl aminoethyl meth-
acrylate), PDMAEMA, (b) hydrogels.
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microgels, while at pH 6 relatively high permeability was observed. pH-
sensitive hydrogels based on MAA and poly(ethylene glycol) (PEG) macro-
monomer were prepared inside soft gelatin capsules to entrap diltiazem
hydrochloride (DIL �HCl).23 Four different copolymer compositions were
tested in terms of swelling behavior and release profile at pH 1, simulating the
acid pH of the stomach, and at pH 7, simulating the higher pH environment of
the intestine. Hydrogels with intermediate compositions resulted to be effective
in protecting the drug against the harsh medium of the stomach and allowed
release at the higher pH of the intestine. At neutral pH, the slow protonation of
the carboxylic groups of MAA led to an increase of the swelling degree and
enabled zero-order drug release over a long period of time, making the capsules
suitable for oral drug administration.

The swelling degree and the pH range at which the conformational changes
take place may be easily modulated by introducing hydrophobic elements in
the PMAA backbone. The first example of this evidence dates back to 1997,
when Philippova et al.24 prepared n-alkyl acrylates of PAA (n¼ 8, 12, 18),
demonstrating that the swelling transition shifts to alkaline pH with increasing
hydrophobicity of the gel, as previously observed by Siegel for other
methacrylate-based hydrogels.25 This was explained by the stabilization of the
network in the collapsed state by hydrophobic aggregation of n-alkyl side
chains. In a more recent work, hydrophobically modified hydrogels of PMAA
were prepared by free radical copolymerization of MAA and diallyl methyl
hexadecyl ammonium salts (CC16) in aqueous solution.26 The presence of
hydrophobic segments significantly reduces the degree of swelling at low pH,
while the opposite effect is observed at high pH. If compared to hydrogels of
PMAA solely or hydrophobically modified with poly(acrylic acid-2-ethylhexyl
ester), the proposed systems showed a more remarkable reduction and increase
of the swelling degree at low and high pH, respectively, indicating that the
presence of CC16 confers higher sensitivity to pH changes.

Besides non-biodegradable synthetic materials, various natural polymers,
such as proteins (albumin and gelatin) and polysaccharides (CH, hyaluronic
acid, alginate, agar), have also shown pH-responsive behavior.27,28 In most
cases, these natural macromolecules are chemically modified to combine their
useful properties with other suitable functionalities and have been proposed in
the development of pH-sensitive drug-delivery devices due to their biocom-
patibility, biodegradability and resemblance with the macromolecular
environment of the extra-cellular matrix.29 An example of such synthetic
strategy included the development of a pH-responsive hydrogel based on
methacrylate derivatized bovine serum albumin (BSA).30 In this work, poly-
merizable acrylic groups were inserted in BSA structure by functionalization
with methacrylic anhydride. Several pH-responsive microbeads, showing a
narrow size distribution range, spherical shape and porous surface, were
obtained varying the amount of the proteic macromonomer and sodium
methacrylate. The suitability of these materials as oral drug carriers was
confirmed by evaluating water affinity and drug release profiles in media
simulating gastrointestinal fluids. In another work,31 a,b-poly(hydroxyethyl
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aspartamide-g-maleic anhydride) (PHEA-g-MA) has been cross-linked via
gamma irradiation to obtain pH-responsive hydrogels able to release thera-
peutic proteins. Since the dimensions of the encapsulated molecule are
comparable to those of the network mesh, a pulsatile release profile can be
achieved by a pH/ionic strength ‘‘switch’’. The possibility of tuning the network
mesh size simply by changing the irradiation conditions makes (PHEA-g-MA)
hydrogels able to be adapted to the delivery demands of molecules of
different sizes.

As mentioned above, pH-responsive hydrogels can also be prepared with
polysaccharides; alginate and chitosan (CH) are the most frequently used
anionic and cationic macromolecules, respectively. A series of pH-responsive
graft copolymers of sodium alginate (NaAlg) – a polyanionic polysaccharide
originally extracted from brown seaweed algae – with itaconic acid (IA) were
synthesized obtaining pH-responsive NaAlg-g-IA microspheres to be used as
carriers of nifedipine.32 Another example is a new approach for enhancing the
dissolution and the oral bioavailability of silymarin by means of NaAlg-based
pH-responsive hydrogel encapsulating poly(D,L-lactic-co-glycolic acid) (PLGA)
nanoparticles. The microspheres showed promising biodegradability and
desirable sustained release profiles of silymarin in addition to enhanced
silymarin overall dissolution.33

CH is an N-deacetylated derivative of chitin and one of the most abundant
polysaccharides in Nature. El-Sherbiny and Smith34 reported on the carboxy-
methylation of CH followed by photo-induced graft copolymerization with
poly(ethylene glycol) acrylate (PEGA) in a mild aqueous medium. Some of the
resulting copolymers were cross-linked using methylene bisacrylamide (MBA)
to develop pH-responsive hydrogel matrices to be used as carriers for the oral
controlled release of 5-fluorouracil (Figure 18.3). Ampholitic and pH-
responsive hydrogels can also be prepared via copolymerization of CH with
MAA and acrylamide (AAm) under gamma-radiation.35 These hydrogels can
be suitable for site-specific antibiotic delivery in the stomach. Similarly,
monodisperse core-shell microcapsules based on cross-linked CH membrane
with acid-triggered burst release properties have been developed for stomach-
specific drug delivery.36 In neutral medium (pH 7.1), the microcapsules
maintain a good spherical shape and structural integrity; while in acidic
medium (pH 1.5 or 4.7), the microcapsules decompose rapidly and release
the encapsulated contents completely in time periods varying from 39 s to
22min.

18.2.2 pH-responsive Nanogels

pH-sensitive nanogels have been proposed as devices for cancer drug
targeting, due to the significant drop in the pH value of the tumor tissues
(pH in the range of 5–6), as compared to normal tissues, and exploiting the
enhanced permeability and retention (EPR) mechanism, which allows
nanocarriers to concentrate in solid tumors.37 Once accumulated at the
tumor site, nanogels can act as local drug depots depending on the carrier
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composition.38 For example, poly(e-caprolactone)-based nanoparticles have
been shown to be able to increase the local concentration of tamoxifen in
estrogen receptors positive breast cancer,39 while pH-sensitive nanogels
based on poly(b-amino ester)s can boost the delivery of the anticancer drug
paclitaxel to tumor cells.40 These biodegradable and pH-responsive
nanogels have shown a higher efficacy in killing cancer cells than the
free drug.

In 2002 Robinson and Peppas41 investigated the pH-responsive behavior of
(PMAA-g-EG) nanospheres obtained by applying a photo-initiated free-radical
precipitation polymerization method. It was found that the nanospheres
undergo a volume phase transition when the pH ranged from 3.3 to 7.5 and that
particle size distribution and swelling degree were highly influenced by the
MAA/EG molar feed ratio and the amount of cross-linking agent. Nanogels
based on (PMAA-g-PEG) have also been prepared by a thermally initiated free
radical dispersion polymerization method.42 The effects of various reaction
parameters, including quantity of monomer, temperature, and initiator,
cross-linker and co-stabilizer concentrations, on the preparation of these
materials were investigated. Moreover, Argentiere and coworkers43 studied the

Figure 18.3 Preparation of hydrogels of chitosan (CH)-g-PEG cross-linked with
methylene bisacrylamide (MBA).
Adapted from Ref. 34 with permission of Elsevier.
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mechanism involved in the uptake and release of bioactive molecules from
stimuli-responsive nanogels synthesized by emulsion copolymerization of
MAA and methyl acrylate. These nanospheres were loaded with thiophene
fluorophore (hydrophobic) and doxorubicin (Dox, cationic). The release
profiles were mainly affected by the chemical nature of the encapsulated drugs,
suggesting that these nanogels could target drugs to basic or acidic
compartments within the body depending on the chemical structure of
the drug.

Polysaccharide-based nanogels are attracting increasing attention.44,45 An
example of this kind of materials includes the development of self-assembled
structures from pullulan acetate sulfadimethoxine conjugates, which may be
useful as anticancer drug-delivery systems responsive to tumor extra-cellular
pH.46 Nanocarriers for targeting of tumors have been also prepared by graft
polymerization of NIPAAm with CH.47 Camptothecin, an alkaloid effective in
the treatment of colorectal cancer and ovarian cancer,48 was loaded on
PNIPAAm/CH nanoparticles and the drug release profiles were investigated
in vitro. Camptothecin-loaded nanogels showed a drastically enhanced cytot-
oxicity at pH 6.8 compared to that at healthy pH. Subsequent in vivo
experiments on mice were carried out with paclitaxel-loaded nanoparticles.49

Methyl tetrazolium test (MTT) and fluorescence microscopy confirmed that
PNIPAAm/CH nanoparticles rapidly released the drug in tumor surroundings,
while drug release was minimal in healthy tissues. Mice treated with paclitaxel-
loaded nanoparticles experienced a small decrease in body weight, but a
significant tumor regression which was complete for more than 50% of the
mice. Nanogels of CH-g-PNIPAAm have also been tested as pH-responsive
delivery systems of oridonin. MTT assay and cellular morphological analyses
showed that the cell growth inhibition by oridonin-loaded nanogels was higher
at pH 6.5 than at pH 7.4.50 On the other hand, pH-responsive core-shell
nanoparticles based on hydroxyethyl cellulose (HEC) and PMAA networks
were prepared via one-step copolymerization of MAA and MBA on HEC
template in water.51 The nanoparticles were stable in a wide pH range
(0.7–11.5), and their size, structure and pH-responsiveness could be adjusted by
varying the reaction parameters, i.e. HEC/MAA ratio and pH of the medium.

The ability of hydrogels to respond to changes in pH can also be exploited to
prepare colon-targeted drug-delivery devices. Pectin nanogels cross-linked with
glutaraldehyde released the drug more rapidly in simulating colon fluid than in
simulating gastric or intestine fluids. The release can be further accelerated in
the presence of a pectinolytic enzyme. Cytotoxicity studies have shown that
the nanogel itself had no apparent inhibitory effect on cells.52 pH-sensitive
nanoparticles composed of glycidyl methacrylate (GMA)-derivatized dextran
(DEX) and AA have also been shown able to load erythromycin and to
release the drug rapidly in simulating intestinal fluid, as the network is
enzymatically degraded and swollen.53 Nanospheres based on polymeric
mixtures of poly(lactic-co-glycolic) acid (PLGA) and a pH-sensitive meth-
acrylate copolymer combined controlled release features of biodegradable
polymers with responsiveness to the colon pH.54 The nanospheres loaded with
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budesonide exerted more efficient anti-inflammatory effects in a trinitro-
benzenesulfonic acid-induced colitis rat model than conventional enteric
microparticles. In addition, the colon targeting properties, systemic bioavail-
ability and specific uptake by the inflamed colon mucosa were evaluated using
coumarin-6-loaded nanospheres. The nanospheres showed strongly pH-
dependent drug release properties, with a rapid release at acidic and neutral pH
followed by a sustained release phase at pH 7.4. In vivo experiments revealed
the superior therapeutic efficiency of budesonide-loaded nanospheres in
alleviating the symptoms of trinitrobenzenesulfonic acid-induced colitis.

18.3 Temperature-responsive Hydrogels for Drug

Delivery

Together with pH, body temperature changes are the most widely used trig-
gering signals for both site-specific therapy and pulsatile drug release.4,55–57 An
increase in body temperature can occur as a consequence of a disease state,
e.g. during fever, or can result from a modulated external heat source (e.g. in
the form of heat-triggered subdermal implants). Polymers that, in an aqueous
solution, exhibit abrupt changes when temperature varies below or above body
temperature are very interesting for biomedical applications.58,59 The study of
temperature-responsive gels started in 1978, when Tanaka reported the
thermodynamics underlying the collapse of the polymer network in poly-
acrylamide gels.60 Temperature-sensitive hydrogels are characterized by a
critical solution temperature at which the network exhibits a volume phase
transition, causing a sudden modification in the solvation state.61 The critical
solution temperature can be defined as the temperature at which the polymer
undergoes a phase transition from a soluble state (i.e. random coil form) to an
insoluble state (i.e. collapsed or globule form) (Figure 18.4). Positive
temperature polymers become soluble upon heating and have an upper critical
solution temperature (UCST). By contrast, negative temperature polymers
become insoluble upon heating and are characterized by a low critical solution
temperature (LCST).62,63 Once the polymers are cross-linked, the solvation

Figure 18.4 Temperature vs. polymer volume fraction (f) phase diagrams of LCST
and UCST polymers.
Reproduced from Ref. 62.
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changes are transmitted to the hydrogel as an abrupt modification in the degree
of swelling.62,64 Such changes in the mesh size of the network alter the diffu-
sional path of the solutes (e.g. drug molecules) trapped in the hydrogels and are
the basis of the temperature-switchable drug release systems. Representative
examples of LCST and UCST hydrogels for drug delivery are presented and
discussed in the next sections.

18.3.1 LCST Hydrogels

Generally, an increase in temperature is accompanied by an enhancement of the
polymer solubility, but LCST hydrogels exhibit the opposite behavior because
the volume phase transition is driven by hydrophobic interactions among the
polymer chains. At temperatures below the LCST, the hydrogel is swollen, but
a brusque phase transition occurs when the temperature increases above the
LCST. As the temperature rises, the hydrophobic segments are strengthened, thus
resulting in shrinking of the hydrogels.65 From a thermodynamic point of view,
the polymer association at the LCST is due to a gain in entropy (DS), compared to
the one-phase polymer-water system (which involves hydrogen bonding), with
respect to the increase in the enthalpy (DH). This results in a negative free energy
(DG), which facilitates the hydrophobic interactions between polymer chains
and makes the water–polymer association unfavorable.64,66 A common char-
acteristic of most LCST polymers is the presence of hydrophobic alkyl groups.
Typical LCST synthetic polymers are based on poly(N-isopropylacrylamide)
(PNIPAAm),67,68 poly(N,N0-diethylacrylamide) (PDEAAm),69 poly(N-vinylca-
prolactam) (PNVCL)70,71 and poly(methylvinylether) (PMVE)72 (Figure 18.5).

The temperature-sensitivity of these systems is affected by the size, archi-
tecture and mobility of alkyl side groups.73,74 The main mechanisms of drug
release from LCST hydrogels are illustrated in Figure 18.6.75 Hydrophilic drugs
incorporated into the hydrogels are released faster when in the swollen state
(below the LCST) (Figure 18.6A).76,77 More hydrophobic drugs may be
squeezed from the collapsed gel (Figure 18.6B). Some heterogeneous gels may
form a dense skin layer of the hydrophobic collapsed polymer component,
while the core remains in the swollen state (Figure 18.6C), the skin being
responsible for regulating drug release kinetics.

Figure 18.5 Structure of poly(N-isopropyl acrylamide), PNIPAAm (a), poly(N,N0-
diethylacrylamide), PDEAAm (b), poly(N-vinylcaprolactam), PNVCL (c),
and poly(methylvinylether), PMVE (d).

162 Chapter 18

 o
n 

01
/0

9/
20

13
 1

0:
27

:1
1.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

53
View Online

http://dx.doi.org/10.1039/9781849734318-00153


In the drug-delivery field, the LCST polymers have received more attention
than the UCST ones. Some representative examples of drug-delivery devices
based on micro- and nano-sized LCST hydrogels are presented below.

18.3.1.1 LCST Microgels

PNIPAAm is the most widely studied and used synthetic temperature-
responsive polymer in drug delivery, owing to the fact that its LCST (32 1C) is
close to body temperature.77,78 This means that the hydrogel chains hydrate
at temperatures below 32 1C to form an expanded structure with a large mesh
size enabling water diffusion, while above 32 1C these chains dehydrate to
form a shrunken structure with a small mesh size. The LCST of temperature-
responsive polymers can be adjusted to the desired value by modulating
the ratio of hydrophilic and hydrophobic moieties in the network.79 Copoly-
merization of NIPAAm with hydrophilic monomers in the hydrogel structure

Figure 18.6 Mechanisms of drug release from thermo-sensitive hydrogels: swelling-
promoted diffusion (A), shrinking-promoted squeezing (B) and outer
layer (skin) barrier-controlled drug diffusion (C).
Adapted from Ref. 75 with permission of Elsevier.
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favors interactions with water, leading to an increase of the LCST of the
copolymer.80–83 Hoffman’s group84–86 reported the LCST behavior of a series
of copolymers of NIPAAm with relatively hydrophilic comonomers such as
AA, or with relatively hydrophobic comonomers such as N-butylacrylamide
and N-tertbutylacrylamide. Increasing the content in hydrophilic comonomer
content raises the LCST value of the copolymer. It was verified, however, that
copolymerization of NIPAAm with acrylate-type comonomers can lead to gels
possessing relatively weak thermo-sensitivity.86 Therefore, the comonomer
choice needs to be as careful as possible to preserve the functionality of the
hydrogel.87

Acrylamide is often copolymerized with NIPAAm to obtain thermo-
responsive materials with enhanced LCST.88 PNIPAAm-co-AAm exhibits a
phase transition temperature of around 36 1C, which makes this copolymer
very useful in biomedical applications. Microspheres of PNIPAAm-co-AAm
have been prepared by chemical cross-linking of amide groups with glutar-
aldehyde, using a concentrated copolymer solution at a temperature lower
than the LCST.89 These microspheres undergo a rapid volume change as a
response to temperature modifications, which also have an effect on the drug
release kinetics. Nevertheless, the hydrophilicity and the molecular weight of
the tested drugs (propranolol, lidocaine, vitamin B12) also affect their release
profiles. A similar hydrogel structure, consisting of N,N 0-dimethylacrylamide
(DMAAm) and NIPAAm, has been grafted onto polypropylene (PP) surfaces
applying g-ray irradiation in order to improve the hemocompatibility and the
drug elution features of PP when used as a component of medical devices.90

Due to the presence of DMAAm in the polymeric structure, the LCST shifted
from 32 to 37 1C. The (PP-g-DMAAm)-g-NIPAAm films adsorbed serum
albumin but not fibrinogen, and had significantly lower hemolytic and
thrombogenic activity. The DMAAm promoted the loading of norfloxacin
when the hydrogel layer was swollen; as the NIPAAm shrank, a sustained
delivery occurred at body temperature. Grafting of responsive brushes and
hydrogels on the surface of medical devices is extensively tackled in
Chapter 24.

Copolymerization of NIPAAm with hydrophobic monomers, such as
N-butyl methacrylate (BMA), may render hydrogels that exhibit ‘‘on-off’’ drug
release profile when the temperature increases.91–93 The ‘‘off’’ phase is
ascribable to the formation of a dense skin-type layer on the hydrogel surface
when the temperature is higher than the LCST. This barrier is generated by the
faster collapse of the gel at the surface than at the interior, and its thickness is
regulated via the length of the methacrylate alkyl side chain.94 A popular
polymer belonging to the NIPAAm family is PDEAAm. Its LCST can range
from 25 to 35 1C95 but, contrary to PNIPAAm, is dependent on the tacticity of
the polymer.96 DEAAm copolymerized with AA in the presence of MBA as
cross-linking agent renders hydrogels with an LCST of 37.5 1C, which is close
to human physiological temperature.97 Pulsatile swelling behavior in distilled
water at temperatures alternating between 20 and 60 1C has been proved to be
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reversible. Furthermore, due to the presence of AA hydrophilic moieties, these
hydrogels could respond to pH changes.

Temperature-responsive hydrogels have also been synthesized combining
proteins and polysaccharides with synthetic polymers, extending the concept
of stimuli-responsive systems and their potential application. Huang et al.98

prepared a series of hydrogels with both thermo-responsive and completely
biodegradable properties through free radical polymerization of NIPAAm
and a DEX macromer containing multiple hydrolytically degradable
oligolactate-2-hydroxyethyl methacrylate units. The hydrogels showed an
LCST at approximately 32 1C. The swelling and the degradation strongly
depended on the temperature and on the hydrogel composition. These
features together with the molecular size of the drugs notably determined
drug release kinetics. Another interesting work reports on the development of
hydrogel beads from droplets of DEX-MA and PNIPAAm dispersions
deposited on superhydrophobic surfaces.99 The beads showed temperature-
responsive swelling and such responsiveness enabled to tune the release rate of
BSA and insulin.

Interpenetrating polymer networks (IPNs) based on guar gum and
PNIPAAm, prepared via redox radical polymerization, exhibited faster
deswelling rates than PNIPAAm hydrogels.100 The network of guar
gum improves the temperature sensitivity and permeability of PNIPAAm
hydrogels. Another polysaccharide-based temperature-responsive hydrogel was
prepared by cross-linking of azide-modified cellulose and alkyne-modified
poly(N-isopropylacrylamide-co-hydroxylethyl methacrylate) (PNIPAAm-
co-HEMA) in the presence of Cu(I) catalyst.101 The PNIPAAm-co-HEMA/
cellulose hydrogels had a porous structure and exhibited temperature-
dependent swelling ratio, deswelling and reswelling kinetics.

Proteins have also been used to prepare temperature-responsive networks.
For example, methacrylate BSA can act as protein cross-linking agent for the
synthesis of microgels with spherical shape,102 while hydrolyzed methacrylated
gelatin can be employed as pro-hydrophilic monomer/cross-linker in order to
obtain biodegradable microbeads with LCST close to body temperature.103

Also, gelatin-based thermo-responsive spherical microgels can be obtained
through radical grafting of NIPAAm and MBA on native gelatin backbone
(Figure 18.7).104 These microgels exhibit a small increase in LCST, up to
34.6–34.8 1C, as the gelatin content in the network increases. Drug release
experiments carried out at various temperatures confirmed an increase in the
diffusion rate at temperature below the LCST.

In general, grafting of PNIPAAm from hyaluronic acid (HA) and gelatin
reduces the gelation temperature and increases the hydrophilicity.105 Drug
release experiments revealed that drug release rate decreases as follows:
PNIPAAm4HA with grafted PNIPAAm chains (HPN)4HPN further grafted
with gelatin (HPNG) hydrogels. Drug accumulation studies in bladder tissue
indicated that the HPNG hydrogels led to a considerable increase in the
cisplatinum concentration without any adverse change in urothelium.
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18.3.1.2 LCST Nanogels

Tumors have a slightly elevated temperature by about 1–2 1C in comparison to
normal tissue due to increased cellular activity. Furthermore, tumor vascu-
lature has greater thermal sensitivity than the normal vasculature, which makes
the cancer cells unable to withstand temperatures above 40 1C. These features
have led to the development of a local treatment called hyperthermia, which
consists in increasing the temperature of solid tumors at 40–45 1C.106 Thus, a
key challenge for the use of thermo-responsive hydrogels is to modulate their
LCST around the temperature of the tumor or the temperature used for
hyperthermia treatment of cancer.107

Gulati et al.108 investigated the hemocompatibility of PNIPAAm-PEG
based nanoparticles (200 nm, low polydispersity and LCST of 40–411C) and
the influence of PEG on the interactions with cells. The nanoparticles showed
nearly 83% encapsulation efficiency for Dox and temperature-dependent
release. The presence of PEG resulted in high hemocompatibility and reduced
protein adsorption by more than 50% in comparison to non-PEG-containing
nanoparticles. Hydrophilic nanospheres based on NIPAAm and vinyl
pyrrolidone (VP), encapsulating a bioactive derivative of 5-fluorouracil-
hexyl-carbamoyl fluorouracil (HCFU), have been also prepared.109 The
HCFU-loaded nanospheres were found to be stable in whole blood, having a
negligible toxicity towards the red blood cells. Moreover, cytotoxicity assays in
Mia-Paca 3 pancreatic cancer cell line showed an increase in antitumor activity
over a period of 72 h.

PNVCL has not been studied as intensively as PNIPAAm, but it also
possesses very interesting properties for medical and biotechnological

Figure 18.7 Preparation of thermo-responsive microspheres by means of free radical
grafting of NIPAAm and MBA on native gelatin.
Adapted from Ref. 104 with permission of Elsevier.
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applications. It is soluble in water and organic solvents and biocompatible, and
exhibits a transition temperature at 33 1C, i.e. within the settings of these
applications.110 N-vinylcaprolactam has been copolymerized with methyl
methacrylate by free radical polymerization, using hydrogen peroxide and
L-ascorbic acid as redox initiators, in o/w microemulsion containing sodium
dodecyl sulfate. Copolymers were of less than 50nm size with spherical mor-
phology and possessed phase transition temperature close to body temperature.111

IC50 on B16F10 melanoma cell lines was in the 0.01–0.1mgmL–1 range. An
increase in polymer concentration was not harmful for the cell survival, suggest-
ing that these systems can be useful as drug-delivery devices. PNVCL has been
also used to prepare thermo-responsive graft nanoparticles (TRC-NPs) by
grafting from CH.112 The TRC-NPs showed an LCST at 38 1C and a prominent
release above the LCST, and were non-toxic to an array of cell lines in the
concentration range of 100–1000mgmL–1. 5FU-loaded nanoparticles showed
comparatively higher toxicity to cancer cells than to the healthy ones.

Dually temperature- and magnetic-responsive systems may play a relevant
role in cancer treatment. Specific aspects of magnetic-responsive systems are
covered by Chapter 14. PNIPAAm-CH based nanohydrogels containing Fe3O4

nanoparticles are biocompatible and exhibit different LCST depending on the
polymer/nanoparticle ratio.113,114 Superparamagnetic nanoparticles (200 nm)
decorated with a PNIPAAm thermo-responsive shell have been tested as
carriers for Dox.115 These nanosystems, which exploit the temperature-
responsive behavior of the PNIPAAm polymeric shell for controlling drug
loading and release, were able to provide time-dependent tumor cell death as
Dox was released. Moreover, comparative studies of the Dox-loaded nano-
systems in the presence and absence of an external magnet demonstrated an
increment in cell accumulation and toxicity when magnetically guided. Dox
was also used to test drug loading capacities and the release behavior of
magnetic hydrogel nanospheres based on (PNIPAAm-co-AA)/Fe3O4.

116 Due
to the presence of NIPAAm, AA and colloidal magnetite nanoparticles, the
resulting hydrogel nanospheres exhibited temperature- and pH-respon-
siveness, and superparamagnetic properties. In vitro release experiments
revealed a faster release of drug at pH 5.3 (37 1C) than at pH 7.4 (either at
25 1C or at 37 1C). Dox-loaded magnetic hydrogel nanospheres provided
in vitro an enhanced anticancer effect, compared to the free drug.

In a recent work,117 thermo-sensitive and magnetic nanocarriers were
prepared by grafting PNIPAAm on the surface of silica (SiO2)-coated Fe3O4

nanoparticles. The nanoparticles reversibly adsorbed proteins at temperatures
above the LCST, through hydrophobic interactions between NIPAAm and
BSA chains. Cytotoxicity studies carried out on Chinese hamster ovary
(CHO-K1) cells evidenced that PNIPAAm-grafted nanoparticles at a
concentration of 0.5 mg mL–1 were biocompatible for 48 h, and caused minor
cytotoxicity after 72 h of incubation. These PNIPAAm-grafted nanoparticles
did not induce by themselves any morphological change in the cells after
exposure for 108 h.
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18.3.2 UCST Hydrogels

As mentioned above, positive temperature hydrogels shrink at low temperature
and swell at higher temperature than the UCST. The driving force of this phase
transition is the enthalpic effect, associated to the balance between intra- and
inter-molecular forces and solvation.118 Thus, unlike the LCST materials, the
volume phase transition of UCST hydrogels is driven by hydrogen bond
formation; namely, at lower temperature, the hydrogel forms an inter-
molecular complex via hydrogen bonding forces between polymer chains,
maintaining the particles in a collapsed state. On the contrary, when
temperature increases, these bonds are weakened and the gel rapidly swells to
the maximum possible extent.119 Thus, to exhibit UCST in aqueous medium,
the interactions between polymer chains must be stronger than those between
water and polymer moieties at low temperature. On the basis of these
considerations, positive temperature hydrogels can be obtained by engineering
hydrogen bonding and/or electrostatic interactions within the polymer chains.
For example, poly(N,N-dimethylaminoethyl methacrylate), which is a typical
LCST polymer, exhibits a UCST-type behavior in the presence of trivalent
counter-ions that increase polymer/polymer interactions by means of elec-
trostatic bridging between the charged polymer segments.120 Many polymers
and copolymers, such as PAAm-PAA121,122 and PAAm-BMA,123 are positively
temperature dependent. Nevertheless, in the literature, few examples of the use
of this kind of material for drug delivery have been reported, probably because
they require that the drug loading is carried out at relatively high temperature,
which complicates drug formulation and may be harmful for labile conven-
tional and biopharmaceutical drugs.124

Drug delivery systems that provide slow release at basal temperature and
faster release at a higher temperature may be suitable to feed-back regulate
drug delivery when pathological processes, such as inflammation or cancer,
occur.125 UCST hydrogels are suited to this necessity because of their ability to
perform rapid/slow drug release at high/low temperatures. Core-shell hydrogel
microspheres with positively thermo-responsive behavior have been developed
according to the three-step mechanism depicted in Figure 18.8: i) preparation
of monodisperse poly(acrylamide-co-styrene) seeds applying emulsifier-free
emulsion polymerization, ii) formation of polyacrylamide or poly[acrylamide-
co-(butyl methacrylate)] shells on the microsphere seeds by means of free
radical polymerization and iii) interpenetration of the shell network with
poly(acrylic acid) to obtain core-IPN shell microspheres.126 The microspheres
exhibited tunable swelling kinetics as a function of temperature: at tem-
peratures below the UCST they were in the shrunken state due to complex
formation by hydrogen bonding between PAA and PAAm, while above the
transition temperature, the microspheres swelled because of the rupture of the
hydrogen bonds.

In a more recent work, poly(acrylic acid)-g-b-cyclodextrin (PAA-g-b-CD)
and PAAm were employed in the synthesis of IPNs with a UCST of
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approximately 35 1C.127 Ibuprofen release profiles, obtained at 25 and 37 1C,
confirmed the positive-temperature drug release pattern from the IPNs. In
comparison with IPNs prepared without b-CD, the presence of b-CD enhanced
drug loading, delayed drug release and improved the control of the response
rate. Polymers with ureido groups can also undergo UCST-type phase tran-
sitions under physiological conditions, and have potential applicability in the
drug-delivery field.128 Poly(allylurea) copolymers, even at low concentration,
showed UCST behavior at pH 7.5 in 150mM NaCl. Similar thermo-sensitivity
was observed with copolypeptides consisting of L-citrulline having an
ureido group.

Figure 18.8 Synthesis of UCST core-shell microgels: 1) monodisperse poly(acryl-
amide-co-styrene) (PAAm-co-St) seeds are prepared by emulsifier-free
emulsion polymerization, 2) poly(acrylamide) or poly(acrylamide-
co-butyl methacrylate) shells are formed on the seeds by free-radical
polymerization and 3) poly(acrylic acid) is interpenetrated to obtain
poly(acrylamide)/poly(acrylic acid) PAAm/PAAc IPN shells. The
PAAm/PAAc-based IPN microspheres are swollen at temperatures
below the UCST due to the dissociation of the PAAm/PAAc complexes,
while they shrink at temperatures above UCST because of hydrogen
bonding interactions between PAAm and PAAc.
Adapted from Ref. 126 with permission of John Wiley & Sons, Inc.
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18.4 Dually Responsive Hydrogels for Drug Delivery

The development of materials able to respond simultaneously to pH and
temperature signals opens the possibility of preparing delivery systems that
exhibit an amplification of the response to the stimuli and a more precise
control of the targeting and release kinetics when the pathology is accompanied
by changes in these two variables. These materials can also be useful for
independent regulation of the release of two or more drugs (e.g., one drug as a
function of pH and another in response to temperature changes).4,129

A potential application of dually responsive materials is the development of
anticancer drug-delivery systems, as certain malignancies can lead to an increase
in temperature and to a decrease in extra-cellular pH around the tumor site. The
most immediate synthetic approach to obtain this kind of material is the
copolymerization of a temperature-sensitive monomer, e.g. NIPAAm, with a
pH-responsive one, namely AA. The dependence of the critical temperature of
PNIPAAm on the presence of ionizable monomers in the network may be an
obstacle to the efficient combination of pH and temperature-sensitive
components,82,130,131 although the design of new monomers or synthetic routes
can help to overcome this problem.14,85 For example, PNIPAAm-co-PAA
copolymers can be prepared with a low polydispersity by means of RAFT
copolymerization, rendering physical hydrogels that exhibit sharp response to
narrow variations of temperature or pH.132,133 The phase transitions are induced
by changes in both the protonation of the carboxylic acid groups of PAA,
motivated by pHmodifications, and in the interactions with water of PNIPAAm
regulatedby temperature.Copolymerizationwith ahydrophobicmonomer, such
as butyl acrylate, increases the pH at which gelation can occur. It was found that
PNIPAAm-co-PAA maintains the bioactivity of basic fibroblast growth factor
following storage at 37 1C and can provide pH-dependent sustained release of
vascular endothelial growth factor.133 These features make these polymers
suitable for use in injectable depot drug-delivery systems.

Regarding chemically cross-linked networks, combination of ionic and
hydrophobic co-monomers in a NIPAAm hydrogel was shown to be useful for
the loading of a polypeptide drug without degradation, taking benefit of the
temperature-responsive swelling/collapse, and to deliver it to the desired
location owing to the pH-responsiveness.134 The copolymerization of NIPAAm
with a small proportion of a monomer with amino groups (N-aminopropyl
methacrylamide) provided hydrogels able to take up and release an anionic
divalent molecule reversibly in response to small changes in pH, temperature
and ionic strength. Furthermore, these stimuli altered not only the physical
conformation of the polymer chains in the network, but also the strength of the
electrostatic interactions with the target molecule. It has been shown that, when
multiple contact points are required for the binding of a molecule, the spatial
conformation of the ionic groups in the network determines the possibility of
establishing such multiple point interactions and, consequently, the overall
affinity of the hydrogel for the target molecule. It has been shown that, for such
hydrogels/target molecules combinations, the amount of drug loaded and,
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more importantly, the amount released strongly depended on the concentration
of the target molecule in the medium; namely, if the released drug remains in
the surrounding of the hydrogels without being absorbed/taken by the cells, the
release stops. Such a feedback mechanism of regulating drug release would
allow a quite constant drug concentration to be kept at the application site.129

Hydrogels in the format of core-shell nanoparticles, e.g. (PNIPAAm-
co-PAA)-b-polycaprolactone loaded with anticancer drugs, have been prepared
under supercritical carbon dioxide environment, thus avoiding the use of
organic solvents or any other additives, such as surfactants.135 Grafting of
IPNs of PNIPAAm and PAA to polymeric medical devices has been shown to
be an efficient way of endowing the surface of the device with both temperature-
and pH-sensitivity, useful for drug loading and controlled release.136 Another
synthetic approach consisted in the copolymerization of N-ethylpyrrolidine
methacrylate with DMAA and a low amount of bisacrylamide. The obtained
hydrogels showed a double sensitivity to pH and temperature and a pulsatile
behavior in response to both stimuli, although the high phase transition
temperature (around 80 1C) may limit their practical use.137 Rapid
pH-/temperature-responsive cationic hydrogels have been obtained with a
(PNIPAAm-co-DMAEMA) backbone network and grafted (PNIPAAm-
co-DMAEMA) side chains.138 In these comb-type grafted hydrogels, the
mobile grafted (PNIPAAm-co-DMAEMA) chains can easily swell and shrink
as environmental pH and/or temperature changes occur (Figure 18.9). The
grafted (PNIPAAm-co-DMAEMA) chains prevent the formation of a dense
skin layer on the surface of comb-type hydrogels; as a result, the comb-type
hydrogels show intense response to temperature/pH stimuli.

The main limitation in the use of pH- and thermo-responsive hydrogels
constituted by acrylic monomers is their non-biodegradability. To open the
path to new applications and to minimize concerns about environmental
contamination, great attention is being focused on the design of hydrogels that
combine acrylic derivatives and biodegradable components, such as poly-
peptides and natural macromolecules, or that even solely use the biodegradable

Figure 18.9 Scheme of normal-type (A) and comb-type (B) grafted P(NIPAm-
co-DMAEMA) hydrogels.
Adapted from Ref. 138 with permission.
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components. For example, PNIPAAm-co-HEMA has been combined with
biodegradable and pH-sensitive poly(L-glutamic acid) to prepare hydrogels
suitable for the controlled release of hydrophilic drugs (Figure 18.10).139 In the
presence of the enzyme proteinase K, the hydrogels degrade at a rate that can
be tuned by the composition of the network. Biodegradable double-responsive
hydrogels have also been obtained from amphiphilic polyaspartamides
containing N,N-diisopropylaminoethyl pendent groups.140

Polysaccharides have also been used in the preparation of dually responsive
systems, by inserting thermo-responsive moieties in the polysaccharide
backbone. For example, beads of alginate and PNIPAAm cross-linked by
calcium ions provided temperature- and pH-dependent indomethacin release
profiles.141 Further coating of the beads with CH and alginate enabled a more
sustained release.142 Such particles were also partially mineralized with calcium
phosphate in order to improve their biocompatibility with bone tissue.143 There
are a number of papers that report on the combination of NIPAAm and CH.
P(CH-g-NIPAAm) copolymers show temperature and pH sensitivity and are

Figure 18.10 Synthesis of hydrogels based on temperature-sensitive poly(N-iso-
propylacrylamide-co-2-hydroxyethyl methacrylate) (PNH), by free
radical polymerization initiated with 2,20-azoisobutyronitrile (AIBN)
and 2-aminoethanthiol (AESH) (A), and on pH-sensitive
poly(l-glutamic acid) (PGA), through chemical coupling between the
carboxylic groups in the PGA and the hydroxyl groups in the PNH
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) (B).
Reproduced from Ref. 139 with permission of Elsevier.
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able to regulate the release of drugs, such as coenzyme A, as a function of both
variables.144 Dually responsive CH grafted with PAA, poly(vinyl alcohol)
(PVA), poly(hydroxypropyl methacrylate) (PHPMA) and gelatin has been
tested for oral drug delivery.145 Oxytetracycline release profiles from the
hydrogels depended on the content in monomers, the g-ray radiation dose
applied to form the network and the pH of release medium. IPNs of PNIPAAm
and CH have been prepared by free radical polymerization and cross-linking of
NIPAAm in CH solutions, followed by immersion in glutaraldehyde solutions
of various concentrations (0 to 0.7 vol.%). The amount of CH in the IPNs,
which was proportional to the glutaraldehyde concentration used for the
cross-linking, notably affected the thermodynamics (i.e. temperature, enthalpy,
heat capacity and width of the transition) of the IPN phase transitions, due to
the subdivision of the PNIPAAm network in microdomains that find it difficult
to participate in the transitions. Changes in pH from 8 to 3 caused remarkable
modifications in the ionization degree of CH, but only a minor increase in the
transition temperature, from 32 to 36 1C. CH provided the IPNs with high
affinity for anionic drugs, such as a diclofenac. The IPNs with low cross-linked
CH showed the higher temperature-sensitive release patterns. In contrast, the
temperature did not significantly affect the release rate from the most cross-
linked CH IPNs, in which the PNIPAAm microdomains were smaller and the
volume phase transitions less sharp.146

Cellulose derivatives, particularly hydroxypropylcellulose (HPC) with
an LCST at 41 1C, have also been tested in the synthesis of dually responsive
hydrogels. HPC-PAA nanoparticles with semi-IPN structure, in which proton-
accepting HPC forms complexes with the proton-donating PAA, exhibited
stimuli-responsive drug delivery.147 Depending on the chemical composition
and the degree of cross-linking, the temperature-responsive behavior of the
HPC-PAA gel particles can be shifted from LCST to UCST property, and their
sizes can be modified from 100 nm to 1 mm in a controllable way. Hydrophilic
antitumor drug oxaliplatin was successfully loaded in the particles, forming
platinum-PAA complexes, maintaining a high anticancer activity. On the other
hand, hydrogels of AA and AA-grafted HPC exhibited pH-dependent swelling
and drug release, temperature-dependent transmittance and composition-
dependent biodegradability.148

18.5 Conclusion

Smart pH- and temperature-sensitive chemically cross-linked hydrogels,
exhibiting tunable release rates, are an important class of materials that find
unique applications in biomedical and pharmaceutical fields and have
undergone tremendous progress in the past few decades. Micro- and nano-sized
particles are among the most suitable formats for stimuli-responsive drug-
delivery systems, because of their rapid responsiveness under in vivo conditions.
Micro-sized materials are mainly intended for oral administration or subcu-
taneous implantation, while the nano-sized hydrogels can reach profound
tissues and be exploited to target drug release towards tumor cells or other
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pathological conditions. Other formats such as layers of the cross-linked
hydrogels applied as in situ photopolymerized coatings on conventional drug-
delivery systems (e.g. pellets and tablets)149,150 or medical devices (see Chapter
24) also offer attractive performances. pH-responsive hydrogels are made of
polyelectrolytes and operate by widening of the mesh size when repulsive forces
among the polymer chains arise due to the ionization. Negative and positive
temperature-sensitive hydrogels have been shown useful for the preparation of
carriers able to regulate drug release under hyperthermia conditions, caused by
a pathological state or by the application of a heat source external to the body.
Hydrogels that combine both pH- and temperature-responsiveness respond to
the stimuli in a more specific and amplified way, which enables a more precise
control of the site and the rate at which the release should occur. In summary,
although the application of smart materials to the drug-delivery field is still
quite recent, the many elegant approaches already developed make foreseeable
that, in the next years, novel pH- and temperature-responsive materials able to
face up to the numerous challenges that biomedical use demands, including the
improvement of responsiveness, mechanical strength, biocompatibility and
biodegradability, will appear.
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CHAPTER 19

Elastin-like Hydrogels and
Self-assembled Nanostructures
for Drug Delivery

JOSÉ CARLOS RODRÍGUEZ-CABELLO,*
ISRAEL GONZÁLEZ DE TORRE AND
GUILLERMO PINEDO

G.I.R. BIOFORGE (Group for Advanced Materials and
Nanobiotechnology), Universidad de Valladolid, Edificio IþD,
Paseo de Belén, 11, 47011-Valladolid, Spain
*Email: roca@bioforge.uva.es

19.1 Introduction

Nature has always provided humans with all types of resources and, in
particular, supplies a vast amount of protein-based materials that present
outstanding properties. Nowadays, researchers of different disciplines such as
materials science and biology are combining efforts in the design of advanced
materials that exhibit naturally occurring properties. This has led to the birth of
a new and evolving science called biomimicry or biomimetics. Mimicking
natural sophisticated materials sets challenging goals and, although significant
progress has been made, there is still a lot to learn from the organizational
principles employed by Nature. Translating these hierarchical concepts into
synthetic, bio-inspired structures would lead to new, high-performance, types
of products.
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Materials scientists are mimicking Nature to obtain synthetic proteins with
the properties of natural macromolecules. Protein-based polymers offer a set of
interesting physical, chemical and biological features. Their component units,
the amino acids, provide a broad range of specific characteristics since they can
be hydrophobic or hydrophilic, and bear aromatic, cationic, anionic or neutral
groups. By changing the sequence design, complex secondary structures as
different as a helices, b turns or b sheets can be obtained. This chapter provides
an overview of the features and applications in drug delivery of elastin-like
recombinamers (ELRs), a new family of protein-based polymers that mimic
natural elastin.

19.2 Elastin-like Recombinamers (ELRs)

Elastin is a major component of the extra-cellular matrix and it can be found in
many tissues such as skin, lung, artery, ligament and cartilage, conferring them
with elasticity. Recombinant techniques allow one to obtain protein-based
materials that exhibit some features found in natural proteins together with
other properties of technological interest. One of the most interesting protein-
based materials is the family of the so-called elastin-like recombinamers
(ELRs), which have recently focused the attention of many researchers due to
their ability to form a variety of structures, such as nanoparticles, nanofibers,
films or hydrogels.1–3 This versatility along with biocompatibility, bioactivity
and smart behavior make ELRs unsurpassable candidates for biomedical
applications, including implants and drug-delivery systems (DDSs).4 ELRs are
genetically engineered biopolymers exhibiting stimuli-responsiveness, based on
repeats of the pentapeptide sequence Val-Pro-Gly-Xaa-Gly, where Xaa is any
natural amino acid except proline. The most widely studied is poly(VPGVG),
namely poly(Val-Pro-Gly-Val-Gly). All functional ELRs present a reversible
phase transition in response to changes in temperature.5 In aqueous solution
below a certain temperature, i.e. the transition temperature (Tt) or lower critical
solution temperature (LCST), the polymer chains remain disordered, relatively
extended with a random coil conformation and fully hydrated.6 The hydro-
phobic hydration is characterized by an ordered clathrate-like water structure
surrounding the apolar moieties of the polymer. This structure is somewhat
similar to that described for crystalline gas hydrates, although it is more
heterogeneous and of varying perfection and stability.7,8 When temperature
surpasses the Tt, according to Urry’s model the polymer chains hydro-
phobically fold and undergo a conformational transition that leads to phase
separation. The resultant ‘‘coacervate’’ is composed of about of 63% water and
37% polymer.9 In the folded state, the polymer chain adopts a dynamic,
regular, non-random structure called a b spiral, which involves one type II b
turn per pentamer stabilized by intra-spiral, inter-turn and inter-spiral hydro-
phobic contacts.5 The process begins with the formation of filaments composed
of three-stranded dynamic polypeptide b-spirals, which grow up to hundreds of
nanometers before settling into a visible separated state (Figure 19.1).5,10 This
process is completely reversible (i.e. lowering the temperature below Tt, the
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initial state is recovered) and has an associated latent heat, DHt,5 which is the
result of the combination of the disruption of the water structure and the
folding and stabilization owing to the Van der Waals interactions.11 One
VPGVG sequence is enough to permit the transition from random coil to
ordered b turn, but higher molecular weight polymers are required to obtain
materials presenting useful properties.12

Common proteins undergo unfolding and denaturalization when temperature
rises. The shift described above from adisordered to anordered state upon heating
is the base of the inverse temperature transition (ITT). At this point, the reader
might think that this behavior is not possible, because it seems to violate the second
law of thermodynamics. However, this apparent mystery can be solved if the
system as a whole is considered; namely, not only the protein but also the water
surrounding it.When the systemmoves to theordered state, the increase inorderof
the protein component is less than the decrease in order of the water component.
Thus, the second law of thermodynamics is indeed satisfied.

It has been proven that the amino acids sequence has a great influence on the
ITT of ELRs.13 Substitutions of the amino acid at the fourth position (Xaa) of
the pentamer modify the values of Tt, to an extent that depends on the polarity
of the amino acid side chain. As a rule of thumb, an increase in the polarity
decreases the hydrophobic hydration, which causes an increase in Tt and a
decrease in DHt. The transition temperature can also be altered by physio-
logical variables, such as pH, salt concentration or presence of certain ions or
molecules.14

As mentioned above, most of the ELRs are based on the general formula
(VPGXG), where X represents any natural or modified amino acid except
proline. All polymers with this structure are functional, i.e. all show smart
behavior with sharp responsiveness. However, the achievement of functional
ELRs by means of the substitution of any of the other amino acids in the
pentamer is not so straightforward. For example, the proline cannot be
substituted, and the first glycine cannot be replaced with any natural amino
acid other than L-alanine. This is because the type II b-turn per pentamer
involves this glycine together with the proline in the folded state of the polymer.
The presence of bulky moieties in amino acids with L chirality impedes the

Figure 19.1 Steps of the inverse temperature transition of elastin-like polymers. From
left to right: b-spiral structure, formation of twisted filaments or supercoil
of b-spiral and aggregation into microaggregates.
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formation of the b-turn, and the resulting polymer is not functional. Thus, the
substitution by alanine is the only possibility reported that still leads to a
functional polymer, though even in this case the resulting polymer shows
significantly different and out-of-trend mechanical and thermal properties.
Another strategy for tuning the features of ELRs is to synthesize them through
genetic engineering to obtain multi-block copolymers.

19.3 ELRs-based Drug-delivery Systems

The efficacy of pharmacological treatments is constricted by inadequate phar-
macokinetics and/or systemic toxicity of some drugs.15 Targeted drug delivery
using a suitable carrier can increase the plasma half-life, minimize the systemic
toxicity and improve the local efficacy of the therapeutic agent.16 An alternative
to systemic drug administration is the localized delivery from an immobile
matrix that is implanted in the tissue of interest. Drug diffusion into the target
organ or tissue reduces the need of repetitive administrations, and overcomes
systemic barriers associated with the traditional delivery approaches.

A narrow control of the composition and the size of the carrier is crucial for
the biocompatibility and effectiveness of the systemic target delivery. Thus, the
possibility of synthesizing ELRs with accurate and low polydispersity
molecular weight biocompatibility and controlled degradation makes them
exceptional carrier components for systemic and targeted drug delivery. Many
DDSs based on ELRs have been designed in the form of nanostructures
(aggregates, micelles), films and hydrogel networks, which can regulate drug
release through diffusion, erosion or swelling mechanisms (Figure 19.2).17

Figure 19.2 Some structures of elastin-based systems useful for drug delivery.

Elastin-like Hydrogels and Self-assembled Nanostructures for Drug Delivery 183

 o
n 

01
/0

9/
20

13
 1

0:
27

:1
9.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

80
View Online

http://dx.doi.org/10.1039/9781849734318-00180


19.3.1 ELRs-based Hydrogels

In the last four decades, hydrogels have been used for biomedical and phar-
maceutical applications, mainly due to the high water content, resemblance of
natural tissues, biocompatibility and stimuli-responsiveness of some of them.18,19

In fact, they were the first biomaterials designed to be applied in the human body.20

Hydrogels can be classified into two large groups according to the way the
network is formed: reversible or physical, and permanent or chemical
(Figure 19.3). In a reversible or physical hydrogel the network is held together
by molecular entanglements, Coulomb forces, H-bonding or hydrophobic
interactions.21,22 Usually physical hydrogels are not homogeneous and present
clusters of molecular entanglements (areas of high cross-linking density and
low water swelling) and hydrophobically or ionically associated domains.
Chain loops and free chain ends also create transitory network defects.
Permanent or chemical hydrogels are covalently cross-linked networks and
may contain clusters spread within regions of low cross-linking density and

Figure 19.3 Schematic view of the formation of some physical and chemical polymer
hydrogels.
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high water swelling. Free chain ends also cause defects in the gel and do not
contribute to the elasticity of the networks.

Most traditional methods of hydrogel synthesis do not permit an exact
control of the sequence, the chain length and the three-dimensional structure
and, thus, some deficiencies in the mechanical properties, and delayed or slow
response times to external stimuli might appear.23 To overcome these problems
many strategies have been developed and numerous polypeptide-based
responsive hydrogels have been designed, including networks formed from
block copolypeptides,24 recombinant segments of elastin, silk and collagen7,25

and recombinant triblock copolymers of a random polypeptide sequence
flanked by two coiled-coil blocks.26,27 Protein segments can be introduced to
provide degradability, temperature-induced phase transition and sensitivity to
biologically active molecules.28–30 All these strategies can provide very close
control over the length and the molecular weight of the proteins that will form the
hydrogel network. Thus, hydrogels bearing functional proteins in their structures
have huge potential applications in nanotechnology, microfabrication, tissue
engineering and drug delivery.

ELRs can be cross-linked at exact places along the skeletal structure of the
polypeptide.31,32 Usually these cross-linking sites correspond to lysine residues
spaced and repeated after a concrete number of amino acids, which can react
with amine-reactive molecules such as glutaraldehyde, disuccinimidyl suberate
or hexamethylene diisocianate. Through chemoselective cross-linking of dried
thin films of ELRs, the stiffness of the hydrogel network can be controlled.33

Recently, click-chemistry has been applied to form ELRs networks avoiding
the use of organic solvents.34 Nevertheless, hydrogels formed in water have a
less uniform structure presumably due to phase transitions, which do not occur
in organic media.

19.3.1.1 Chemically Cross-linked ELRs Hydrogels

ELRs hydrogels are quite attractive due to the versatility of the genetic tech-
niques to incorporate active amino acids as guest residue (X) in the elastin base
unit (VPGXG) and to render biologically active sequences that can provide
unique properties. The formed hydrogels maintain the sensitivity to environ-
mental changes in temperature, pH and light exposition.35,36

Four typical cross-linking strategies can be applied to obtain ELRs
hydrogels, as follows (Figure 19.4).37

a) Radical polymerization. Chemically cross-linked hydrogel networks can
be synthesized by radical polymerization of ELRs derivatized with
polymerizable (vinyl, acrylic, alkyne) groups. The polymerization can be
induced using chemical initiators like peroxides, which usually are not
cytotoxic, or UV light. The remnant chemical initiator and its degra-
dation products have to be removed (usually by diffusion in an appro-
priate medium) from the hydrogel network before any in vivo
application.
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b) Chemical reaction of complementary groups. Functional groups of ELRs
(amine, alcohol, thiol and acid) can be used to form hydrogels through
covalent bonds with complementary groups, involving, for example, the
reaction of an aldehyde with an amine or with a hydrazide, or even a
Michael reaction of an acrylate and a primary amine or a thiol to form a
secondary amine or a sulfide.38 Some different types of condensation
reactions can also be applied to hydrogels formation, such as the
Passerini condensation, in which a carboxylic acid and an aldehyde or a
ketone react with an isocyanide, or the Ugi condensation by adding an
amine to the same reaction mixture to yield an a-(acylamino) amide.39,40

Some of these reactions can be used for rapid cross-linking and in situ
gelling, due to the short reaction time (in certain cases even less than 6
minutes)41 and the versatility to form different kinds of bonds.42,43

Other cross-linkers can be used to slowly form hydrogel networks
(gelling time greater than 30 minutes).44 Two typical procedures are
used for ELRs chemical cross-linking. The first one consists of the
prefunctionalization of the ELRs with a cross-linker agent, avoiding
the use of small molecules that could be cytotoxic. This procedure has
the inconvenience of requiring one or more reactions to functionalize
the ELRs, which involve the use of non-biocompatible solvents or
cytotoxic chemical agents. Once the ELRs have been modified, the
gelation reaction can be carried out in aqueous medium. The second
procedure involves the direct reaction of functional groups (amine,
alcohol, thiol and acid) of ELRs with homo- or hetero-bifunctionalized
molecules. As a drawback, this kind of gelation process has to be carried
out in non-biocompatible conditions (organic solvents or chemical
additives) and for this reason the obtained gels have to be washed
intensely under biofriendly conditions.

Figure 19.4 Typical strategies to cross-link elastin-like recombinamers (ELRs).
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c) High-energy irradiation. Vinyl and other unsaturated groups can be
polymerized when high-energy radiation, principally gamma radiation
and electron beam, is applied. The radiation can induce radicals on ELRs
derivatized with vinyl groups (caused by, for instance, homolytic C-H bond
dissociation) but may also cause the radiolysis of water molecules and the
formation of hydroxyl radicals, which can react with ELRs chains to form
macroradicals.45 The reaction between the macroradicals on different chains
of ELRs leads to the formation of covalent bonds. Usually, the irradiation is
carried out in an inert atmosphere in order to avoid the macroradicals
reactingwithairoxygen.Thegreater the irradiationdose, thehigher the cross-
linking density and thus the smaller the degree of swelling that the VPGXG-
based hydrogels can display in water. The degree of swelling also depends on
temperature due to the sensitivity of the polymer to this variable.46,47

Network formation by means of high-energy radiation has the advantage
of occurring undermild conditions (room temperatureandphysiological pH)
and in the absence of chemical cross-linkers which could be toxic.

d) Cross-linking using enzymes. The use of enzymes to trigger gelation of
PEG-based hydrogels has been widely reported.48,49 By contrast, the
application of this approach to ELRs is still quite scarce and only a few
examples of ELRs cross-linked by transglutaminase50 and collagen
enzymatically cross-linked with tailored ELRs51,52 can be found in the
bibliography. Transglutaminases catalyze the formation of bonds
between glutamine and lysine residues of the proteins. These enzymes
need Ca21 ions for their activity.53 The gelation reaction usually takes
between 5 and 30 minutes, depending on the protein structure and the
enzyme concentration. The enzyme-controlled gelation occurs under mild
conditions and is, therefore, very cell-friendly.

Both aqueous and organic media can be used to form ELRs networks; the
cross-linking in an organic solvent rendering hydrogels with a more uniform
structure due to the absence of transitions. Conversely, in water the behavior of
the ELRs molecules is governed by the LCST.31 Some organic solvents, such as
tris-succinimidyl aminotriacetate, can react with the lysine residues of different
ELRs chains to form a network. The cross-linking confers the hydrogel with
structural stability, being insoluble in water even upon cooling.

Concentration, molecular weight and lysine content of ELRs are key
parameters for hydrogel formation. Below a critical concentration,33 the
hydrogel network is not formed due to the lack of inter-molecular contacts.
ELRs with high molecular weight are more prone to establish an elevated
number of inter-molecular contacts that promote the network formation. ELRs
with a high content in lysine are the most used to prepare hydrogel networks,
because of the suitability of the amino group of lysine to form covalent bonds
between ELRs chains.

The chemical cross-linking strategy has some important advantages, for
instance the covalent bonds avoid hydrogel network dilution and prevent
components diffusing out from the place where the hydrogel is implanted.
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Furthermore, relevant features of the hydrogel, such as gelation time, network
pore size, stiffness and degradability, can be narrowly controlled through the
nature and the concentration of the cross-linker agent. Labile chemical linkages
can also be formed in order to be broken under physiological conditions, either
enzymatically or chemically.37 As a drawback, chemical cross-linking usually
requires organic solvents and reagents that have to be exhaustively removed
after synthesis of the network.

19.3.1.2 Physically Cross-linked ELRs Hydrogels

Several strategies can be applied to prepare physically cross-linked ELRs
hydrogels. Some are described below.

a) Cross-linking by ionic interactions. Polymers with acid groups can be
cross-linked by calcium ions at room temperature and physiological pH.
The hydrogels are destabilized by extraction of calcium ions using a
chelating agent.54 ELRs modified with monosaccharide residues can be
cross-linked by means of ionic/coordination interactions in the presence of
potassium ions, since the ionic radius perfectly fits into the free space estab-
lished by six oxygen atoms of the glucose residues of various polymer chains.

b) Self-assembly of amphiphilic blocks and graft copolymers. Hydrogels can
be obtained through aggregation among hydrophobic segments of multi-
block copolymers of ELRs. The hydrophobic functionalities are provided
by amino acids like alanine (Ala), leucine (Leu), isoleucine (Ile), valine
(Val), phenylalanine (Phe), tryptophan (Thp), tyrosine (Tyr) or
methionine (Met).

19.3.1.3 Applications of ELRs Hydrogels

The ELRs hydrogels are attractive for a wide range of purposes, such as protein
purification, biosensing, tissue engineering and, mainly, drug delivery. Many
different therapeutic agents can be encapsulated in ELRs hydrogels,
e.g. peptides, antibiotics, antitumor drugs, anti-inflammatory agents, and so on.

Anticancer Therapy

Systemic administration of anticancer drugs has the problem that, although the
active principle reaches the site of action, the healthy tissues are exposed to the
toxic effects of the drug. To overcome this limitation, two peculiarities of
tumors can be exploited: i) the irregularity of their vasculature, which leads to
leaky sections, increasing the global permeability; and ii) the lack of a func-
tional lymphatic drainage. Thus, the drugs diffuse better from blood vessels to
tumor tissues than to healthy ones and, once the drug is inside the tumor, it is
not efficiently cleared (Figure 19.5). This enhanced retention and permeability
effect (EPR) can be exploited using ELRs to encapsulate drugs for targeted
delivery, as demonstrated for example with doxorubicin.55 Cell internalization
of ELRs-based constructs can be increased using a cell-penetrating peptide and
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taking benefit of the hyperthermia induced phase transition. The ELRs vector
introduces doxorubicin into the cytoplasm and kills cells by apoptosis. When
the treatment is combined with hyperthermia, the cytotoxicity rises up to
20-fold, which proves the usefulness of ELRs for the thermal targeting of
doxorubicin. Xenografts of FaDu were used to evaluate in vivo the accumu-
lation of ELRs in solid tumors grown in nude mice.56 Greater tumor
penetration and more homogeneous distribution were observed in thermally
treated tumors, suggesting that the combination of temperature-sensitive ELRs
with mild hyperthermia improve the anticancer therapy).

Antimicrobial Therapy

Controlled release of antibiotics is another field of application of ELRs,
particularly in orthopedics. It has been shown that vancomycin and cefazolin
can be homogeneously entrapped in freeze-dried ELRs hydrogels, simply by
pre-soaking the networks in drug solutions of different concentration. The
hydrogels can sustain the release of both drugs, keeping their bioactivity.57 The
size and the physico-chemical features of the encapsulated molecules strongly
determine the entrapment efficiency and the subsequent release pattern. Drug
loading in high drug concentration solutions caused the networks to exhibit
burst release of vancomycin, but not of cefazolin. The concentration of ELRs
used to prepare the constructs also play an important role in the release rate of
high-molecular-weight drugs (e.g. vancomycin), but not in the case of small
molecules (e.g. cefazolin).

Peptide Delivery

Therapeutic peptides and proteins are susceptible to degradation by endo-
genous proteases located in the gastrointestinal tract and other tissues and
exhibit a poor tissue and cellular membrane permeability. Thus, site specific

Figure 19.5 Schematic view of the passive targeting of a systemic drug-delivery
system to cancer cells, based on the differences between tumor and
healthy tissue morphologies.
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and controlled delivery of these bioactive macromolecules is of great interest.58

Some ELRs have been tested as carriers of therapeutic peptides. In particular,
they have been attached to cell-penetrating peptides to enhance the intra-
cellular delivery.59

Gene Therapy

Gene therapy is a promising strategy for the treatment of many diseases, but
the development of an efficient and safe gene delivery vector is still a great
challenge.58 Kim et al.60 have developed an ELRs-mediated adeno-associated
virus (AAV) delivery system for transduction to fibroblasts and human neural
stem cells (hNSCs). The ELRs used in this study are based on the well-known
pentapeptide sequence VPGVG and on a novel variant of the AAV; the
AAV-v3.45. ELRs were absorbed on a tissue culture polystyrene surface
(TCPS) and AAV-v3.45 was immobilized onto the ELRs. The amount of ELRs
adsorbed on the TCPS determined the surface morphology, roughness and
wettability, which are key factors in the modulation of cellular transduction.
ELR-mediated AAV delivery significantly enhanced the transfection efficiency in
fibroblasts and hNSCs, which have great potential for use in tissue engineer-
ing and in neurodegenerative disorder treatments. In the case of nude plasmid
DNA, the polymer concentration, the cure time of the hydrogels and the ionic
strength of the medium had notorious influence on the diffusivity of the DNA
through the networks.58

19.3.2 ELRs Nanoparticles

ELRs block copolymers can form nano- or micro-sized structures that could be
directly injected into the systemic circulation without the risk of blocking blood
vessels.61–63 The mimicking of natural elastin provides ELRs with the pecu-
liarity of ‘‘hiding’’ from the immune system. In other words, the immune
system just ignores these polymers because it is unable to distinguish them from
natural elastin. Furthermore, the biodegradation products are just natural
amino acids.

19.3.2.1 Preparation and Properties

ELRs leading to the formation of nanoparticles are normally synthesized as
amphiphile diblock and triblock; namely one or more building blocks are
hydrophilic and the other(s) are hydrophobic. This is achieved by substituting
the amino acid X in the guest position at the pentamer VPGXG. If X is
glutamic acid (abbreviated as E), this block will be hydrophilic, but if X is
valine and the third amino acid is substituted by alanine (abbreviated as A),
the block will be hydrophobic. When an aqueous solution of an ELR multi-
block copolymer is heated above the Tt, the copolymer chains orientate
themselves in a way that the hydrophobic blocks are taken off from the
aqueous environment in order to reach a state of minimum free energy. This
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process results in the formation of core–corona nanostructures, with the
corona composed of the hydrophilic blocks and the core formed by the
hydrophobic blocks. That is the case of the block copolymer comprising an E-
block of [(VPGVG)2-(VPGEG)-(VPGVG)2] and an A-block of VPAVG
monomer.64 Both blocks are thermo-sensitive and, additionally, the E-block
is pH responsive; at pH above 4.5, i.e. the pKa of the carboxylic acid group; the
glutamic acid is deprotonated and the polymer loses the ITT to become
‘‘soluble’’ at any temperature. At acid pH, it is possible to obtain an
amphiphilic block copolymer with the E-block soluble in water at any
temperature, while the A-block becomes insoluble above the characteristic Tt.
Under these conditions, the polymer shows polar and apolar domains and
readily forms micelles, which are good carriers for poorly soluble drugs
entrapped within the hydrophobic cores.

Herrero-Vanrell et al.4 characterized the self-assembly process of
poly(VPAVG). This polymer aggregates at 30.7 1C forming nano- or micro-
structures, but does not re-dissolve until the temperature is undercooled down
to 8.8 1C (Figure 19.6). This hysteresis phenomenon is explained by the fact
that during the cooling process, the reverse dissolution of the poly(VPAVG)
aggregates is strongly hindered by the lack of water molecules between amide
groups, which are directly bound together causing stabilization of the folded
structure.65 The hysteresis is a very interesting feature for drug delivery, as it
allows the formation of drug-loaded particles at a certain temperature, and
then the particles can be cooled down to the physiological conditions and

Figure 19.6 Turbidity vs. temperature profiles of poly(VPAVG) showing aggregation
when the solution is heated, and dissolution when cooling down. The
temperature at which turbidity reaches 50% is assumed to be the tran-
sition temperature.
Reproduced from Ref. 4 with permission of Elsevier.
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injected into the patient. The size and the shape of the particles can be
characterized using dynamic light scattering (DLS), static light scattering
(SLS) and transmission electron microscopy (TEM) techniques.66,67

19.3.2.2 Applications of ELRs Nanoparticles

Self-assembled ELRs have been tested for the delivery of a wide range of
products, such as genes, proteins and therapeutic agents. Bessa et al.68 showed
that recombinant ELR (VPAVG)220 can render stable nanoparticles of
237.5 nm diameter suitable for the delivery of bone morphogenetic proteins
(BMPs). The particles were formed exploiting the thermo-responsive self-
assembly of the material, by resuspending lyophilized polymer in cold
phosphate buffer saline (PBS), followed by incubation at 37 1C for 30min. The
growth factors were loaded into the particles by simple addition to the cold
polymer solution. The particles encapsulated significant amounts of BMP-2 or
BMP-14 with high efficiency as a result of the hydrophobic interactions
between the polymer and the growth factors.68 The release of both BMPs
followed a two-stage release profile, consisting of an initial rapid release in the
first 24 h (due to a rapid swelling), followed by a slower release for 14 days. The
growth factors retained their activity, as shown by the induction of alkaline
phosphatase (ALP) activity and osteogenic mineralization in C2C12 cells.

Rodriguez Cabello’s group also explored the use of self-assembled ELRs
nanoparticles for controlled release of dexamethasone phosphate.
Poly(VPAVG) formed particles above its transition temperature (30 1C), which
kept their integrity until a strong cooling was applied. These nanoparticles were
able to encapsulate important amounts of dexamethasone phosphate when the
self-assembling process occurred in a co-solution of polymer and drug. The
release was sustained for about 30 days.4 ELRs have also been reported as gene
vectors. Chen et al.69 have designed a polyplex based on K8-ELR (1-60) to
transfect MCF-7 cells. The block copolymers were composed of a cationic
block from oligolysine (VGK8G) and an ELR block with 60 repetitive penta-
peptide units [(VPGXG)60; X being Val, Ala and Gly in a 5 : 2 : 3 ratio]. The
cationic block provided the binding place for the plasmid DNA, in such a way
that the pDNA remains in the core of the nanoparticles, while the ELR block
forms a protecting shell. K8-ELR (1-60) condensed pDNA at a cation to anion
(N/P) ratio above 0.25 with a particle size (measured by DLS) in the 32.4 to
115.5 nm range, showing minimal cytotoxicity and successful transduction of
MCF-7 cells.

Recently, Sun et al.70 have described a novel targeted drug carrier comprising
the knob domain of a fiber protein from adenovirus 5 fused with an ELR
diblock capable of self-assembling into a micellar structure. These polypeptide
nanoparticles target a unique uptake mechanism, which is differentially
expressed throughout the body. The chosen ELR diblock contained two motifs
with different transition temperature, which assemble into nanoparticles at
physiological temperature. It was demonstrated, by non-denaturing-PAGE,
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that the purified knob-ELRs form dimers and trimers, which is a property of
the native knob/fiber protein. To examine the functionality of the knob-ELRs,
their uptake was assessed in a hepatocyte cell line that expresses the adenovirus
serotype 5 fiber and the knob receptor, the coxsackievirus and adenovirus
receptor (CAR). It was found that both plain ELR and knob-ELR can
attach to the outside of the cells. Nevertheless, more internalization and
localization into lysosomes was attained by the knob-ELR complex. These
results prove that large fusion proteins can be assembled by diblock ELRs,
without the need of bioconjugate chemistry, which simplifies the design of
targeted drug carriers.

ELRs micelles have also been evaluated as carriers of antitumoral agents.71

McDaniel et al.72 conjugated the C-terminus of the ELRs with doxorubicin that
self-assembled into nanostructures able to promote tumor regression on a
mouse model. The sequestration of doxorubicin within the core of the forming
nanoparticles may limit the toxicity to healthy tissues, while targeting the drug
to the tumor via the EPR effect.

Electrospraying is also useful for generating ELRs nanoparticles with
potential application in drug delivery. Wu et al.73 reported the preparation of
300–400 nm nanoparticles, dissolving ELRs in trifluoroethanol and doxo-
rubicin in trifluoroethanol : ethanol 25 : 1 vol/vol mixture. Two ELRs of
different molecular weight were tested, with peptide sequence SKGPG-
(VGVPGIGVPGIGVPGEGVPGIGVPG)8WPC and SKGPG(VGVPGIG-
VPGIGVPGEGVPGIGVPG)32-WPC(GGC)7. These sequences contained
glutamic acid residues with the aim that the charged amino acids i) promote the
formation of nanoparticles in electrospraying via Coulombic repulsion and
ii) enable the tuning of the Tt and, thus, of the drug release rate as a function of
pH (Figure 19.7). During the electrospraying process, the solution is accel-
erated across a voltage gradient and the solvents are rapidly evaporated,
leading to the formation of solid particles that can be collected from the target
surface. Varying the experimental conditions (flow rate, spraying voltage)
different morphologies could be achieved such as particles with tails, fibers and
nanospheres. The morphology was also strongly affected by the molecular
weight and the concentration of the ELR. Spherical particles were prefer-
entially obtained using ELRs of low molecular weight. Once immersed in buffer
medium, particles exposed to pH6.5 and 7.5 rapidly dissolved, while at pH 2.5
the particles remain as a coacervate phase. This caused the particles incubated
at pH 5.5 or 7.5 and 37 1C (below their Tt) to display nearly complete release of
doxorubicin after only 15min. In contrast, particles incubated at pH 2.5 and
37 1C (above their Tt) reached a plateau at 70% released. The other 30% of
drug remained trapped in the ELR coacervate, but could be released upon
return to solubility at pH7.5.

An alternative to the administration of preformed particles consists in
exploiting the thermal responsiveness of ELRs with Tt between 37 and 42 1C
(limit temperature for mild hyperthermia) to form the particles into the
body.72 For example, a solution of ELR was injected into mice bearing
human ovarian carcinoma, and the tumor was heated up to 42 1C in order
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to trigger the coacervation of ELR in the tumor. In this way, active
targeting to solid tumors can be achieved just by focused local
hyperthermia.

Recently, Martı́n et al.64 have reported the possibility of obtaining micelles
and vesicles from the spontaneous self-assembly of ELRs. Three different ELRs
(E50A40, E50A40E50 and E100A40) were investigated, all of them based on
the same composing blocks but with different lengths and architecture. The
E block was [(VPGVG)2-(VPGEG)-(VPGVG)2]n and the A block was
(VPAVG)n. ELRs were solubilized in water at 4 1C, filtered through a 0.45 mm
pore membrane and then heated up to 60 1C. The ELR E50A40 adopted
micellar structure upon heating, while the other two ELRs self-assembled into
hollow vesicles. Therefore, the molecular architecture of the ELRs, namely the
block arrangement and length, is determinant for the self-assembled structure.
The typical structure of these hollow vesicles is shown in Figure 19.8. In
aqueous solution the hydrophilic segment is expressed both on the inside and
the outside of the hydrophobic membrane, forming a hydrated hydrophilic
corona. Theoretically, the elasticity, permeability and mechanical stability are
determined by the membrane thickness, which can be controlled by the
molecular weight of the hydrophobic block of the copolymer.74 Compared to
liposomes (see Chapters 2 and 3 in this book), the membrane of the hollow
vesicles is in general thicker, stronger and tougher due to the higher molecular
weight of the components. Thus, the hollow vesicles may be more stable than
conventional liposomes. Perhaps the most striking potential application of the
ELRs vesicles is in the suitability of their inner cavity for the encapsulation of
hydrophilic therapeutic agents. While micelles are adequate for the entrapment

Figure 19.7 pH-dependent transition temperature of low-molecular-weight (17.8 kD)
ELR as a function of concentration at various pHs. A best-fit line and
95% confidence interval are presented. Cumulative drug release from the
elastin-like recombinamer (ELR) nanoparticles at 37 1C (n¼ 3) is shown
in the plot on the right. *Significant (po 0.05, ANOVA-Tukey)
difference in comparison to either pH7.5 or pH5.5.
Reproduced from Ref. 73. Copyright 2009 American Chemical Society.
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of hydrophobic molecules, the hollow vesicles can encapsulate hydrophilic ones
in the cavity and hydrophobic molecules in the hydrophobic bilayer.

An alternative to self-assembly to obtain hollow vesicles is the coating of
polystyrene beads with ELRs, followed by cross-linking of the ELRs and the
dissolution of the beads. Such hollow spheres have been tested by Dash et al.75 as
depots for gene delivery. One ELR, containing a hydrophobic block and a cross-
linking block, was used. The hydrophobic block was composed of sequences
derived from human exons 20 and 24, while the cross-linking domain was derived
from exons 21 and 23. The hollow spheres were obtained through three
sequential processes: coating, cross-linking and dissolution of the core. Poly-
styrene beads were sulfonated to create negative surface charges and then used as
a template. Sulfonate polystyrene beads were coated with the ELR and incubated
in media with different concentrations of mTGase for cross-linking. Finally,
polystyrene beads were dissolved using THF to obtain the hollow spheres.
Polyplexes were prepared, using poly(2-dimethyl-aminoethylmethacrylate)
(PDMAEMA)-block-poly ethylene glycol methyl ether methacrylate
(PEGMEMA)/ethylene dimethacrylate (EDGMA) copolymer and pCMV-GLuc
plasmid in PBS. A polyplex of pCMV-GFP was prepared following a similar
procedure. The polyplexes may protect pDNA against endosomal degradation.
Both pDNA and polyplexes were efficiently loaded inside the hollow spheres, but
the loading yield was higher when the polyplex was used. The pDNA alone is
loaded by diffusion and not through a charge interaction; in fact, both hollow
spheres and pDNA are negatively charged. The higher efficiency of polyplex
loading is likely due to i) reduction of pDNA size when complexed with a
polymer, ii) electrostatic interaction between positively charged polyplex and
negatively charged hollow spheres and iii) diffusion. The release of polyplexes
from the hollow spheres was minimal, but it remarkably increased when a
protease and elastase treatment was applied. This high pDNA loading capability
and the transfection ability of the released polyplexes highlight the interest of the
hollow spheres as nucleic acid depots.

19.4 Conclusion and Future Perspectives

Elastin-like recombinamers are excellent biocompatible candidates to form part
of DDSs since they are ‘‘invisible’’ for the human immune system and can be
easily degraded. The self-assembling property of ELRs in response to

Figure 19.8 Structure of a hollow vesicle formed by self-assembly of an amphiphilic
elastin-like recombinamer (ELR) triblock copolymer.
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environmental changes makes them hugely attractive for the fabrication of
nanodevices that can load the drug during the hydrophobic aggregation above
Tt, target the drug to specific organs and tissues, and modulate subsequent
release. The carriers can degrade at a suitable rate if an appropriate amino acid
sequence for the polymer is selected. Hydrophilic drugs can also be loaded
within ELR hollow nanoparticles. Furthermore, the ELRs may be convenient
to prepare injectable implants that form long-time biocompatible depots for
easier treatment of diseases like diabetes or other chronic pathologies. Novel
ELRs can provide more environmentally sensitive DDSs suitable for cancer
treatment and gene therapy. Nevertheless, for these applications to become a
reality much research is still needed.
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23. J. Kopeček and J. Yang, Polym. Int., 2007, 56, 1078.
24. A. P. Nowak, V. Breedveld, L. Pakstis, B. Ozbas, D. J. Pine, D. Pochan

and T. J. Deming, Nature, 2002, 417, 424.
25. J. T. Prince, K. P. McGrath, C. M. DiGirolamo and D. L. Kaplan,

Biochem., 1995, 34, 10879.
26. W. A. Petka, J. L. Harden, K. P. McGrath, D. Wirtz and D. A. Tirrell,

Science, 1998, 281, 389.
27. C. Xu, V. Breedveld and J. Kopecek, Biomacromolecules, 2005, 6, 1739.
28. K. Ulbrich, J. Strohalm and J. Kopecek, Biomaterials, 1982, 3, 150.
29. C. Wang, J. I. Kopecek and R. J. Stewart, Biomacromolecules, 2001, 2, 912.
30. T. Miyata, N. Asami and T. Uragami, Nature, 1999, 399, 766.
31. R. A. McMillan, K. L. Caran, R. P. Apkarian and V. P. Conticello,

Macromolecules, 1999, 32, 9067.
32. R. A. McMillan and V. P. Conticello, Macromolecules, 2000, 33, 4809.
33. K. Trabbic-Carlson, L. A. Setton and A. Chilkoti, Biomacromolecules,

2003, 4, 572.
34. J. Patterson, M. M. Martino and J. A. Hubbell,Mater. Today, 2010, 13, 14.
35. J. C. Rodrı́guez-Cabello, M. Alonso, L. Guiscardo, V. Reboto and

A. Girotti, Adv. Mater., 2002, 14, 1151.
36. J. C. Rodriguez-Cabello, J. Reguera, A. Girotti, M. Alonso and

A. M. Testera, Progr. Polym. Sci., 2005, 30, 1119.
37. W. E. Hennink and C. F. van Nostrum, Adv. Drug Deliver. Rev., 2002,

54, 13.
38. T. R. Hoare and D. S. Kohane, Polymer, 2008, 49, 1993.
39. A. E. J. de Nooy, G. Masci and V. Crescenzi, Macromolecules, 1999,

32, 1318.
40. A. E. J. de Nooy, D. Capitani, G. Masci and V. Crescenzi, Biomacro-

molecules, 2000, 1, 259.
41. X. Z. Shu, S. Ahmad, Y. Liu and G. D. Prestwich, J. Biomed. Mater. Res.

A, 2006, 79A, 902.
42. P. Bulpitt and D. Aeschlimann, J. Biomed. Mater. Res., 1999, 47, 152.
43. C. Hiemstra, L. J. van der Aa, Z. Zhong, P. J. Dijkstra and J. Feijen,

Macromolecules, 2007, 40, 1165.
44. S. K. Hahn, E. J. Oh, H. Miyamoto and T. Shimobouji, Int. J. Pharm.,

2006, 322, 44.
45. N. A. Peppas, Hydrogels in Medicine and Pharmacy: Vol. 1 Fundamentals,

CRC Press, Boca Raton, 1986.
46. J. Lee, C. W. Macosko and D. W. Urry, Macromolecules, 2001, 34, 4114.
47. J. Lee, C. W. Macosko and D. W. Urry, Biomacromolecules, 2001, 2, 170.
48. J. J. Sperinde and L. G. Griffith, Macromolecules, 2000, 33, 5476.
49. J. J. Sperinde and L. G. Griffith, Macromolecules, 1997, 30, 5255.
50. M. K. McHale, L. A. Setton and A. Chilkoti, Tissue Eng., 2005, 11, 1768.

Elastin-like Hydrogels and Self-assembled Nanostructures for Drug Delivery 197

 o
n 

01
/0

9/
20

13
 1

0:
27

:1
9.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

80
View Online

http://dx.doi.org/10.1039/9781849734318-00180


51. Y. Garcia, N. Hemantkumar, R. Collighan, M. Griffin,
J. C. Rodriguez-Cabello and A. Pandit, Tissue Eng. A, 2009, 15, 887.

52. Y. Garcia, R. Collighan, M. Griffin and A. Pandit, J. Mater. Sci. Mater.
Med., 2007, 18, 1991.

53. E. Westhaus and P. B. Messersmith, Biomaterials, 2001, 22, 453.
54. P. Gacesa, Carbohydr. Polym., 1988, 8, 161.
55. G. L. Bidwell III, I. Fokt, W. Priebe and D. Raucher, Biochem.

Pharmacol., 2007, 73, 620.
56. W. Liu, M. R. Dreher, D. C. Chow, M. R. Zalutsky and A. Chilkoti,

J. Control. Release, 2006, 114, 184.
57. S. B. Adams, M. F. Shamji, D. L. Nettles, P. Hwang and L. A. Setton,

J. Biomed. Mater. Res. B, 2009, 90B, 67.
58. Z. Megeed, J. Cappello and H. Ghandehari, Adv. Drug Deliver. Rev., 2002,

54, 1075.
59. G. L. Bidwell III and D. Raucher, Adv. Drug Deliver. Rev., 2010, 62, 1486.
60. J. S. Kim, H. S. Chu, K. I. Park, J. I. Won and J. H. Jang, Gene Ther.,

2011, 19, 329.
61. R. Gref, A. Domb, P. Quellec, T. Blunk, R. H. Müller, J. M. Verbavatz

and R. Langer, Adv. Drug Deliver. Rev., 1995, 16, 215.
62. S. J. Douglas, S. S. Davis and L. Illum, Crit. Rev. Ther. Drug Carrier Syst.,

1987, 3, 233.
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CHAPTER 20

Multiple Stimuli-responsive
Hydrogels Based on a-Amino
Acid Residues for Drug Delivery

MARIO CASOLARO* AND ILARIA CASOLARO

Department of Pharmaceutical and Applied Chemistry, University of Siena,
Via Aldo Moro 2, I-53100 Siena, Italy
*Email: mario.casolaro@unisi.it

20.1 Introduction

Cross-linked synthetic polymers that can incorporate a significant amount of
water are of increasing interest in drug delivery. Hydrogels can be used to load
drugs and to release them slowly over time or to trigger release in response to a
wide variety of chemical and physical stimuli. Recently, multiple stimuli-
responsive polymer-based systems have attracted significant attention. Func-
tional hydrogels sensitive to pH and temperature can mimic the responsive
macromolecules found in Nature and have great potential in the biomedical
field.1,2

An important group of water-soluble, non-ionic polymers, which form
thermo-reversible gels with expanding-contracting properties over a wide range
of temperature, is that of N-alkyl acrylamide homopolymers and copolymers
with or without acidic/basic ionizable comonomers.3–5 Among these,
poly(N-isopropylacrylamide) (pNIPAAm) has received considerable attention,
since its lower critical solution temperature (LCST) of 32 1C approaches normal
body temperature,5–11 and it can be increased/decreased by the incorporation
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of hydrophilic (charged)/hydrophobic comonomers, respectively.4,12 Macro-
molecular extension and contraction can be magnified by constructing three-
dimensional networks, which may be suitable as switches for drug-delivery
devices.13–16 Hydrogels can be made from virtually any water-soluble polymer,
encompassing a wide range of chemical compositions, bulk physical properties
and physical formats, including slabs, microparticles, nanoparticles, coatings
and films. Their porous structure can be easily tuned by controlling the cross-
link density of the gel matrix and the affinity of the components for the aqueous
environment. Porosity strongly influences the loading of small drug molecules
and macromolecules and their subsequent release through the network at a rate
dependent on the diffusion coefficient.16 As a result, hydrogels are commonly
used in the clinical practice and experimental medicine for a wide range of
applications, including tissue engineering and regenerative medicine,17 diag-
nostics,18 separation of biomolecules or cells19 and barrier materials to regulate
biological adhesion.20

In recent years, the potential applications of polyelectrolyte hydrogels as
carriers of metal-based drugs have been explored.21 Platinum and ruthenium
coordination compounds are currently the most promising metal-based
chemotherapeutics, and some of them are being intensively studied in clinical
trials to fight metastases and colon cancer.22 Some new drugs based on
platinum- and copper-oxicam complexes have been reported as anticancer
agents.23,24 Among the antitumor agents, cisplatin is commonly used in clinical
practice for the treatment of a variety of solid tumors, even though many severe
toxic side effects arise.25 Recent strategies aimed at overcoming some
drawbacks of cisplatin consist in developing platforms for chemotherapy that
deliver the drug to the local environment of the tumor for extended periods of
time. These platforms are based on polyelectrolyte hydrogels carrying func-
tional groups able to form liable complexes with Pt(II)-species.21,26–28 The
cisplatin entrapped or complexed in polymeric systems has a reduced systemic
toxicity and an increased activity. There is a large body of information about
the in vivo compatibility after subcutaneous implantation of synthetic
polymers, such as poly(acrylic acid) and poly(methyl methacrylate), and about
the ability of carboxylic acid groups to form hydrogen bonds with the glyco-
protein coating the mucosal surfaces.29 To improve these features and to create
more attachment sites for a wide range of therapeutics, some vinyl hydrogels
containing a-amino acid residues have recently been proposed as novel
polymeric compounds to get tunable drug delivery rates.28,30–33 Hydrogels
carrying selected moieties of L-valine, L-leucine, L-phenylalanine or L-histidine
can be obtained from the corresponding acrylic and methacrylic monomers
(Table 20.1).

Free radical polymerization of acrylate and methacrylate monomers may
render linear and cross-linked polymers. The latter can be obtained with a
variety of cross-linking densities by using suitable cross-linking agents, such as
N,N0-ethylene-bisacrylamide (EBA), N,N0-methylene-bisacrylamide (MBA) or
poly(ethyleneglycol)diacrylate (PEG-DA). The hydrogels based on L-valine
residues enabled cisplatin-coordination and a tunable release rate.28 The valine
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Table 20.1 Structure of the vinyl monomers used for preparing a-amino acid-
based hydrogels.

Name Acrylates Methacrylates

N-acryloyl-L-valine

H2C CH

HN
CH

H3C CH3

O

COOH

N-methacryloyl-L-leucine HN
CH

O

CH2

COOH

H3C

H2C

CH3

CH3

N-acryloyl-L-phenylalanine

H2C CH

HN
CH

O

CH2

COOH

N-acryloyl-L-histidine

H2C CH

HN
CH

O

CH2

COO–

N
N H

H
+

N-methacryloyl-L-histidine

H2C

HN
CH

O

CH2

CH3

COO–

N
N H

H
+
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moiety contains, besides the carboxylic group, amido and isopropyl groups in a
conformation that resembles that of the NIPAAm. As a result, it provides the
polymer networks with pH-, ion- and temperature-responsiveness in aqueous
solution. The interaction between the Pt(II)-species and the hydrogel allows a
chemically controlled release along with the diffusion-controlled mechanism.
The research already carried out has been focused on elucidating the role of the
cross-linking density on the ability of the hydrogels to load cisplatin by pre-
soaking in drug solutions, to regulate the release to aqueous medium at various
pHs and temperatures, and to modulate the cytotoxic properties of the drug.
The pharmacological efficacy of the Pt(II)-species released from the hydrogels
has been compared with that of cisplatin in solution. Moreover, from an
interesting point of view in clinical practice, the synergic effect of cisplatin with
temsirolimus (macrolid antibiotic) has also been considered.28 The temsi-
rolimus is a rapamycin ester used as immunosuppressor in the prevention of
transplant rejection,34,35 which is not cytotoxic by itself, but could syner-
gistically increase the cytotoxicity of cisplatin.

As a matter of fact, different drugs able to interact ionically with the ionized
functional of the a-amino acid moieties may be incorporated into the gel
matrix. The strength of the link of the drug regulates the release rate from the
hydrogel, as observed for pilocarpine loaded on vinyl hydrogels containing

Table 20.1 (Continued)

Name Acrylates Methacrylates

N-isopropylacrylamide

H2C CH

HN
O

H3C CH3

Cross-linking agents:

N,N0-methylene-bisacrylamide
(MBA)

N N

O O

HH

N,N0-ethylene-bisacrylamide
(EBA)

N

O

H

N

O

H

Poly(ethyleneglycol)diacrylate
(PEG-DA-258, Mn 258;
PEG-DA-575, Mn 575)

O O

O

O

)( n
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L-histidine and L-valine residues.36 Pilocarpine is a water-soluble drug widely
used in glaucoma therapy.37 Since the molecule contains an imidazole ionizable
group, it can interact with the carboxylic acid groups of the polymer and
subsequently be released in a stimuli-responsive way from the hydrogel. These
systems may be useful as ophthalmic inserts (in the line of the Ocusert-
pilocarpine device) due to their valuable properties regarding cytocompatibility
and good optical transmission in the swollen state.38,39 The inserts provide an
increased contact time with the conjunctival tissue, to ensure a prolonged
delivery through the cornea. Compared with other polymeric ophthalmic
devices, the reported hydrogel platforms may have the additional advantages of
responding to external stimuli, like changes in temperature, which could be
used to trigger the release of the complexed drug under specific ocular
circumstances.40 This chapter focuses on recent developments and future trends
of the a-amino acid-based hydrogels as drug-delivery (cisplatin, temsirolimus,
pilocarpine) systems for cancer and glaucoma therapy, and as platforms for
lithium ion delivery to the brain for bipolar disorder management.

20.2 Syntheses

Stimuli-responsive polyelectrolytes formed by a vinyl backbone and bearing
suitable functional groups can be obtained through free radical polymerization
of monomers dissolved in suitable organic and/or aqueous media, in the
presence of a suitable initiator such as azobisisobutyronitrile (AIBN) or
ammonium persulfate (APS) (Scheme 20.1). The corresponding hydrogels can
be obtained via a similar route of synthesis but with the addition of cross-
linking agents. Commercially available or purposely synthesized monomers can
be used. Usually, vinyl monomers containing a-amino acid residues are
prepared by acylation of the appropriate amino acid with acryloyl or
methacryloyl chloride in alkaline solution.41–43 After neutralization with
concentrated hydrochloric acid, the monomers may be crystallized with an
analytic grade purity, as shown by potentiometric, calorimetric and
spectroscopic (1H NMR and FT-IR) methods. In most cases, white crystals
are obtained from aqueous (acrylic monomers) or benzenic (methacrylic
monomers) solutions. The monomers are stable under atmospheric moisture
conditions and can be stored for several months at low temperature. The

H2C

C=O

R1

Cl

+ NH2

R2

COO–

OH–/H+
H2C

R1

C=O

NH

R2

CH2 C

R1

C=O

NH

R2

COOH

( )n

COOH

radical
polymerization

(R1 = H, CH3)

Scheme 20.1 Synthetic pathway to obtain polymers of a-amino acids.
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structure of some synthetic monomers used for the preparation of the
linear (soluble) polymers and cross-linked (swellable) hydrogels is shown in
Table 20.1.

Linear and cross-linked copolymers with various compositions have been
obtained by copolymerization of the a-amino acid vinyl monomers together
with the well-known NIPAAm to communicate the LCST feature.6,11,41,44,45

The acid-base titration of the ionizable groups in the copolymers indicated
that the comonomers had been effectively incorporated at the feed ratios and
randomly distributed along the macromolecules.46 Hydrogels were obtained
adding cross-linking agents, like MBA,47 EBA28,30–33 and PEG-DA
(Table 20.1), PEG-DA leading to more porous materials. In all cases, the
polymerization was carried out in water with various cross-linker proportions.
Copolymer hydrogels were obtained neither when PEG-DA was incorporated
at low concentration, nor when only a-amino acid vinyl monomers (without
cross-linking agent) were used. Thus, only the hydrogels containing 12mol.%
of cross-linking agent and incorporating NIPAAm:synthetic monomer at a
90 : 10 molar ratio were prepared for further studies (Table 20.2). The
hydrogels were treated with hydrochloric acid solution (which caused the
networks to collapse), washed, dried and cut as small pieces for the subsequent
experiments.

20.3 Swelling Properties

Several stimuli, namely ionic strength, specific ions, pH, temperature and
electric field, can trigger swollen/collapsed phase transitions of the hydrogels,
the swelling behavior strongly depending on the nature of the amino acid
residues and the cross-linking degree. In the following sections, the main
properties of anionic (carboxylic acid) and amphoteric hydrogels that may be
useful for the design of stimuli-responsive drug-delivery systems will be
considered.30–33

20.3.1 Effect of pH and Ions

20.3.1.1 Anionic (Carboxylic Acid) Hydrogels

Anionic hydrogels can be prepared from acrylates containing L-valine or
L-phenylalanine residues and methacrylates carrying the L-leucine moiety. The
a-amino acid monomers can also be copolymerized with NIPAAm to tune the
temperature-responsiveness.28,30,47

The ionization of the carboxylic acid group along with the ionic strength of
the medium play a relevant role in the swelling/deswelling of the polymer.
Uncharged NIPAAm units decrease the basicity constant (log K) of the
carboxylate anion, because of the reduced coulombic forces on the uptake of
protons. Compared to the free amino acids, the log K of the COO� groups was
greater in the corresponding polymers.41,42,44–46 As a rule, the log K value
observed in the polymers is ‘‘apparent’’, i.e. it depends on the degree of
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Table 20.2 Compositions of monomers in the a-amino acid-based hydrogels.

Monomer composition (mol. %) Amount of cross-linking agent (mol. %)a

Name of the hydrogel samples NIPAAm AVa MAL PHE HIS MHIS MBA EBA PEG-DA-258 PEG-DA-575

AVa-1 100 1
AVa-2 100 2
AVa-5 100 5
NIP-MAL-1 94 6 1
NIP-MAL-2 94 6 2
NIP-MAL-5 94 6 5
NIP-MAL-10 94 6 10
PHE-9 100 9
NIP-PHE-2 90 10 2
HIS-5 100 5
HIS-10 100 10
NIP-HIS-1 92 8 1
NIP-HIS-9 92 8 9
MHIS-2 100 2
NIP-MHIS-2 92 8 2
NIP-MHIS-10 92 8 10
NIP-AVa-PEG-258 90 10 12
NIP-AVa-PEG-575 90 10 12
NIP-PHE-PEG-258 90 10 12
NIP-MHIS-PEG-258 90 10 12

amol.% of cross-linking agent compared to the moles of monofunctional monomer(s).
AVa-1, AVa-2, AVa-5: homopolymeric hydrogels with N-acryloyl-L-valine and cross-linked with 1, 2 and 5mol.% of EBA;
NIP-MAL-1, NIP-MAL-2, NIP-MAL-5, NIP-MAL-10: copolymeric hydrogels of NIPAAm and N-methacryloyl-L-leucine and cross-linked with 1, 2, 5 and
10mol.% of MBA;
PHE-9, NIP-PHE-2: homopolymeric and copolymeric hydrogels of N-acryloyl-L-phenylalanine and NIPAAm and cross-linked with 9 and 2mol.% of EBA;
HIS-5, HIS-10, NIP-HIS-1, NIP-HIS-9: homopolymeric and copolymeric hydrogels of N-acryloyl-L-histidine and NIPAAm and cross-linked with 5, 10, 1 and
9mol.% of EBA;
MHIS-2, NIP-MHIS-2, NIP-MHIS-10: homopolymeric and copolymeric hydrogels of N-methacryloyl-L-histidine and NIPAAm and cross-linked with 2, 2 and
10mol.% of EBA;
NIP-AVa-PEG-258, NIP-AVa-PEG-575: copolymeric hydrogels of N-acryloyl-L-valine and NIPAAm and cross-linked with 12mol.% of PEG-DA-258 and
PEG-DA-575;
NIP-PHE-PEG-258: copolymeric hydrogel of N-acryloyl-L-phenylalanine and NIPAAm and cross-linked with 12mol.% of PEG-DA-258;
NIP-MHIS-PEG-258: copolymeric hydrogel of N-methacryloyl-L-histidine and NIPAAm and cross-linked with 12mol.% of PEG-DA-258.
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protonation of the whole macromolecule.48 The polymers show a poly-
electrolyte behavior either in the linear or in the cross-linked gel form.
Generally, the log K linearly decreases as the degree of protonation increases
according to the modified Henderson–Hasselbalch equation:49

logK ¼ logK� þ ðn� 1Þ log½ð1� bÞ = b�

where b is the degree of protonation of the whole macromolecule, and log K1 is
the value of the basicity constant at b¼ 0.5. The n value is related to the
magnitude of the electrostatic interaction and to the hydrophilicity of the
polymer; n values greater than 1 suggest a decreasing log K upon protonation.48

The presence of NIPAAm in the linear and cross-linked copolymers leads to
a further decrease in both log K1 and polyelectrolyte effect. In copolymers with
charges randomly distributed, the uncharged NIPAAm moieties shield the
charges along the macromolecule, reducing the electrostatic effect.46 When the
proportion of charged units is very low, log K1 approaches the lower value of
the corresponding non-macromolecular analogue. Moreover, the protonation
data of the linear polymer analogues is expected to help to explain also the
protonation process of the hydrogels, since the hydrophilic-hydrophobic
balance of the functional groups modulates the phase transitions. For example,
a sharp decrease in the equilibrium degree of swelling (EDS) of hydrogels
carrying the L-valine residues (AVa) is observed when the pH decreases to
values close to that of the critical degree of protonation of the carboxylate
anion.28,41 At that pH, the degree of protonation is 0.66 and enables the
collapse of the macromolecular coil due to the fact that the hydrophobic
interactions between the isopropyl groups can outweigh the repulsive elec-
trostatic interactions of the partially ionized polymer (which otherwise lead to
the more extended and hydrated conformation). For example, at pHB4 the
AVa-1, AVa-2 and AVa-5 hydrogels abruptly collapsed in acetate buffer
(Figure 20.1). At pH44, the charge density of the network became higher and
the EDS increased. As estimated from the log K of the linear polymer analogue,
the charge density of the COO– group reached about 100% at pH 7.4 and about
34% at pH 4.41 The greater EDS of AVa-1 hydrogel is explained by its lower
degree of cross-linking.

The pH of the phase transition becomes slightly higher in media of low ionic
strength, due to an increase in the basicity constant of the carboxylate group.
The EDS/pH plots for the AVa-2 and AVa-5 hydrogels in two different buffers
(acetate 0.05M in water and acetate 0.01M in 0.15M NaCl) are reported in
Figure 20.1.36 As can be seen in that plot, and in more detail in Figure 20.2, the
higher the ionic strength, the lower the EDS was. A sharp decrease in EDS
occurred as the concentration of NaCl in the medium raised up to 0.15M (the
0.9% physiological saline solution). Beyond that concentration, the changes
were less marked and reached a plateau. The NaCl concentration at which the
EDS stabilized depended on the pH of the medium (Figure 20.2). As the pH
decreased approaching the log K value, the effect of the salt on the EDS was
sharper. Namely, a higher concentration of salt led to a further collapse at
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Figure 20.1 Dependence of the equilibrium degree of swelling (EDS) on pH for (a)
the AVa-1, AVa-2 and AVa-5 hydrogels at 25 1C in 0.15M ionic strength
(NaCl) medium, and (b) the AVa-2 (red lines) and AVa-5 (dark lines)
hydrogels at 25 1C in different ionic strength media: 0.05M acetate buffer
(squares) and 0.01M acetate buffer in 0.15M NaCl (triangles).
Reproduced from Ref. 36 with permission of Elsevier.
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Figure 20.2 Dependence of the EDS of AVa-5 hydrogels on the ionic strength
(sodium chloride concentration, mol L�1) at three different pH values
and 25 1C.
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lower hydration states, as occurred for uncharged hydrogels based on
NIPAAm and for charged hydrogels containing different a-amino acid
(L-phenylalanine) residues.30,50 It is worth mentioning the behavior
of hydrogels containing L-phenylalanine residues. The homopolymeric PHE-9
hydrogels showed greater EDS than that of the copolymeric NIP-PHE-2
hydrogels, despite the latter having a lower cross-link density. Therefore, the
presence of more negative charges improves the swelling and the further
shrinking phenomenon.30

20.3.1.2 Amphoteric Hydrogels

Acrylates and methacrylates of L-histidine, which have both positive and
negative charges regularly inserted on each monomer unit, are particularly
suitable for preparing poly(ampholyte) hydrogels.31–33,51 The imidazole
nitrogen of histidine is the main one responsible for the buffering capacity of
proteins in the physiological range of pH. It is also able to interact with various
metal ions and appears to constitute the principal site for metal binding in
proteins.52 Unlike the above-described carboxylic acid-containing polymers,
the ampholyte hydrogels swell less at intermediate pH, but can swell as much as
the former ones at extreme pH. The dependence of the EDS of the acrylate
(HIS-5 and HIS-10) and methacrylate (MHIS-2) hydrogels on the pH value is
shown in Figure 20.3.31,33

0
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Figure 20.3 Dependence of the EDS of the acrylate (HIS-5 and HIS-10) and
methacrylate (MHIS-2) hydrogels on pH in 0.15M NaCl and 25 1C.
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The pattern of the EDS/pH plot of the cross-linked polymers closely
resembles the dependence observed for the reduced viscosity of the corre-
sponding un-cross-linked soluble polymer analogues.31,33 The charges also
determine the hydration process; at high pH, the EDS was maximum, meaning
that carboxylate anions lead to greater solvation shells compared to those
observed for the ‘‘onium’’ ion at strongly acid pH. At the isoelectric point,
the gel shrinks to its minimum hydration. This result is in agreement with the
conformational change observed in the linear macromolecule;31 in fact, the
extension of the macromolecular coil at high/low pH is due to not only charge
repulsion, but also to the magnitude of the hydration shell of the ionized
groups. The cross-linking density also plays a role in the swelling process of the
polymer network (Figure 20.3). In the whole range of pH considered, an
increase in the cross-linking density leads to a decrease of the EDS.

On the other hand, the EDS/pH plots of the different hydrogels practically
overlapped each other at low pH, despite having different basicity constants
(Table 20.3). In fact, log K21 of HIS-10 is higher than that of HIS-5; thus, at the
same low pH value, a greater protonation is expected for HIS-10 than for HIS-
5 due to the presence of more positively charged groups. Thus, if both networks
had an equal cross-linking density, HIS-10 should swell more. However, the
EDSs were almost the same because the positive net charge is compensated by a
higher cross-linking density. The relative differences of the log Kmay clarify the
small shift of the minimum EDS value of HIS-10 at higher pH, as the isoelectric
point slightly increases.

The addition of certain anions and cations provokes a phase-transition from
the swollen to the collapsed state when the critical salt concentration is
surpassed. The phase-transition occurs at lower salt concentration when the pH
of the medium makes the hydrogel have low charge density.32,50

20.3.2 Effect of the Temperature

In general, the EDS of a-amino acid hydrogels decreases as the temperature
increases. Under physiological pH and salt conditions (namely 0.15M NaCl in
acetate and PBS buffers), the EDS shows a linear decreasing pattern as the

Table 20.3 Basicity constants (log K1) of the histidine monomers and of the
linear and cross-linked related polymers (25 1C in 0.15M NaCl).

Compound log K11
a log K21

a n1
a

Hist 6.48
MHist 6.88
Poly(Hist) 7.64 2.3 2.22
Poly(MHist) 7.53 2.0 1.49
Poly(Hist-co-NIPAAm) 7.11 2.9 1.76
HIS-5 7.60 2.4 1.96
HIS-10 7.74 2.9 1.66
MHIS-2 7.66 2.5 1.29

a log Ki¼ log Ki1þ (ni – 1)log[(1-b)/b]; b represents the degree of protonation.
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temperature increases in the 15–50 1C range, when the pH is above the logK of the
functional group (Figure 20.4). Any increase in pH shifts the shrunk region of the
hydrogel to higher temperatures, and no sharp inflection point is detected. That
means that the ionic/ionizable groups make the macromolecule retain its hydro-
philicity despite the increase in temperature up to 50 1C.28,30–33 This behavior was
observed for both anionic (carboxylic acid) and amphoteric hydrogels, owing to
the electrostatic repulsion exerted by the ionized groups preventing the hydrogel
from shrinking in the range of the temperature considered.28,36

As the pH decreases approaching the critical value of 4, the hydro-
philic–hydrophobic forces become competitive, and the sensitivity of the
hydrogels to temperature increases. The hydrophobic forces outweigh the
electrostatic ones and an increase in temperature causes a brusque collapse.
The temperature that triggers the phase transition becomes lower as the pH
becomes close to 4 (Figure 20.4). This is common behavior of the temperature-
sensitive polymers that show lower LCST as hydrophobic moieties are incor-
porated;12 the opposite is true for the incorporation of hydrophilic substituents,
which lead to a greater phase-transition temperature that vanishes at high

0

20

40

60

80

15 20 25 30 35 40 45 50
T (°C)

E
D

S

pH

4.50

4.37

4.10

↓

4.50

4.10

4.00

Figure 20.4 Dependence of the EDS of the AVa-2 hydrogel on temperature in acetate
buffers of different pH (squares: 0.05M acetate in water; red triangles:
0.01M acetate in 0.15M NaCl).
Reproduced from Ref. 36 with permission of Elsevier.
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charge density. From a practical point of view, the hydrogel AVa-2 may be a
good candidate for drug delivery, because its sensitivity to various stimuli that
may trigger the release of a drug through a change in the degree of swelling. In
the next section, some examples of the potential application of the a-amino acid
hydrogels for the controlled release of cisplatin and pilocarpine for cancer and
glaucoma therapy, respectively, are analyzed.28,36

20.4 Drug Delivery from a-Amino Acid Hydrogels

The hydrogels containing a-amino acid residues have been mainly evaluated as
platforms for controlled release of novel synthetic metal-based anticancer
drugs, such as Pt21-complexes, Ru21-coordination compounds, Cu21-oxicam
complexes or cisplatin.21–24 The carboxylic acid and the basic amino groups of
the polymers make the chemical binding of the drug possible, this interaction
being responsible for the control of the release. Moreover, the electrostatic
interaction of the drugs with the proposed platforms may serve for the
loading/release of other ionic water-soluble organic molecules, such as
pilocarpine.36,37

20.4.1 Loading and Release of Cisplatin

Hydrogels swollen above the critical pH were loaded by immersion in a
cisplatin aqueous solution and then the release of Pt(II) in PBS pH 7.4 medium
was monitored via the colorimetric assay with o-PDA.53 Because of the strong
coordinating ability of the imidazole sp2-nitrogen in the poly(ampholyte)s, the
release of the metal was difficult. The anionic (carboxylic acid) hydrogels
released more Pt(II)-species. The amount of complexed Pt(II)-species was
stoichiometric in both hydrogels, but the different interactions between the
metal center and the ionized functional groups explains the differences in
release rate. In all cases, when the swollen hydrogels were immersed in a
cisplatin solution, a progressive deswelling occurred due to the slow reaction of
the platinum(II)-species with the functional groups of the polymer to form
complexes.21 A ligand:Pt(II)-metal center 2:1 stoichiometric ratio was shown
for both the linear and the cross-linked polymers from viscometric and swelling
data, respectively.26,28 The EDS of the hydrogels swollen in deionized water
regularly decreased upon the stepwise addition of a stock cisplatin solution.
The minimum EDS value was obtained at a cisPt/AVa molar ratio close to 0.5,
i.e. the stoichiometric value. This stoichiometry was confirmed by the weight
increase of the hydrogel after washing and drying. The interaction of the
Pt(II)-species with the carboxylic groups neutralizes the polymer charges and
leads to the collapse of the network. In the dry form, the Pt(II)-loaded
hydrogels had the appearance of yellowish, tightly compact particles. The
FTIR spectra in the neutral, ionized and Pt(II)-complexed forms were
compared to monitor the interaction between the COO� groups and the
aminated Pt(II)-species.26,28 In the case of the AVa-2 hydrogel, the broadband
at 1580 cm�1 of the COO� stretching of the ionized networks split into two
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bands at 1610 cm�1 (Pt-coordinated COO�) and 1515 cm�1 (N-H amide II
frequencies) after complex formation.28 Similar spectra were recorded for
AVa-1 and AVa-5 hydrogels and also for the PHE-9 hydrogel.26 The Pt(II)-
species were not able to form stable complexes with copolymer hydrogels with
NIPAAm, because of the greater distance between adjacent COO� groups from
different monomer units, which are separated by uncharged and randomly
distributed NIPAAm monomers. Any shield of the COO� groups leads to a
lack in the coordination ability, as observed for the linear and the cross-linked
NIP-PHE-2 polymers.26 The spectra also revealed that the NH3 of cisplatin
remains linked to the Pt(II)-coordinated species. This indicates that the chloride
ion acts as the leaving group and is responsible for the improvement of the
Pt(II)-coordination.28

Since the solubility in water of cisplatin (0.25% w/w) is quite limited, addi-
tional loading experiments were carried out using a drug solution prepared in a
water:DMSO mixture (98.4:1.6, v/v).27 The DMSO strongly coordinated the
cisPt(II)-species, leading to reduced or lacking cytotoxic effect upon its release
from the hydrogel.26 The amount of Pt(II)-complex species released in PBS pH
7.4 buffer strongly depended on the initial cisplatin stock solution used for the
loading. Hydrogels loaded by immersion in cisplatin solution containing
DMSO released three times more cisplatin than those loaded in aqueous
solution. Nevertheless, in both cases, the cumulative release had a biphasic
pattern, with a burst in the first few hours followed by a sustained release that
fitted a near zero-order kinetics (Figure 20.5).26 The hydrogels containing the
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Figure 20.5 Release profiles in PBS buffer (pH 7.4 and 25 1C) of Pt(II)-species from
the carboxylic acid hydrogel PHE-9 loaded with cisplatin in water and in
water/DMSO solution, and from the amphoteric MHIS-2 and NIP-
MHIS-2 hydrogels.
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L-valine residues sustained the release for more than one week,28 according to a
zero-order release kinetics, which may be desirable from certain applications.54

The effect of the temperature on the amount of Pt(II) released from
hydrogels containing L-valine residues was evaluated in different buffer
solutions (Figure 20.6). Triggering the release of the drug in response to
the temperature at desired pH values might be a further advantage of the
hydrogels. At 25 1C the release rate of the Pt(II)-species was constant for the
first four days. An increase in temperature up to 361C accelerated drug release
from the AVa-2 hydrogel, showing a burst in the first few hours followed by a
flatter release pattern. This behavior is explained by the shrinking phenomenon
caused by the temperature.55 The presence of amido and isopropyl functional
groups in the AVa-2 hydrogel, which resemble those of the classical
temperature-sensitive pNIPAAm, together with the Pt(II)-carboxylic coor-
dinated groups, renders this system responsive to temperature even at pH
greater than the log K1 value of the hydrogel. At 25 1C the hydrogel is strongly
solvated, but quickly loses the water molecules upon the increase in
temperature. This causes the gel to shrink and the Pt(II)-species to squeeze out
from the polymeric network. It is noteworthy that as the release proceeded, the
swelling of the hydrogel increased. Moreover, the effect of temperature on the
cisplatin-loaded hydrogel was less evident at lower pH. Unlike the abrupt
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Figure 20.6 Release profiles in PBS buffer at 25 1C of Pt(II)-species from the AVa-1
(triangles) and AVa-2 (squares) hydrogels. The increase in temperature
to 36 1C in the tests with AVa-2 hydrogels at different pH values (blue
squares, pH 7.4; red squares, pH 4.2) is indicated with an arrow.
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pH- and temperature-responsiveness shown by the AVa-2 hydrogel at pH close
to 4, the Pt(II)-species anchored to the hydrogel decreased the EDS by them-
selves, resulting in a less intense shrinking phenomenon at pH 4.2 (Figure 20.6).

In the case of the AVa hydrogels, besides the swelling-controlled drug
release, a further mechanism should be considered.26,28 When a dry hydrogel is
immersed in a favorable solvent, the polymer undergoes a transition from an
unperturbed (glassy) to a solvated (rubbery) state, with an increase in macro-
molecular mobility due to a chain extension and in free volume for transport
through the gel.54 The zero-order release arises when the constant rate of
solvent front penetration is much smaller than the drug diffusion rate in the
swollen gel.56 Together with the diffusion-controlled step, a chemically
controlled release mechanism related to the breakage of coordinated Pt(II)-
hydrogel bond has to be considered. The Pt(II)-species released are subjected to
a concentration-dependent diffusion that is related to the strength of the
binding of the complex species with the coordinating groups inside the network.
The stepwise binding cleavage and diffusion of the Pt(II)-species from the inner
to the external interface of the hydrogel can provide a broad range of delivery
time scales. Thus, the release rate of the Pt(II)-species depends on the disso-
ciation strength of the Pt(II)-gel coordinate bonds and on the mesh size of the
network. For the same content in AVa monomer, the less cross-linked AVa-1
hydrogel released the Pt(II)-species faster (slope 15.0mg g�1 per day) than the
AVa-2 hydrogel (11.7mg g�1 per day), which indicates that the diffusion
process is more favorable through the networks that have a greater mesh
size.28,56 The PHE-9 hydrogel (with a greater cross-linking density) showed
even lower slope in the near zero-order release phase (2.7mg g�1 per day).26

20.4.2 Cytotoxicity of Cisplatin-loaded Hydrogels

The cytotoxic effect of the Pt(II)-species released from the hydrogels was
compared to that of the native cisplatin by using the Me665/2/21 melanoma cell
line. The cells were cultured at 37 1C in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 2mM L-glutamine and 50mg L�1

gentamicin, in a humidified atmosphere containing 5% CO2. In all cases, the
cells were treated with cisplatin-loaded hydrogels of small particle size without
previous sterilization. The experiments were carried out at cisplatin concen-
trations close to those found in the plasma of patients with solid tumors treated
with this drug; namely 1 mg mL�1 of native cisplatin, corresponding to 0.67 mg
mL�1 or 3.3 mM of Pt. In the experiments with the hydrogel PHE-9, the cells
were treated with 30 mg mL�1 of the hydrogel, which were loaded in aqueous
medium and contained 8.7 mg mL�1 or 45 mM of Pt. These hydrogels are the
ones that provide the slower release rate and thus melanoma cells received a
dose of Pt(II) comparable to that of native cisplatin (0.51 mg mL�1 or 2.6 mM
released within the first 3 h; Figure 20.5). The cisplatin released from the
hydrogel induced a remarkable apoptotic cell death, as evaluated by cell loss,
cell detachment from the monolayer and increased activity of caspase-3/7
(Table 20.4).26

214 Chapter 20

 o
n 

01
/0

9/
20

13
 1

0:
27

:1
8.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

99
View Online

http://dx.doi.org/10.1039/9781849734318-00199


By contrast, no effect on cell growth and viability was observed with the same
hydrogel PHE-9 when loaded with cisplatin from a water/DMSO mixture,
although it released a higher amount of Pt(II)-species (Figure 20.5). In the latter
case, the loss of activity of the Pt(II)-species released from the hydrogel may be
attributed to its exclusion from the cells, because of the steric hindrance of
charged Pt(II)-complex species interacting with DMSO molecules. Moreover,
the presence of DMSO in the Pt(II)-complex species could suppress the inter-
calation between the two DNA strands.57 Solvolysis reactions of cisplatin in
DMSO might be expected to form primarily monofunctional DNA adduct.58

Different Pt(II)-species can be released from the same hydrogel PHE-9; unlike
the Pt(II)-species released from PHE-9 loaded in aqueous solution, the adduct
containing a DMSO molecule has reduced ability to bind double-stranded
DNA and, therefore, its toxicity is lower.57 The electrospray MS and FT-IR
spectra confirmed the composition and the structure of the Pt(II)-DMSO
adduct;26 the prevailing peak at m/z¼ 343 was consistent with the
Pt(NH3)2Cl(DMSO) species, and two strong S¼O stretching bands at 1028 cm�1

and 1124 cm�1 confirmed the presence of DMSO. Unlike the cisplatin
solution in water, both the loading solution of cisplatin in water/DMSO and
the samples of release medium with Pt(II)-species coming from the hydrogel
evidenced the presence of one DMSO molecule linked to Pt(II), because of the
replacement of a chloride leaving group. This leads to the hypothesis that, once
linked, the DMSO molecule remains stably complexed. Thus, the affinity of
Pt(II) for sulfur donor ligands makes DMSO unsuitable for use in biological
studies of the mechanism of action of platinum antitumor drugs, and the
experiments employing this molecule in mixtures of DMSO with other solvents
must be strongly discouraged. By contrast, no biological problems were
observed for hydrogels that were loaded in DMF solutions. In fact, the synergic
effect of cisplatin with temsirolimus was tested after loading of the hydrogels in
DMF, due to the insolubility of temsirolimus in water. Temsirolimus, a
rapamycin analogue acting through the mammalian target of rapamycin
(mTOR) inhibition,34 is an approved immunosuppressive agent that is under
investigation as a potential anticancer drug when combined with other

Table 20.4 Viable and detached Me665/2/21 melanoma cells (1.5�106) after
being treated for 72 h with native cisplatin (1 mg mL�1) or with
cisplatin-loaded PHE-9 hydrogels (30 mg mL�1). The percentages
of detached cells on total cells in control (untreated) and in
hydrogels loaded by immersion in cisplatin solution in water:
DMSO were minor, ranging from 2 to 5%. Mean� standard
error; n¼ 3–5. ND¼ non-detectable.

Sample Total cell number (�10�6) Detached cells (%)

Control 12.04� 0.68 ND
Cisplatin 3.02� 0.44 80.8� 1.2
Hydrogel-Cisplatin (in water) 3.00� 0.38 77.0� 4.9
Hydrogel-Cisplatin (in water : DMSO) 11.22� 0.44 ND
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cytotoxic drugs.59 Used in a wide range of concentrations (1–1000 nM) on
Me665/2/21 melanoma cells, temsirolimus alone exerts a moderate inhibition of
proliferation with no sign of cell death. On the contrary, in the combined
treatment with cisplatin and temsirolimus, the latter increases cisplatin cyto-
toxicity acting through a moderate synergy (Figure 20.7, panel A).

When melanoma cells were treated with cisplatin/temsirolimus-loaded
AVa-2 hydrogel, the synergic effect was much higher, and the contribution of
temsirolimus almost doubled the cytotoxic response of the hydrogel loaded
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Figure 20.7 Me665/2/21 melanoma cells were treated for 48 h with cisplatin with or
without temsirolimus, in diverse experimental conditions where drugs are
in the native forms (codes Cis and CisþT), both loaded in AVa-2
hydrogel from DMF solution (codes Cis AVa-2 and (CisþT) AVa-2) or
cisplatin loaded in the hydrogel from aqueous solution and temsirolimus
remains in native form (codes Cis AVa-2 and Cis AVa-2þT); (A) cell
death is expressed as percentage of floating cells on total cells; (B)
Western blot of PARP protein and densitometric analysis of the bands;
PARP cleavage is expressed as the ratio between fragments (85 kDa) and
total protein (full lengthþ fragment).
Reproduced from Ref. 28 with permission of Elsevier.
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with cisplatin alone.28 In these experiments, both cisplatin and temsirolimus
were loaded in DMF and, under such conditions, the release of cisplatin is
slower and the cytotoxic response is lower than that observed for the native
drug. The synergistic cytotoxic effect was more remarkable when the native
temsirolimus was combined with cisplatin-loaded AVa-2 hydrogel (Figure 20.7,
panel A). The extent of apoptotic cell death was confirmed by Western blot
analysis of the caspase-dependent proteolysis of the nuclear enzyme
poly(ADP-ribose) polymerase (PARP). PARP cleavage is a hallmark of
apoptosis, and the ratio between the cleaved moiety and the total protein (full
lengthþ fragment) strictly mirrors the extent of both cell death and activation
of caspase-3/7. The extent of PARP proteolysis was much higher in the co-
treatment cisplatinþ temsirolimus, in conditions where both the drugs are
delivered from the AVa-2 hydrogel (Figure 20.7, panel B).28

20.4.3 Loading and Release of Pilocarpine

Suitable drug carriers for the ocular therapy of glaucoma are being searched for
with the aim of increasing the efficacy of the topically administered drugs.60–64

Pilocarpine is an imidazole derivative with parasympathomimetic activity that
has been used in the treatment of chronic open-angle glaucoma and acute
angle-closure glaucoma for over 100 years. It is also used to reduce the possi-
bility of glare at night from lights in patients who underwent implantation of
phakic intra-ocular lenses. The most common concentration for this appli-
cation is 1%, the weakest therapeutic concentration. The high water solubility
of the drug makes it have low ocular bioavailability due to low permeability
and short residence time of the aqueous solution in the precorneal area. For
glaucoma treatment, pilocarpine is administered as drops of 3% solution and,
less frequently, as gels or controlled release inserts (Ocusert Pilo).38 Hydrogels
are gaining interest as platforms for ocular drug delivery.60–63 Sinko and
coworkers64 developed fast-forming hydrogels containing thiol groups for
controlled ocular delivery of pilocarpine and evaluated the subsequent
pupillary constriction. Hydrogels based on a-amino acid residues suitable for
pilocarpine delivery should incorporate anionic or zwitterionic residues able to
interact electrostatically with the drug.36 Besides the three carboxylic acid
hydrogels based on L-valine described above, two more networks bearing
L-histidine residues with different zwitterionic charge density were evaluated.
During the loading process, the swelling degree of AVa hydrogels progressively
decreased (Figure 20.8) due to the partial charge neutralization caused by the
electrostatic interactions between the negatively ionized groups of the hydrogel
and the positively ionized nitrogen of pilocarpine.

The initial sharper decrease of the EDS of AVa-2 hydrogels as drug
concentration increases in the loading solution is ascribed to the ionic inter-
action of the pilocarpine hydrochloride with the negatively ionized gel.
Nevertheless, the complexes are not expected to have a high stability constant,
and relatively high amounts of pilocarpine are needed to reach a stoichiometric
break-point. Theoretically, neutralization should occur at a pilocarpine

Multiple Stimuli-responsive Hydrogels Based on a-Amino Acid Residues 217

 o
n 

01
/0

9/
20

13
 1

0:
27

:1
8.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
01

99
View Online

http://dx.doi.org/10.1039/9781849734318-00199


concentration of 0.02wt.%, but the experimental end-point was observed at
5–10 times greater pilocarpine concentrations. The low stability hypothesis was
confirmed by the FT-IR spectra of the AVa-2 gel in the ionized form and after
forming complexes with protonated pilocarpine. The small shifts of char-
acteristic bands belonging to pilocarpine and the C¼O stretching of the gel
were indicative of weak interaction. Overall, once pilocarpine is loaded into the
gel, the low electrostatic interaction facilitates the release. Transmittance at
480 nm of the pilocarpine-loaded AVa hydrogels swollen in PBS pH 7.4 linearly
decreased as the cross-link density raised (Figure 20.8). The lower swelling of
the hydrogels at acid pH resulted in a greater opacity. The hydrogels were
loaded by immersion in an aqueous solution (3wt.%) of pilocarpine hydro-
chloride for one week. Once loaded, the hydrogels were filtered, washed with
distilled water and dried. In all cases, they showed a relevant weight increase
due to the incorporation of the drug. The greater the EDS in the loading
solution, the higher was the amount of pilocarpine loaded. The release of
pilocarpine in PBS pH 7.4 buffer was monitored for one week (Figure 20.9).36

After a burst in the first few hours, due to the physically entrapped pilocarpine,
sustained release profiles were observed.

The total amount of released pilocarpine depended on the nature of the
hydrogel. The zwitterionic hydrogel HIS-5 almost stopped the release after
24 h, with less than 200mg of drug released per gram of dry gel (Figure 20.9).
The less ionized NIP-HIS-1 hydrogel released around 400mg pilocarpine g�1 of
dry gel. A greater amount of drug, around 600mg g�1, was released from the
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Figure 20.8 Dependence of (a) the EDS, in deionized water at 25 1C, of the AVa-2
hydrogel on pilocarpine concentration (wt.%), and (b) the optical
transmission (OT) on the cross-linking density of the pilocarpine-loaded
AVa hydrogels in PBS buffer (pH 7.4).
Reproduced from Ref. 36 with permission of Elsevier.
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AVa hydrogels due to their higher affinity for the drug during the loading.
Thus, the different releasing pattern may be ascribed to the different elec-
trostatic interaction between the pilocarpine and the ionized groups into the
network. Pilocarpine has a log K of 7.2;65 hence at pH 7.4 the drug is mostly in
neutral or positively ionized form. As the pilocarpine comes inside the zwit-
terionic hydrogel HIS-5, there may be electrostatic repulsions with the
positively ionized imidazole residues of the hydrogel, despite the presence of
negative carboxylate charges. These latter groups may weakly interact with the
protonated drug. Moreover, the low swelling of the HIS-5 gel leads to a small
amount of physically loaded pilocarpine. On the other hand, the smaller
number of charges and the greater swelling of the NIP-HIS-1 hydrogel (because
of a lower cross-linking density) made the loading of pilocarpine two times
higher. Furthermore, after the burst, the hydrogels sustained the release for one
week. This behavior was also reported for the release of ferulic acid from the
zwitterionic hydrogels.32 As a matter of fact, the presence of carboxylate anions
of greater log K in the AVa hydrogels clearly showed the relevant role of the
electrostatic interactions. All AVa hydrogels incorporated similar amounts of
pilocarpine despite the relative EDS value being different. The AVa-5 swelled
three times more than the HIS-5 hydrogel. After the initial burst effect, the less
cross-linked AVa-1 hydrogel showed a greater release slope over six days.
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Figure 20.9 Release profiles of pilocarpine in PBS buffer pH 7.4 from the hydrogels:
(left) HIS-5, NIP-HIS-1 and AVa (AVa-1, blue circles; AVa-2, green
triangles; AVa-5, red squares) at 25 1C; and (right) NIP-HIS-1 (dark
squares with pulse of temperature, and red squares at 36 1C) and AVa-2
at 25 1C (dark circles) and 36 1C (red circles).
Reproduced from Ref. 36 with permission of Elsevier.
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As the cross-link density increased, the slope decreased. These findings indicate
that through the selection of the a-amino acid monomer and the cross-linking
density, the design of tailor-made hydrogels able to fit the efficacy and safety
requirements of specific applications may be possible.

The effect of temperature in the 25 to 36 1C range was evaluated for NIP-
HIS-1 and AVa-2 hydrogels (Figure 20.9).36 The increase in temperature
notably accelerated pilocarpine release and increased the total amount of drug
released, particularly in the case of NIP-HIS-1 hydrogel. This behavior is
correlated to the shrinking phenomenon occurring in temperature-sensitive
hydrogels.55,66 In the NIP-HIS-1 gel, the presence of NIPAAm led to a lower
solvation at 36 1C. This caused the gel to shrink and the pilocarpine molecules
to be gradually squeezed out from the polymeric network. The AVa-2 hydrogel
showed a similar behavior.

20.4.4 Cytotoxicity of Pilocarpine-loaded Hydrogels

The cytotoxicity of AVa hydrogels was evaluated using the NIH3T3 mouse
fibroblasts cell line. Non-confluent adhered cells were incubated with each
swollen hydrogel both before and after loading with pilocarpine. After 24 hours
of incubation, no cytotoxic effect was observed.36 In particular, the percentage
of viable cells in contact with AVa-1, AVa-2, AVa-5 and pilocarpine-loaded
AVa-5 was not statistically different from the negative control (high-density
polyethylene, HDPE) (Figure 20.10). Tests carried out with pilocarpine-loaded
AVa-1 and AVa-2 hydrogels revealed greater cell viability than when the cells
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Figure 20.10 Effect of pilocarpine release from AVa-2 hydrogels on the NIH3T3 cells
proliferation. The values obtained for AVa-2-Pcp after 24, 48 and 72 h
of incubation were statistically different from those obtained for HDPE
and AVa-2 hydrogel (po0.05).
Reproduced from Ref. 36 with permission of Elsevier.
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were in contact with HDPE or pilocarpine; the number of viable cells ranked in
the order pilocarpine-loaded AVa-24pilocarpine-loaded AVa-14pilocarpine-
loaded AVa-5. This trend may be due to the different cross-linking degree
of the hydrogels. In fact, the AVa-2, with an intermediate cross-linking degree,
showed a structure that promotes an optimal drug release.

The effect of pilocarpine released from the AVa-2 gels (see Figure 20.9 for the
in vitro profiles) on cell viability was evaluated for a total incubation time of
96 h (Figure 20.10). Every 24 h the gels were removed and placed on new cell
layers in the presence of fresh medium. The results showed that the released
pilocarpine led to an increase in the percentage of viable cells from 0 to 24 h,
from 24 to 48 h and from 48 to 72 h.36 The maximum cell viability was observed
for the drug released from 24 to 48 h. The amount of drug released in the 72 to
96 h interval was not able to influence the cell viability significantly, which was
the same as that observed for HDPE or the non-loaded AVa-2 hydrogel.

20.5 Outlook for the Future

The research for new stimuli-responsive hydrogels continues to move rapidly,
offering novel platforms to be effective for disease prevention and treatment. In
the particular case of the a-amino acid-based hydrogels, combined incor-
poration of temperature-responsive NIPAAm and PEG-based (of different
molecular weights) cross-linkers may provide advanced features (Table 20.2).
These hydrogels show multiple-stimuli responsiveness and the effect of pH and
temperature on the swelling (Figure 20.11) is strongly related to the magnitude
of the electrostatic potential created around the hydrated ionic groups.

It is worth noting that the pH that triggers the shrinking depends on the log
K1 of the carboxylic group belonging to the a-amino acid residues. As
previously reported for linear polymer analogues,30,41,42 the log K1 of the PHE
residues is always greater than that of the AVa moiety. Copolymerization with
NIPAAm increases the polyelectrolyte behavior of the PHE compounds,30

whereas it decreases that of the AVa ones.41,42 This respectively reflects an
increase and a decrease of log K as the degree of protonation increases. Thus,
NIP-PHE-PEG-258 and NIP-AVa-PEG-258 collapsed at pH 4.2 and 3.5,
respectively. Moreover, the longer segments of PEG-575 cross-linker led to a
higher EDS and a smaller pH responsiveness. This is likely ascribed to a further
low log K1 of the ionized carboxylic groups that, being more distant from each
other, created an environment with a lower electrostatic field. The hydrophilic
character of the PEG segments may further enhance the swelling of the
network.

The temperature effect on the swelling properties of the copolymer hydrogels
at different pH media is close to that shown for the homopolymer networks,
in spite of the fact that the presence of NIPAAm should improve the
temperature-sensitiveness. The behavior of two similar hydrogels differing only
in the PEG segment length, namely NIP-AVa-PEG-258 and NIP-AVa-PEG-575,
is reported in Figure 20.11. In the 15–50 1C range, the EDS of both hydrogels
linearly decreases as pH decreases, although the swelling was always greater for
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the NIP-AVa-PEG-575 hydrogel. For a given pH, a sharp decrease in the EDS
was observed when the temperature surpasses a value that makes the hydro-
philicity provided by the charged groups outweighed by the hydrophobic
influence of the isopropyl groups; this drives the collapse of the network in a
narrow range of the critical temperature. This critical temperature regularly
decreases with pH; about 13 1C for each pH unit in the temperature range tested.
For these two hydrogels, the same critical temperature may lead to the shrinking
at different pH or, conversely, at the same pH the collapse may occur at
different temperature. For example, NIP-AVa-PEG-575 at pH 3.5 and
NIP-AVa-PEG-258 at pH 4.0 collapse around 311C, which is coincident with the
LCST of poly(NIPAAm). For a given pH, the collapsing temperature is greater
for the NIP-AVa-PEG-575 hydrogel. We envision the hydrogels as components
of magnetic nanocomposites for remote-controlled pulsate drug release and as
drug carriers for brain diseases. The magnetic nanocomposites are becoming
promising for various applications in medical and pharmaceutical fields;67–69 as
reported, for example, for hydrogels based on NIPAAm that, under a high
frequency alternating magnetic field, collapse due to the rise of the temperature,
and release the drug. Further details on magnetic-responsive nanoparticles for
drug delivery can be found in Chapter 14.

As regards brain diseases, the lithium ion is one of the standard phar-
macological treatments for bipolar disorder.70 Bipolar disorder is a psychiatric
diagnosis that describes a category of mood disorders, involving one or more
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Figure 20.11 Dependence of EDS on (a) pH for the NIP-AVa-PEG-575 (1),
NIP-AVa-PEG-258 (2) and NIP-PHE-PEG-258 (3) hydrogels at 25 1C;
and (b) temperature for the NIP-AVa-PEG-575 (squares) and
NIP-AVa-PEG-258 (red triangles) hydrogels in acetate and PBS buffers
in 0.15M NaCl.
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episodes of abnormally elevated energy levels, cognition and mood with or
without one or more depressive episodes.71 These events are usually separated
by periods of ‘‘normal’’ mood; but, in some individuals, depression and mania
may rapidly alternate, which is known as ‘‘rapid cycling’’. Severe manic
episodes can sometimes lead to psychotic symptoms as delusions and halluci-
nations. Estimates of the lifetime prevalence of bipolar disorder vary from 0.4
to 1.6%.71 Bipolar disorder is often treated with mood stabilizing medications
and, sometimes, other psychiatric drugs. Clinically, lithium is a strong anti-
suicidal drug and it is used together with other mood stabilizers (i.e. valproic
acid and/or carbamazepine) to enhance or prolong both treatment response
and remission.72 Although lithium has a narrow therapeutic margin and well-
known adverse effects, such as dry mouth, gastro-intestinal disturbances,
weight gain, tremor or thyroid dysfunction, it is safe if the concentration is
maintained in the therapeutic range (4.2 to 8.3mgL�1). For this purpose,
controlled-release matrix tablets comprising polyelectrolyte hydrogels have
been proposed.73 Some preliminary data show that the amount of lithium
released from a-amino acid-based hydrogels depends on both the a-amino acid
residues and the cross-linking agent (Figure 20.12).

Unlike the release profile of the copolymeric hydrogels, which resembles the
one shown by the available sustained-release tablets of commercially available
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Figure 20.12 Release profile in deionized water at 251C of lithium(I) ion from the
NIP-PHE-PEG-258 (1), NIP-AVa-PEG-575 (2), AVa-5 (3) and
NIP-AVa-PEG-258 (4) hydrogels.
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Eskalith CRs, the presence of more negative charges on the AVa-5 hydrogel
allowed the release to be sustained for a longer time. In clinical practice, lithium
is often associated with valproic acid, which also presents a narrow therapeutic
margin (40–100mg L�1) and causes severe side effects. To maintain constant
blood levels of mood-stabilizing drugs in order to ensure adequate therapeutic
efficacy, more than one dose is required daily, with a risk of reduced adherence
to therapy by the patient. A controlled-release system for lithium, valproic acid
and/or the two drugs associated would be desirable to improve treatment
possibilities for such a highly debilitating disorder as bipolar disorder. The
a-amino acid-based hydrogels may find here a good niche.

20.6 Conclusion

Purposely designed charged hydrogels, having multiple-stimuli-responsiveness,
can be suitable vehicles for controlled release of actives under determined
conditions.16 Some research is focused on the development of hydrogel
platforms based on a-amino acid residues to release the drug to the target site.
The hydrogels containing carboxylic acid and amphoteric moieties represent an
opportunity because of their ability to form complexes of different bonding
strength with either ionic and/or metal-based drugs24,26 to be implanted or
injected.61,74 For example, the a-amino acid-based hydrogels are suitable
platforms for the release of liable Pt(II)-complexed species for the chemo-
therapy of solid tumors. The homopolymeric materials carrying COOH groups
close to each other are able to form complex species with a well-defined 2:1
molar ratio stoichiometry between the ligand and the metal center.26–28 This
allows proper polymeric networks to be designed that can tune the release rate
of the Pt(II)-species. Further, the zero-order release rate and the increase in
release rate triggered by the temperature are advantageous features. The
apoptotic cell death due to the released Pt(II)-species from the hydrogel is
remarkable and close to that afforded by native cisplatin. Furthermore, the
synergistic effect of temsirolimus remarkably increases the cytotoxic effect of
cisplatin, compared to the native drugs action.28

Even when simple ionic species that are weaker electrostatically interact with
the ionized hydrogels, these can still be suitable platforms for a sustained
release. The hydrogels provide a sustained pilocarpine release and show
resistance and good optical transmission in the swollen state.36 These features
together with the good cytocompatibility make the hydrogels promising
prototypes of inserts for glaucoma therapy.38 After an initial burst, sustained
release may occur and the rate can be increased by the effect of temperature.
Similar release patterns were noticed for the lithium ion, which is one of the
standard pharmacological treatments for bipolar disorder. The hydrogels may
be also utilized to control drug release rate when formulated as matrix
tablets.70,73 On the whole, the hydrogels carrying a-amino acid residues show a
good biocompatibility that allows them to be promising candidates as soft
materials.
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CHAPTER 21

Molecularly Imprinted
Hydrogels for Affinity-controlled
and Stimuli-responsive Drug
Delivery

C. ALVAREZ-LORENZO,* C. GONZÁLEZ-CHOMÓN
AND A. CONCHEIRO

Departamento de Farmacia y Tecnologı́a Farmacéutica, Facultad de
Farmacia, Universidad de Santiago de Compostela, Spain
*Email: Carmen.alvarez.lorenzo@usc.es

21.1 Introduction

The general concept of smart or intelligent drug-delivery systems (DDSs)
involves devices that sense and act in response to a stimulus in a predictable and
repeatable way, performing a macroscopic function, namely regulation of drug
release. In most cases, the sensor and actuator features are due to changes in the
structure of a polymer, which affects its solubility, conformation or state of
aggregation, as explained in detail in Chapter 1. Many nice examples of such
performance are reported in this book, and typically the switching on-off of the
release is due to changes in the permeability of the DDS components. Although
still less explored, there are also cases in which the responsiveness involves a
change in the affinity of the polymer chains for the drug itself. Differently from
the cases in which the substance that acts as a stimulus causes rupture or
erosion of the responsive network, affinity-controlled release involves either
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i) competitive binding of a biomarker that displaces the drug or interacts with a
critical moiety in the DDS (biomolecule-sensitive networks), or ii) reversible
physical changes in the spatial arrangement of the chemical groups in a
polymer network that cooperatively bind the drug (responsive imprinted
networks). The first option requires the conjugation of the polymer with
biological molecules that can recognize specific biomarkers, such as carbo-
hydrates,1 DNA,2 enzymes,3 antibodies4,5 or proteins.6 For example, coupling
a polymer network with lectins enables an enhanced loading of glycosylated
insulin, which is hosted inside the DDS through specific interactions with the
lectins. In a medium without glucose, the DDS does not release insulin. By
contrast, if glucose is present, the glucose molecules compete for the binding to
lectins, triggering the release of insulin.7 A combination of glycosylated
polymers with lectin-conjugated polymers renders networks in which the
interactions between glycosylated groups and lectins act as cross-linking points.
In this case, the trapped insulin is only released when glucose breaks the cross-
linking bridges.8 The design and applications of biomolecule-sensitive
hydrogels are reviewed in detail in Chapter 22.

The second option tries to go further in the mimicking of the recognition
ability of natural molecules by designing the whole network with receptors able
to recognize the drug when the polymer chains adopt a specific conformation,
but that lose that ability if the conformation of the polymer is altered.
Biological receptors, enzymes or antibodies possess a spatial conformation that
is critical for the recognition. Such a conformation is given by the sequence of
the structural unities, namely amino acids. Proteins find their desired
conformation out of a nearly infinite number, thanks to the unique details of
their native state. Similarly, a specific conformation can be memorized in
synthetic polymers if the sequence of monomers is properly selected.9

Differently from randomly made polymers that do not fold in just one way,
the memorization of the conformation should allow the polymer always to
revert back into the same conformation after being stretched and unfolded.10–12

Such bioinspired principles can be materialized by adapting the classical
molecular imprinting technology to the design of stimuli-responsive
networks.13–16 This chapter starts with a general overview of the molecular
imprinting fundamentals, and then focuses on the efforts that are being carried
out to adapt this technology to the synthesis of stimuli-responsive systems
discussing illustrative examples of their applications in the drug-delivery field.

21.2 Molecular Imprinting Technology

This technology was born in the context of the analytical field searching for
synthetic receptors specifically to bind/separate analytes of interest. It aims to
create tailor-made cavities by synthesizing the polymer network in the presence
of the target substance that should act as a template. It is expected that the
template molecules alter the distribution of the monomers as a function of their
ability to interact with them (Figure 21.1). Therefore, each target molecule
should be surrounded by the monomers showing the highest affinity
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(thereinafter called functional monomers). When polymerization occurs in the
presence of high cross-linker proportions such spatial distribution is made
permanent. Then, the template is removed, leaving in the polymer network
cavities or pockets that are complementary both sterically and chemically to the
original template molecule. As a consequence, once the polymer network again
comes into contact with the target molecules, these specifically interact with the
empty cavities.13,17

In practice, there are two main ways to obtain molecularly imprinted
polymers (MIPs) depending on the type of interactions between the target
molecule and the functional monomers, namely:

a) Covalent bonds. In the pre-organized or covalent approach, introduced in
the 1970s by Wulff and coworkers,18 the template is covalently bound to
the monomers prior to polymerization. After the synthesis of the
networks, these bonds are broken to form the imprinted cavities.

b) Non-covalent interactions. In the self-assembly or non-covalent approach,
proposed in the 1980s by Arshady, Mosbach and coworkers,19,20 the
template molecules and the functional monomers establish ionic,
hydrogen bond, hydrophobic or charge transfer interactions, prior to
polymerization, to form stable and soluble complexes of appropriate
stoichiometry. Since the interactions are relatively weak, multiple-point
links between each template molecule and various functional monomers
are required to form strong complexes. In general, the non-covalent
imprinting protocol allows more versatile combinations of templates and
monomers, and provides faster bond association and dissociation kinetics
than the covalent imprinting approach.21

Monomers soup Arrangement

Template

Polymerization

p

Template

removal

Template

reloading

Imprinted polymer

(MIP)

Figure 21.1 Diagram of the synthesis of an imprinted hydrogel. The template is
added to the monomers soup in order to cause the arrangement of the
monomers as a function of their affinity for the template molecules. The
arrangement is made permanent by means of polymerization with a
cross-linker. When the template molecules are removed from the
network, cavities complementary in size and functional groups to those
of the template molecules are created. Such cavities can rebind the
template molecules showing high affinity and selectivity.
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Disregarding the procedure applied, the preparation of MIPs requires the
co-polymerization of the functional monomer-template complexes with high
proportions of cross-linking agents, and the subsequent removal of the template
molecules in order to create vacant receptors available for rebinding the
template and/or structurally related analogues. Thus, both the polymerization
step and the removal procedure are critical for obtaining good performing
imprinted pockets. The template should not bear polymerizable groups that
could attach themselves irreversibly to the polymer network, it should not
interfere in the polymerization process and it should be stable at the
moderately elevated temperatures or upon exposure to UV radiation used to
synthesize the polymer network.22 It is also important to choose the func-
tional monomers adequately, commonly acrylate-, styrene- and silane-based
monomers, taking into account their suitability to reversibly interact with the
template and to render networks that are not altered in the subsequent
washing step. Acrylate monomers are the most frequently used, since they
readily participate in free-radical polymerization and the template molecules
minimally interfere in the reaction.22,23 The nature and proportion of the
monomers and solvents strongly determine the efficiency of the imprinting.
Ideally all template molecules should be surrounded by the adequate func-
tional monomers (all the same or different from each other) and fulfill their
ability to form stable complexes. Thus, also ideally, all cavities will have the
same composition and consequently the same binding affinity. However, that
is not easy to attain in practice. In fact, literature on the traditional non-
covalent approach reports the use of the functional monomers at 4 : 1 molar
ratio with respect to the target molecule or in a greater excess. That leads to
the concomitant existence of complexes of different stoichiometry: those with
the optimal stoichiometry (specific for each pair template:functional
monomer), those in which the monomer is in excess and those with not
enough monomer.24 The final result is the coexistence in the MIP of a small
number of cavities with medium to high binding affinity (likely 0.5–1% of the
theoretical binding sites) and a larger number of cavities with low binding
affinity (Figure 21.2).25,26 This heterogeneity, which is evidenced during the
rebinding and the elution of the target molecules (Figure 21.2), complicates
the performance of the MIP.

To optimize the quality of the imprinted cavities avoiding the tedious trial-
and-error approach, the MIPs can be rationally designed by performing
preliminary analysis of the interactions of the template molecules with the
functional monomers, under the conditions at which the polymer synthesis will
occur. Combinatorial and computational simulations enable a fast screening of
the monomers with highest interaction energy from a large library.27–31

Analytical techniques, such as Raman and NMR spectroscopy, UV spec-
trophotometry or microcalorimetry, can also provide information about the
efficiency of the complexation process and its stoichiometry.32–36 This
information and the use of factorial designs or chemometric models for
optimizing the synthesis procedure may notably shorten the time required to
develop efficient MIPs.16,37–39
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The solvent and the cross-linker proportion used in the synthesis of
the polymer are two other important factors with a strong influence on the
conformation of the imprinted cavities. The solvent should not hinder the
interactions between the target molecules and the functional monomers and has
to prevent precipitation of the complexes.40 This is particularly critical in the
case of the non-covalent imprinting approach. Apolar solvents are preferred to
increase the likelihood of formation of hydrogen-bonds, while water and other
polar solvents facilitate the hydrophobic interactions.41 However, since the
formation of the receptor sites usually involves the combination of hydrogen-
bonding, ion-pairing and hydrophobic interactions between the template and
the functional monomer(s), the effect of the solvents on the efficiency of non-
covalent imprinting is not easy to predict. The use of organic solvents is limited
by compatibility problems with some templates such as peptides, oligo-
nucleotides or sugars; therefore, molecular imprinting in water is gaining
increasing attention in the synthesis of MIPs for pharmaceutical applications.
Difficulties arise in materializing the methodology, because of the weakness of
electrostatic and hydrogen-bonding interactions in this polar medium, which
decrease the affinity and selectivity of MIPs for the ligands.16 A combination of
hydrophobic interactions (e.g. using cyclodextrins as functional monomers)
and metal coordination can strengthen the association of the template with the
functional monomers in water.42–44 The proportion of solvent also determines
the porosity and the size of the MIPs; low proportions lead to bulk monoliths,
while large proportions may lead to porous micro-/nanoparticulate systems.41

On the other hand, the cross-linker is usually the major component among the
monomers (450mol.%) in order to ensure that the cavities have a structure
stable enough to maintain the conformation in the absence of the template.

Figure 21.2 Affinity distributions showing the greater heterogeneity of imprinted
(solid line) over non-imprinted (broken line) polymers. The affinity
distribution, also called site–energy distribution, plots the number of sites
N that have association constant K. The exponentially tailing portion of
the MIP corresponds to the high-affinity binding sites. Such a high
affinity region is particularly evidenced when the template reloading of
the MIP is far from saturation.
Reproduced from Ref. 24 with permission of Elsevier.
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The reactivity of all comonomers (functional, non-functional and cross-linkers)
should be similar to avoid an uneven distribution.45 A rigid conformation (the
imprinted receptor resembles an engraved hole in a stone) makes the MIP
resistant to the mechanical stress and the chemical and enzymatic attacks that it
may suffer during its subsequent use, and aims to ensure that the cavities still
have the shape adequate to host the target molecules.46 As a drawback, the high
cross-linking density may hinder the washing out of the template molecules
after synthesis, both physically as the mesh size impedes the diffusion of the
template, and chemically as the receptor maintains too high affinity for the
template.

The removal of the template molecules is another critical step in the
preparation of MIPs, despite the lack of attention received so far. Few papers
indicate the yield of template extraction after applying a certain procedure47,48

and even fewer explain the basis behind the use of a given technique.49,50 Such a
lack of attention makes the template removal the least cost-effective step of the
MIPs development. The efficiency of common discontinuous immersion
(incubation) in organic solvents or salt solutions and continuous extraction in a
Soxhlet apparatus is far from 100%. As a consequence, the number of cavities
suitable for rebinding decreases, and the trapped template molecules could
elute during the use of the MIP, interfering in its performance (Figure 21.3).
Extraction assisted by ultrasounds, microwaves or heating under pressure and
extraction with subcritical water or supercritical CO2 have been shown to
increase notably the template removal, while taking less time and using fewer
solvents.48 However, extreme conditions may alter the structure of the MIPs
causing swelling of the networks during extraction and collapse during
subsequent desiccation, distorting the binding points and the strength of the
interactions (Figure 21.3).50,51 Advances in operation in continuous mode,
automation of the template removal process and on-line integration with
instrumental techniques for real-time monitoring of the template extracted are
expected to improve notably the efficiency of the removal step, while main-
taining the conformation of the imprinted cavities upon synthesis as close as
possible.50

The current state of the art of the molecular imprinting technology enables
the preparation of materials of very diverse formats, physical and chemical
properties, with a wide scope of applications in quite diverse fields. MIPs are
used in the analytical field as components of stationary phases in chromato-
graphic columns52,53 and as fillers of solid phase extraction cartridges,54 mainly
for separation and quantification of a wide range of substances contained in
relatively complex matrices. MIPs have been shown to be useful as
replacements of biological antibodies in immunoassays,55–57 as catalysts58,59

and as efficient traps for bioremediation.60 Imprinted materials that mimic
biological receptors for the screening of new substances with potential phar-
macological activity, that detect specific drugs in biological fluids in screening
assays for drugs of abuse or that can serve as diagnostic sensors or chemical
traps to remove undesirable substances from the body are receiving enormous
attention in the pharmaceutical field.31,61–69
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The molecular imprinting technology is being progressively incorporated in
the design of DDSs, as reflected in the growing number of papers and
patents.15,69–72 The enhancement of the affinity for specific drugs and physio-
logical substances has already been shown as an exciting and versatile way to
improve drug loading and controlled release.15,73–76 For these applications, an
adequate balance between the performance of the materials as imprinted
systems – that determines their efficiency as DDSs or biological sensors – and
the safety for application/administration to the body should be reached. The
design and functioning of the imprinted DDSs prepared applying the
conventional molecular imprinting technology have been addressed in
comprehensive reviews.15,77,78 The high-affinity imprinted cavities are expected
to provide enhanced drug loading and contribute to a more prolonged release
through a ‘‘Tarzan-swing’’ mechanism; namely, the target drug moves from
one imprinted site to another by means of successive decomplexation/
complexation reaction steps. Nevertheless, high cross-linking level increases the
hydrophobicity of the network and prevents the polymer from changing
the conformation adopted during synthesis. In consequence, the affinity for the
template is not dependent on external variables and it is not foreseen that the

Adequate

removal

Incomplete

removal

Rupture of

the cavity

during

removal

Collapse of

the cavity

after removal

Distortion of

the binding

points

Figure 21.3 Schematic view of the different effects that the template removal process
can cause on the structure of the imprinted cavities.
Adapted from Ref. 50 r 2011 by the authors.

234 Chapter 21

 o
n 

01
/0

9/
20

13
 1

0:
27

:3
7.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
02

28
View Online

http://dx.doi.org/10.1039/9781849734318-00228


device will have regulatory or switching capabilities. A high cross-linker
proportion also considerably increases the stiffness of the network making the
adjustment of the shape to the administration site difficult and causing mech-
anical friction with the surrounding tissues (especially when administered by
topical and ocular routes or as implant). In the last decade, the molecular
imprinting technology has been adapted to create loosely cross-linked
imprinted hydrogels and stimuli-responsive imprinted networks with tunable
affinity and improved performance as drug carriers.72,79–81 These two types of
materials are covered in the next sections.

21.3 Imprinted Hydrogels

21.3.1 Affinity-controlled Release from Bioinspired Networks

A typical example of a loosely cross-linked hydrogel is that of soft contact
lenses, which are made of thin, flexible and hydrophilic polymer sheets. Their
monomer composition and shape are chosen to combine the ability to correct
impaired vision with the biocompatibility with the ocular surface. Oppositely to
the rigid imprinted networks described above, they have to be synthesized with
a low cross-linking density, using small proportions of conventional cross-
linkers or intermediate proportions of long-chain cross-linkers. Medicated
contact lenses may be particularly useful for increasing ocular bioavailability of
drugs applied on the cornea, while the systemic absorption and side effects
result diminished.71,82–85 The feasibility of using drug-loaded soft contact lenses
depends on whether the drug and the hydrogel material can be matched, so that
the lens takes up a sufficient quantity of drug and releases it in a controlled
fashion. In general, drug-loading capacity of conventional soft contact lenses is
insufficient and, therefore, they have rarely been employed for ophthalmic drug
delivery.83,86,87 The creation of high-affinity receptors for the drug molecules
could overcome this drawback. However, application of molecular imprinting
technology has to face up to relevant restrictions: i) due to the requirements of
optical clarity, flexibility and oxygen permeability, the main composition of soft
contact lenses is restricted to some approved monomers that differ in water
affinity and hydrogen-bonding capacity;88 thus, the list of feasible functional
monomers is quite short; and ii) the proportions of functional monomer and
cross-linking agent have to be relatively low and, in consequence, the physical
stability of the binding sites is a main concern. Therefore, the interactions
between the template and the functional monomers have to be maximized in
order to compensate the minor physical stability of the receptor cavities. The
drug-imprinted lenses are in the anhydrous state upon polymerization, then
they are washed to extract the template and finally reloaded using an aqueous
solution of drug. The process causes the swelling of the network and thus the
distortion of the imprinted cavities. Only the cavities with high affinity are able
to recover the original conformation when the contact lens is again immersed in
the template molecules solution. Thus, the reconstruction of the imprinted
cavities is due to an ‘‘induced fit’’.72 Such a phenomenon has been also reported
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for stimuli-responsive hydrogels.89 However, differently from the stimuli-
responsive imprinted networks in which the volume phase transition leads to
the switch on/off of the affinity for the template molecules (as described in
Section 21.4), loosely cross-linked non-responsive networks aim to keep a
certain affinity for the target drug even when swollen, which is the state in
which the device has to remain during the time it is functional in the body. Only
high-affinity cavities will be able to load the drug and, subsequently, to sustain
the release process.

The feasibility of adapting the MIPs to the synthesis of soft contact lenses was
first experimentally evidenced for timolol, a drug used in glaucoma therapy.
Timolol is a suitable molecule for providing imprinted systems, since it offers
multiple sites for the interaction with the functional monomers acrylic acid (AAc)
and methacrylic acid (MAA). These monomers can interact through ionic and
hydrogen bonds with timolol before polymerization with the backbone
monomers 2-hydroxyethylmethacrylate (HEMA) or N,N-diethylacrylamide
(DEAA).90 HEMA and DEAA are liquid and enable the dissolution of the drug
without adding any other solvent. Imprinted lenses synthesized with different
proportions of MAA (1.28–5.12mol.%) and ethylene glycol dimethacrylate
(EGDMA, cross-linker, 0.32–8.34mol.%) were able to take up more timolol
than the corresponding non-imprinted ones (Figure 21.4). Some imprinted lenses
loaded therapeutic amounts of timolol, prolonged the release in lachrymal fluid
for more than 12 hours and reloaded another dose of timolol overnight, being
ready for use the next day.91,92 The suitability of the imprinting technology to
endow the contact lenses with affinity for timolol was also demonstrated for
networks prepared with a variety of backbone monomers.90,93,94

The suitability of the imprinted networks for the in vivo control of the release
of timolol was demonstrated for ultrathin DEAA-based lenses (14mm
diameter and 80 mm center thickness). Imprinted (34 mg drug) and non-
imprinted (21 mg drug) lenses were inserted on rabbit eyes and the level of
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Figure 21.4 Timolol uptake from its aqueous solutions by imprinted and non-imprinted
N,N-diethylacrylamide-based contact lenses made with methacrylic acid
(100mM) and different proportions of ethylene glycol dimethacrylate.
Reproduced from Ref. 92 with permission of Elsevier Science.
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timolol in the lachrymal fluid was monitored for several hours and compared to
that achieved after instillation of timolol eye-drop solutions of 0.068% (total
dose 34 mg) and 0.25% (commercial solution, total dose 125 mg) (Figure 21.5).95

Timolol applied as drops was rapidly eliminated from the eye surface. The
imprinted lenses sustained the release for 180min, compared to the 90min of
the non-imprinted ones. The lenses displayed the maximum ocular level at
around 5min, followed by a monoexponential decay. Imprinted contact lenses
led to an area under the timolol concentration-time curve (AUC) 3.3-fold and
8.7-fold greater than non-imprinted lenses and eye drops, respectively.
Therefore, imprinted contact lenses notably reduced the precorneal elimination
of the drug and, in consequence, a much smaller amount of drug was needed to
achieve the desired therapeutic levels, compared to the eye drops.

The benefits of the imprinting technology have also been demonstrated for
antimicrobial agents (norfloxacin), antihistaminics (ketotifen), carbonic
anhydrase inhibitors (acetazolamide and ethoxzolamide) and some comfort
ingredients.72 Hydrogels imprinted for norfloxacin were designed by first
predicting the optimum template/functional monomer ratio before poly-
merization using isothermal titration calorimetry (ITC). Titration with AAc
showed a strong exothermic interaction with an inflexion point at
norfloxacin:AA 1:1 molar ratio, and binding saturation at 1:4 (Figure 21.6).
This later molar ratio was confirmed to be the most convenient to create high-
affinity receptors in the lens structure, in a comparative study with hydrogels
synthesized using norfloxacin:AAc 1:2 to 1:16 molar ratios, at two fixed AAc
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Figure 21.5 Timolol tear fluid concentration-time profiles, on rabbits’ eyes, after
application of timolol loaded imprinted and non-imprinted contact
lenses (’ and &, respectively) and instillation of timolol eye drops
(0.068% J; 0.25% K) on rabbits’ eyes. The doses were 34 mg per
imprinted contact lens, 21 mg per non-imprinted contact lens, 34 mg as
0.068% timolol eye drops and 125 mg as 0.25% timolol eye drops. Each
point represents the mean� SD (n¼ 3–5).
Reproduced from Ref. 95 with permission from Elsevier.
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total concentrations; with the cross-linker molar concentration being 1.6 times
that of AAc. Hydrogels synthesized using norfloxacin :AAc 1 : 4 molar ratio
were those that provided the most sustained release, with a rate 3.5 times lower
than that of non-imprinted ones (Figure 21.7). Norfloxacin-imprinted
hydrogels of various AAc contents and thicknesses exhibited similar loading/
release behavior, proving the robustness of the imprinting approach.

In the case of ketotifen, the functional monomers were selected according to
a configurational biomimesis approach, based on the chemical functionality of
the natural receptors of the drug in the body.16,96 Taking into account the
composition in amino acids of the histamine H1-receptor, monomers that
resemble the chemical functionalities of the amino acids at the active
center were chosen and used individually or combined to synthesize
imprinted networks of grading affinities for ketotifen. The hydrogels were
prepared by photopolymerization starting from 92mol% HEMA, 5mol%
cross-linker (polyethylene glycol 200 dimethacrylate, PEG200DMA) and
3mol% functional monomers.97 The most biomimetic formulation,
poly(AA-co-AM-co-NVP-co-HEMA-co-PEG200DMA), demonstrated six times
enhanced loading over the control network and three times enhanced loading
over the networks containing one or two functional monomers. Drug partition
coefficient was remarkably higher in the biomimetic network.98 Sustained
delivery of therapeutically relevant concentrations of drug was observed over
2–4 days in salt solutions.99 In vivo experiments carried out with ketotifen-
imprinted poly(AA-co-AM-co-NVP-co-HEMA-co-PEG200DMA) lenses
(11.8mm diameter and 100 mm center thickness) evidenced the presence of the
drug in the lachrymal fluid for 26 hours, compared to 10 hours for the non-
imprinted lenses.71

Also following a biomimetic approach, soft contact lenses with high affinity
for carbonic anhydrase inhibitors, such as acetazolamide and ethoxzolamide,
were synthesized by creating binding pockets that resemble the receptor of
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Figure 21.6 ITC titration at 298K of norfloxacin 0.01M with AA 0.50M in HEMA
solution.
Reproduced from Ref. 36 with permission of Elsevier.
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Figure 21.7 Norfloxacin release profiles in lachrymal fluid from PHEMA hydrogels
synthesized with AA 200mM and EGDMA 160mM using different
norfloxacin:AA molar ratios; zero, i.e. non-imprinted hydrogels (J),
1:16 (E), 1:10 (B), 1:6 (.) and 1:4 (&). The hydrogels (thickness 0.4mm)
were previously loaded by immersion in 0.025mM, 0.050mM or 0.10mM
norfloxacin (NRF) solutions (n¼ 3).
Reproduced from Ref. 36 with permission of Elsevier.
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carbonic anhydrase. This metallo-enzyme consists of an active site with a cone-
shaped cavity that contains a Zn21 ion coordinated to three histidine residues
in a tetrahedral geometry with a solvent molecule as the fourth ligand
(Figure 21.8).100 Monomers bearing chemical groups similar to those of the
amino acids involved in the active binding site were chosen to prepare
biomimetic hydrogels: the zinc ions were introduced as methacrylate salt
(ZnMA2); the hydroxyl and amino groups can be supplied by 2-hydroxyethyl
methacrylate (HEMA) and N-hydroxyethyl acrylamide (HEAA); and
4-vinylimidazole (4-VI) resembles histidine.101 A set of hydrogels with a fixed
content of ZnMA2 and various comonomer combinations was prepared and
characterized regarding their ability to load and to sustain the release of
acetazolamide and ethoxzolamide. pHEMA-ZnMA2 hydrogels bearing 4VI
moieties exhibited the greatest ability to host acetazolamide or ethoxzolamide
(2–3 times greater network/water partition coefficient) and to sustain the release
of these antiglaucoma drugs, with 50% lower release rate than non-biomimetic
networks. Application of this approach to N,N-dimethylacrylamide (DMA)
and N-vinylpyrrolidone (NVP) hydrogels also resulted in biomimetic pockets
with high affinity for the carbonic anhydrase inhibitors. Acetazolamide-
imprinted networks achieved the highest loading and controlled the release for
9 hours in artificial lachrymal fluid. These light-transparent networks were also
able to uptake ethoxzolamide and sustain its release for more than one week.102

21.3.2 Competitive Displacement Release

Imprinted hydrogels are also suitable candidates to attain activation-
modulated delivery. This approach consists of having an imprinted hydrogel
that releases the drug because of the competitive binding of another substance
to the polymer. Let’s consider that a non-imprint drug can be loaded in
the imprinted cavities of the network. When the imprint molecule appears in
the medium, it will compete for the binding to the imprinted cavity, causing the
release of the drug. If a fall in the concentration of the free imprint molecule in
the medium occurs, the release stops. For example, hydrocortisone-imprinted
hydrogels have been shown able to release testosterone at a rate depending on
the concentration of free hydrocortisone in the medium.103 Competitive
binding release in aqueous medium was also observed for particles imprinted
for bupivacaine, when loaded with other local anesthetic drugs,104 for particles
imprinted for theophylline and loaded with caffeine or theobromine and for
particles imprinted for 17-b-estradiol and loaded with other structurally related
sterols (17-a-estradiol, 17-a-ethynylestradiol).105

Imprinted thin layers have been designed to change their permeability when
the template is in the medium, mimicking the behavior of a cell membrane with
receptors and channels. Theophylline-imprinted nanometric layers made of
MAA and EGDMA and grafted onto an indium-tin oxide electrode106 or
cellulosic dialysis membrane107 showed a faster release of creatinine in the
presence of theophylline. Applying living radical polymerization, it has been
shown that the ‘‘gate effect’’, which regulates the permeability of the network
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Figure 21.8 Schematic drawing of the active site of human carbonic anhydrase II after binding acetazolamide, and of the mimicking binding
pockets expected to be created in the biomimetic imprinted hydrogels.
Reproduced from Ref. 101. Copyright (2011) the American Chemical Society.
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automatically by responding to the presence of the template, can be optimized
through the thickness of the imprinted layer applying repeated UV-
polymerization cycles.108 This gate effect is due to the shrinking or the swelling
that the binding of the template causes in the polymer network. Such
conformational change induces the opening of pores or gates in the network,
which enable the passing of molecules with smaller size than that of the
template. It has been shown recently that the template-induced volume change
is strongly dependent on the nature of the solvent (Figure 21.9). For example,
L-phenylalanine did not trigger the release of creatinine from L-phenyl-
alanine-imprinted networks in water, but it occurred when the medium was
replaced by 50% methanol.109 These MIPs could be applied to develop DDSs
with molecular recognition that exclusively release the drug when a specific
substance appears in the medium.

21.3.3 Hydrolytically Induced Drug Release

MIPs can be designed to regulate drug release by means of hydrolysis of drug-
network ester/amide bonds through covalent imprinting for the drug, but also
through non-covalent imprinting for the group that will act as catalyzer of the
rupture of the drug-network covalent bond. Hydrogels intended for the release
of p-amino benzoic acid have been prepared dissolving HEMA, N-vinyl-
imidazole (NVIm) and 2-methacryloylethyl p-aminobenzoate (PAP) in
methanol, and then adding Co21 ions to coordinate PAP with NVIm
(nucleophilic catalyst) (Figure 21.10). After polymerization, the removal of the
metal ions led to polymers having the labile bond and the imidazole group
located in contiguous positions on the same chain. In ethanol/pH 8 phosphate
buffer, the release of p-amino benzoic acid from the imprinted system

Figure 21.9 Template-induced swelling of L-phenylalanine (LIM) and D-phenyl-
alanine (DIM) imprinted membranes when 5mM L-phenylalanine
(triangle) or 5mM D-phenylalanine (square) was added to the
water :methanol medium (A), and relationship between the overall mass
transfer coefficient of creatinine across a non-imprinted (NIM) and an
imprinted (LIM or DIM) membrane in batchwise dialysis in the presence
of 0.5mM L-phenylalanine (grey bars) or 0.5mM D-phenylalanine
(red bars), and in the absence of phenylalanine (white bars) (B).
Adapted from Ref. 109, with permission of Elsevier.

242 Chapter 21

 o
n 

01
/0

9/
20

13
 1

0:
27

:3
7.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
02

28
View Online

http://dx.doi.org/10.1039/9781849734318-00228


(synthesized in the presence of Co21 ions) was one order of magnitude faster
than that recorded from the non-imprinted networks.110 For template drugs
that can directly interact with the imidazole group, the addition of ions during
polymerization is not needed to get the imprinting effect.111 It should be noticed
that the hydrolysis rate could be altered by changes in pH or temperature that
lead to modifications of the swelling degree of the network, and hence of the
distance between the bond and the catalyzer.112,113

21.4 Stimuli-responsive Imprinted Networks

The lack of response through a change in polymer conformation, to the
alterations of the physico-chemical properties of the medium or to the
presence of a specific substance limits the potential application of classical
imprinted networks as activation-modulated or feedback-modulated DDSs.
The combination of stimuli-sensitivity and imprinting is revealed as an
advantageous tool: the imprinting provides a high loading capacity of specific
molecules, and the ability to respond to external stimuli modulates the affinity
of the network for the target molecules, providing a regulatory or switching
capability of the loading/release processes (Figure 21.11).

Adaptation of the molecular imprinting technology to the synthesis of
stimuli-responsive hydrogels requires the polymer to be synthesized in the
presence of the template in a conformation that corresponds to the global
minimum energy. The ‘‘memorization’’ of the imprinted pockets after the
swelling of the network and the washing of the template is only possible if the
network folds back into the conformation adopted upon synthesis.9 When
the centers of molecular recognition are located in a stimuli-sensitive hydrogel,
the conformation of the receptors can be deformed and re-constituted as a

N
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NH2
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65 ºC

Figure 21.10 Route for creating imprinted cavities in which the imidazole catalytic
group is positioned close to the drug-polymer bond. The monomeric
drug interacts with the imidazole group through a metal bridge, and
then the complex is polymerized in HEMA and EGDMA medium.
Reproduced from Ref. 110 with permission of Elsevier.
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function of an external or a physiological signal. There is only one out of
almost infinite conformations in which the network is able to reconstruct the
original imprinted cavities and, thus, to exhibit larger affinity for the template
than that shown by non-imprinted networks. Therefore, efficient memorization
of such a conformation is critical to maintain the imprinting effect. Stimuli-
responsive imprinted hydrogels are particularly suitable to develop advanced
intelligent DDSs able to: i) selectively and effectively load a certain drug;
ii) release the drug at a rate modulated by a stimulus; and iii) uptake again the
released drug from the environment if the drug remains around the hydrogel
when the stimulus stops or diminishes its intensity and the cavities are reformed
(Figure 21.11).

Stimuli-sensitive imprinted hydrogels can be obtained combining responsive
monomers with some functional monomers able to interact with the drug
molecules. The synthesis is typically carried out under conditions that ensure
that the network grows in the collapsed state. After polymerization, if the
hydrogel swells due to a stimulus, the structure of the receptors is altered and
the drug is released. If the stimulus disappears or its intensity decreases, the
receptors can be reconstituted and as a consequence the release slows down
or stops. The optimization of imprinted stimuli-responsive hydrogels is
particularly challenging, since memorization of the cavities structure is required
in order to maintain the recognition ability after several swelling/collapse
cycles.14,79

The theoretical basis of the dependence of the affinity of an imprinted
hydrogel for a certain template molecule on the functional monomer concen-
tration, on the cross-linker proportion and on the ionic strength of the medium
has been summarized in the Tanaka equation:14

Affinity � ½Ad�p

p½Re�p
expð�pb eÞ exp �ðp�1Þ c ½X1�

½Ad�2=3

 !
ð1Þ

Release on

Release off

Figure 21.11 Schematic view of the effect of a stimulus on the conformation of the
drug-imprinted cavities in a responsive hydrogel.
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where [Ad] represents the total concentration of functional monomers in the
gel, [Re] is the concentration of replacement molecules, e.g. ions that are bound
to the target molecule when it is not bound to the functional monomers (in the
case that they have ionic or protonized groups), [Xl] is the concentration of
cross-linker, p is the number of bonds that each template can establish with the
functional monomers, b is the Boltzmann factor (1/kBT), e is the difference
between the binding energy of an adsorbing monomer to the target molecule
and that of a replacement molecule to the target molecule, and c is a constant
that can be estimated from the persistence length and concentration of the main
component of the gel chains (e.g. NIPAAm). The main assumption in 1 is that
the adsorption of target molecules is dominated by one value of p at each state
of the gel. The value of p changes from 1 in the swollen state to pmax in the
collapsed state.114

The basic concept of stimuli-responsive imprinted hydrogels is that the
imprinted cavities develop affinity for the template molecules when the func-
tional monomers come into proximity (shrinking state), but when they are
separated, the affinity diminishes (swollen state). The proximity is controlled by
the reversible phase transition of the hydrogel, which in turn switches the
affinity on and off and controls the adsorption/release of the template. The
Tanaka equation allows one to predict the composition of hydrogels, which will
drastically change affinity during the phase transition. Low affinity in the
swollen state is obtained if each functional monomer has only a weak attraction
to the target molecules and each target molecule can only interact with one
functional moiety (p¼ 1). To have a high affinity in the collapsed phase, the
adsorption should involve as many functional monomers as possible
(p¼ pmax).

14

21.4.1 Temperature-sensitive Imprinted Hydrogels

First experiments to create stimuli sensitive gels able to recognize and capture
target molecules involved polymerization of N-isopropylacrylamide
(NIPAAm) as temperature-sensitive component with small proportions of
functional monomer MAA and cross-linker N,N-methylenbis(acrylamide), in
the absence (non-imprinted) or in the presence of divalent cations (imprinted
networks).9,115 MAA can form complexes with divalent ions, such as calcium or
lead. After removing the template and swelling in water at room temperature,
the affinity for divalent ions notably decreased. When the hydrogels shrank due
to an increase in temperature, the affinity was recovered. The imprinted gels
showed a stronger affinity because the MAA moieties are ordered such that
they already form imprinted sites with their unique partners (Figure 21.12).
Hence, the functional monomers are ordered in groups of two to give the
highest possible binding constant. Importantly, the affinity of the imprinted
gels was not affected by the cross-linking density, while in the case of random
gels, the affinity decreased as the cross-linker proportion increased due to
frustrations of the MAAs to form pairs to bind the divalent ions (Figure 21.12).
Therefore, the greater adsorption capacity of the imprinted hydrogels comes
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from the successfully memorized MAA pairs.116,117 Several other examples of
temperature-dependent binding of bi- or multi-valent ions by imprinted
hydrogels have been reported.118–121 Even a monovalent ion, such as
potassium, could be used as template if it acts as a ligand of two or more
functional monomers, as occurs for 15-crown-5 crown ethers.122

To avoid a shift in the critical temperature of the NIPAAm networks when
copolymerized with ionic functional monomers, preparation of inter-
penetrating networks (IPNs) has been proposed.123,124 IPNs have been
imprinted with metal ions as follows: a) polymerization of AAc monomers to
have a loosely cross-linked (1mol.%) polyAAc network; b) immersion of
polyAAc in copper solution to enable the ions to act as junction points between
different chains; c) transfer of polyAAc-copper ion complexes to a NIPAAm
solution containing a cross-linker (9.1 or 16.7mol.%); and d) synthesis of the
NIPAAm network in the collapsed state (Figure 21.13). The non-imprinted
IPNs (i.e. prepared in the absence of copper ions) showed a similar affinity for
Cu21 and Zn21. By contrast, the imprinted IPNs in the collapsed state could
discriminate between the square planar structure of Cu21 and the tetrahedral
structure of Zn21.125

Temperature-responsive imprinted hydrogels have also been prepared using
organic molecules, particularly drugs, as templates.126,127 4-Aminopyridine and
l-pyroglutamic-imprinted PNIPAAm hydrogels exhibited significantly larger
saturation and affinity constants than the non-imprinted ones, and were also
highly selective (Figure 21.14). Furthermore, the ability to sorb and release the
drug was repeatable after several shrunken-swollen cycles. Similar behavior
was observed for other temperature-responsive l-pyroglutamic-imprinted

Cross-linker (mM)
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Figure 21.12 Influence of the cross-linker concentration on the overall affinity for
calcium ions of the imprinted (full symbols) and non-imprinted (open
symbols) NIPAAm (6M) hydrogels in the shrunken state in water. The
concentration of functional monomers (MAA) was fixed at 32mM.
Reproduced from Ref. 9. Copyright (2000) American Chemical Society.
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networks.128 The reversibility of drug release and re-uptake as a function of
temperature may be useful for the treatment of some pathological events that
are accompanied by local changes in temperature, or to stop the delivery by
means of externally applied local hyperthermia.

Figure 21.13 Two-step procedure to obtain an interpenetrated system comprising a
Cu21 imprinted poly(acrylic acid) hydrogel and a poly(N-isopropyl
acrylamide) temperature-sensitive hydrogel.
Reproduced from Ref. 125 with permission from the Society of Polymer
Science of Japan.

Figure 21.14 Adsorption of l-pyroglutamic acid (Pga) by imprinted and non-
imprinted hydrogels in the shrunken state at 55 1C. MIPs were prepared
with N-isopropylacrylamide (40mmol), methacrylic acid (2mmol),
ethylene glycoldimethacrylate (6mmol) and Pga (0.5mmol).
Reproduced from Ref. 127 with permission from Wiley Interscience.
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Natural polymers, such as chitosan, have also been evaluated as a basis
for temperature-sensitive hydrogels.129 Chitosan is an aminopolysaccharide
obtained from chitin, which can be chemically cross-linked through the Schiff
base reaction between its amine groups and the aldehyde ends of some molecules,
such as glutaraldehyde.130 If the cross-linking is carried out in the presence of
template molecules such as dibenzothiophenes (DBT), imprinted networks with a
remarkably greater adsorption capability than non-imprinted ones can be
obtained. This effect was particularly important when the rebinding was carried
out in the same solvent (acetonitrile) and at the same temperature (50 1C) as
those set for the cross-linking; namely with the hydrogel in the collapsed state.129

Additionally, the DBT-imprinted hydrogels showed a high selectivity for the
target molecules compared to other structurally related compounds.

Double coating of MIP beads with PNIPAAm layers has been explored as a
way to improve the temperature-responsiveness of protein-imprinted networks.
The MIPs were prepared with an internal layer of lysozyme-imprinted
PNIPAAm network with AAm and MAA as functional monomers, and an
external PNIPAAm layer. The coated MIP beads showed better selectivity to
lysozyme and superior temperature stimulus-responsive behavior than the MIP
beads without the external PNIPAAm layer. Lysozyme was loaded in the
internal imprinted layer; the affinity being maximum at 38 1C. Proteins larger
than lysozyme did not fit into the internal layer, and thus remained adhered to
the external one, particularly at temperature close to 43 1C (Figure 21.15). Each
layer of PNIPAAm acted as a gate during the release; i.e. the internal layer
behaved as a selective gate, while the external one performed as a non-selective
gate. The double-coated MIP beads could release a non-imprint protein and the

Figure 21.15 Thermo-sensitive swelling/collapse phase transitions for selective
adsorption/release of proteins in protein-imprinted beads with double
thermo-responsive gates, prepared by surface-initiated living radical
polymerization.
Reproduced from Ref. 131 with kind permission from Springer Science
and Business Media.
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template lysozyme separately at 38 1C and at 23 1C, respectively (Figure 21.15).
The corresponding non-imprinted beads did not have such double thermo-
sensitive ‘‘gates’’ with specific selectivity for a particular protein.131

Poly(N-tertbutylacrylamide-co-acrylamide/maleic acid) hydrogels synthesized
in the presence of serum albumin (BSA) exhibited both pH- and temperature-
switchable affinity for this protein.132 The hydrogels were synthesized at the
swollen state (22.8 1C); at low temperature the interaction between BSA and the
hydrogel through hydrogen bonds was maximum. Thus, the rebinding was also
the highest when the hydrogel was swollen. In contrast, when the hydrogel
collapsed, the protein found the diffusion into the network difficult.
Furthermore, the imprinted cavities were distorted and the nature of the inter-
actions was altered, since as the temperature rose, hydrogen bonds became
weaker while hydrophobic interactions became predominant. A similar behavior
has been observed with ibuprofen-imprinted thermo-responsive cryogels
synthesized in a frozen aqueous medium, which showed drug binding constants
of 119 and 5M�1 in the collapsed and the swollen states, respectively.133 These
results clearly highlight the relevance of the memorization of the conformation
achieved during polymerization to provide the gel with the ability to recognize a
given template. An abrupt change in affinity during the gel volume phase tran-
sition allows drug release to be switched on and off.

21.4.2 pH-sensitive Imprinted Gels

One of the first strategies of preparing pH-sensitive imprinted hydrogels
consisted in combining the ability of amylose chains to form inclusion
complexes and the capability of AAc monomers to endow the networks with
pH-responsiveness.134,135 Amylose chains were modified with acryloyl groups
(acryloylamylose), and then formed in aqueous medium helical inclusion-
complexes with bisphenol-A molecules acting as templates. The complexes were
copolymerized with AAc in the presence of a cross-linker (Figure 21.16).
Similarly, other MIPs were prepared with acrylamide instead of AAc. In all
cases, the polymers were directly obtained as particles. The rebinding ability of
MIPs prepared with AAc strongly depended on the pH. At alkaline pH, the
MIP lost the affinity for bisphenol-A, because of the conformational changes in
the amylose chains caused by the electrostatic repulsions among the ionized
groups of AAc and the subsequent disruption of the imprinted cavities.
A decrease in pH restored the cavities and the binding affinity.

Imprinted particles prepared via precipitation polymerization also have a
great potential in the controlled drug-delivery field. Homogeneous spherical
microparticles imprinted for sulfasalazine, a prodrug used in colon diseases
management, and prepared with MAA as functional monomer showed a pH-
dependent release (Figure 21.17).136 At pH 1.0, the MAA groups are not
ionized and can strongly interact with sulfasalazine in the imprinted cavities.
When the pH of the medium rises to 6.8 mimicking intestinal conditions, the
carboxylic acid groups become ionized and the drug is released. Disregarding
the pH, the imprinted particles sustain the release of sulfasalazine more
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Figure 21.16 Steps of the synthesis of an amylose-based imprinted polymer, and
schematic view of its pH-induced structural changes.
Reproduced from Ref. 134 with permission of the Royal Society of
Chemistry.
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Figure 21.17 Release profile of sulfasalazine at pH 1 (0–2 h) and at pH 6.8 (2–20 h)
from non-imprinted and imprinted (0.23mmol of template) particles
(in the micrograph) obtained by precipitation polymerization using
methacrylic acid (12mmol) and ethylene glycol dimethacrylate (16mmol).
Adapted from Ref. 136 with permission from Wiley Interscience.
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efficiently than the corresponding non-imprinted ones at both pH 1 and 6.8,
which clearly proves the greater affinity of the imprinted cavities for the drug.
Theophylline-imprinted systems with modulated loading capacity and release
rate were obtained using different proportions of MAA and methyl-
methacrylate (MMA) functional monomers.137 Enantioselective release of
S-omeprazole from imprinted nanoparticles-on-microspheres prepared using
methacryloyl quinine and methacryloyl quinidine as functional monomers and
ethylene glycol dimethacrylate as a cross-linker has recently been shown also to
be pH dependent.138

21.4.3 Light-responsive Imprinted Networks

Imprinted networks responsive to UV-Vis light have been designed taking
benefit of the conformational changes that the light can induce in certain
chemical groups of the functional monomers, which do not necessarily cause a
light-induced phase transition of the network.139,140 That is the case of func-
tional monomers bearing azobenzene groups, which simultaneously act as
binding agents and responsive species. Azobenzene undergoes trans-to-cis
isomerization when light wavelength shifts from visible to UV range. The
planar trans form is more hydrophobic than the non-planar cis form.
The wavelength that triggers the isomerization depends on the nature of the
substituent groups and, thus, can be readily tuned.141,142 The cis form is
unstable at body temperature, so that in darkness or if exposed to a higher
wavelength radiation, it reverts to the trans form. The features of this and other
light-responsive species are covered in detail in Chapter 12.

One of the first attempts to prepare MIPs bearing azo-containing functional
groups involved the use of p-phenylazoacrylanilide (polymerizable derivative of
azobenzene) as the functional monomer, dansylamide as template and mixtures
of tetraethylene glycol diacrylate and ethylene glycol dimethacrylate as cross-
linkers. The recognition of the MIP for the template molecules was reversibly
altered by irradiation with UV or visible light. Nevertheless, the selectivity was
limited, since the functional monomers did not form strong hydrogen bonds
with the template.143,144 A MIP for methotrexate has been prepared using a
di(ureidoethylene methacrylate)azobenzene derivative as the functional
monomer. The polymerization was carried out with the functional monomer in
the thermodynamically less stable cis-form. The MIP released methotrexate
when irradiated at 440 nm, and rebound the molecular template from solution
after irradiation at 365 nm (Figure 21.18).145

The subtle changes induced by light in the conformation of the imprinted
cavities have also been exploited to regulate paracetamol uptake and release.146

Hydrogels were prepared with acrylamide, 4-[(4-methacryloyloxy)phenylazo]-
benzenesulfonic acid and N,N0-hexylenebismethacrylamide in the presence of
the drug. The azobenzene chromophores in the hydrogel undergo reversible
photo-isomerization under alternating irradiation at 353 and 440 nm, changing
their binding affinity for paracetamol (Figure 21.19). In the dark (trans
conformation), the hydrogels rebound paracetamol from aqueous media.
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Irradiation at 353 nm triggered the isomerization to the cis form and, in turn,
drug release, which was almost completed after 120min. Subsequent
irradiation at 440 nm caused the imprinted receptors to recover their initial
trans conformation, being able to capture the paracetamol that had been
previously released. After several light cycles, a progressive decrease in the
amount of paracetamol that the hydrogels can rebind was observed, probably
because of a gradual deformation of the imprinted receptors. Paracetamol-
imprinted hydrogels exhibited a notable selectivity for the template drug when
compared to other structural analogs.146

Light-responsive imprinted microparticles have been prepared using a
methacrylate azo functional monomer, and applying precipitation poly-
merization under dark conditions. The template 2,4-dichlorophenoxyacetic
acid only interacts with the functional monomer in the trans conformation
(Figure 21.20). Thus, the affinity and the number of specific binding points
notably decrease upon UV light irradiation, whereas they can be recovered
after thermal or visible light-induced back-isomerization.147 The uptake/release
of the target molecules was shown to be highly repeatable under UV light
on/off cycles. For a similar purpose, a hybrid MIP was synthesized with a
photoresponsive functional monomer bearing a siloxane polymerizable group

Figure 21.18 Photoresponsive molecularly imprinted polymer prepared from a
di(ureidoethylene methacrylate)azobenzene monomer, using a metho-
trexate analogue as template. Photo-isomerization of the 3D cross-
linked polymer matrix allowed switching the substrate affinity, by
altering the geometry and spatial arrangement of the receptor binding
sites. As a consequence, controlled release and uptake of the template
(or an analogous ligand) can be obtained.
Reproduced from Ref. 145. Copyright (2007) American Chemical
Society.
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and azobenzene moieties. The organic cavities in the inorganic frame showed
switchable binding affinity; being able to release and selectively rebind to
2,4-dichlorophenoxyacetic acid upon successive cycles of 360/440 nm
irradiation.148

Figure 21.19 Photoregulated release and uptake of paracetamol, antifebrin or
phenacetin by paracetamol-imprinted 4-[(4-methacryloyloxy)phenylazo]
benzenesulfonic acid-containing polyacrylamide hydrogel in HEPES buffer
pH 7.16. The shown binding data are values corrected by subtracting the
non-specific binding of the substrate to non-imprinted control hydrogels.
Reproduced from Ref. 146. Copyright (2008) American Chemical Society.
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21.5 Conclusions and Future Aspects

Loosely cross-linked imprinted hydrogels can regulate drug release i) through
an affinity-mediated mechanism, as occurs with drug-imprinted contact lenses
that sustain the release for a prolonged time in the precorneal area, ii) through a
competitive displacement of a non-imprint drug by an imprinted molecule,
which can be a biomarker, and iii) through a hydrolytically induced mechanism
such as that of the rupture of the links of the drug to the network due to the
presence of a catalyzer. Combination of the stimuli-responsiveness with the
molecular imprinting technology provides novel performances in the drug-
delivery field. There are already relevant examples of the suitability of
temperature-, pH- and light-responsive imprinted hydrogels for site-specific
controlled release. As a unique feature, the enhanced affinity for a specific drug
leads responsive imprinted hydrogels to exhibit improved drug loading, double
regulation of drug release (the effect of the stimulus plus the affinity of the
imprinted cavities) and ability to recapture the released drug if it is not
absorbed from the surroundings of the delivery site. Such promising gathering
of advantages is expected to be the seeds for the growth of this family of novel
advanced biomaterials.
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Figure 21.20 Scheme of the preparation of photoresponsive MIP microspheres
containing a methacrylate azo functional monomer. The affinity for the
template decreased upon UV light irradiation, and was recovered
during the subsequent thermal (or visible light-induced) back-
isomerization.
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47. P. Luliński, D. Maciejewska, M. Bamburowicz-Klimkowska and

M. Szutowski, Molecules, 2007, 12, 2434.
48. B. M. Batlokwa, J. Mokgadi, T. Nyokong and N. Torto, Chromato-

graphia, 2011, 73, 589.
49. A. Ellwanger, C. Berggren, S. Bayoudh, C. Crecenzi, L. Karlsson,

P. K. Owens, K. Ensing, P. Cormack, D. Sherrington and B. Sellergren,
Analyst, 2001, 126, 784.

256 Chapter 21

 o
n 

01
/0

9/
20

13
 1

0:
27

:3
7.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
02

28
View Online

http://dx.doi.org/10.1039/9781849734318-00228


50. R. A. Lorenzo, A. M. Carro, C. Alvarez-Lorenzo and A. Concheiro, Int.
J. Mol. Sci., 2011, 12, 4327.

51. I. Yungerman and S. Srebnik, Chem. Mater., 2006, 18, 657.
52. N. Denderz, J. Lehotay, J. Cizmarik, Z. Cibulkova and P. Simon,

J. Chromatogr. A, 2012, 1235, 77.
53. C. Zheng, Y. P. Huang and Z. S. Liu, J. Sep. Sci., 2011, 34, 1988.
54. B. Buszewski and M. Szultka, Crit. Rev. Anal. Chem., 2012, 42, 198.
55. R. J. Ansell, J. Chromatogr. B, 2004, 804, 151.
56. L. Ye and K. Mosbach, Chem. Mater., 2008, 20, 859.
57. Z. X. Xu, H. J. Gao, L. M. Zhang, X. Q. Chen and X. G. Qiao, J. Food

Sci., 2011, 76, 69.
58. M. Resmini, Anal. Bioanal. Chem., 2012, 402, 3021.
59. G. Diaz-Diaz, D. Antuna-Jimenez, M. C. Blanco-Lopez,

M. J. Lobo-Castanon, A. J. Miranda-Ordieres and P. Tunon-Blanco,
Trac-Trend. Anal. Chem., 2012, 33, 68.

60. X. T. Shen, L. H. Zhu, N. Wang, L. Ye and H. Q. Tang, Chem. Commun.,
2012, 48, 788.

61. C. Chassing, J. Stokes, R. F. Venn, F. Lanza, B. Sellergren, A. Holmberg
and C. Berggren, J. Chromatogr. B, 2004, 804, 71.

62. E. V. Piletska, M. Romero-Guerra, I. Chianella, K. Karim, A. P.
F. Turner and S. A. Piletsky, Anal. Chim. Acta, 2005, 542, 111.

63. N. Nakamura, M. Ono, T. Nakajima, Y. Ito, T. Aketo and J. Haginaka,
J. Pharm. Biomed. Anal., 2005, 37, 231.

64. P. S. Sharma, F. D’Souza and W. Kutner, Trac-Trend. Anal. Chem., 2012,
34, 59.

65. L. Fuguang, L. Huaijiangi, S. Min, F. Lulu, Q. Huamin, L. Xiangjun and
L. Chuannan, Anal. Chim. Acta, 2012, 718, 84.

66. K. Yano and I. Karube, Trac-Trend. Anal. Chem., 1999, 18, 199.
67. X. Xu, L. Zhu and L. Chen, J. Chromatogr. B, 2004, 804, 61.
68. B. Sellergren, J. Wieschemeyer, K. S. Boos and D. Seidel, Chem. Mater.,

1998, 10, 4037.
69. J. Z. Hilt and M. E. Byrne, Adv. Drug Deliver. Rev., 2004, 56, 1599.
70. D. R. Kryscio and N. A. Peppas, Aiche J., 2009, 55, 1311.
71. A. Tieppo, C. J. White, A. C. Paine, M. L. Voyles, M. K. McBride and

M. E. Byrne, J. Control. Release, 2012, 157, 391.
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CHAPTER 22

Biomolecule-sensitive Hydrogels

TAKASHI MIYATA

Department of Chemistry and Materials Engineering, Kansai University,
Suita, Osaka 564-8680, Japan
Email: tmiyata@kansai-u.ac.jp

22.1 Introduction

Hydrogels are composed of physically or chemically cross-linked polymer
networks and a large amount of aqueous solutions. They have already been
utilized as foods, absorbents, chromatography columns and various industrial
materials because of their fascinating properties such as swelling, mechanical,
permeation, separation, surface and optical features.1–3 Since hydrogels are soft
and wet materials with many useful properties, they are important as bioma-
terials for drug delivery, diagnosis and tissue engineering. In addition,
hydrogels have been focused on as smart biomaterials that respond to envi-
ronmental changes since volume phase transition phenomena were discovered
by Tanaka in 1978. A variety of hydrogels that undergo abrupt changes in
volume in response to alterations in environmental conditions, such as pH and
temperature, have been developed as stimuli-sensitive or smart hydrogels.4–7

Stimuli-sensitive hydrogels are fascinating soft materials that sense a stimulus
as a signal and that undergo volume changes. The unique features of stimuli-
sensitive hydrogels can provide useful tools for constructing innovative devices
such as self-regulated drug-delivery systems (DDSs), sensors, actuators, cell
supports and tissue engineering scaffolds.

Temperature and pH are important signals for monitoring physiological
changes. Therefore, a variety of stimuli-sensitive hydrogels that exhibit
swelling/shrinking changes in response to pH and temperature have been
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prepared by using polymer chains with carboxyl or amino groups as pH-
sensitive moieties and poly(N-alkylacrylamide) or poly(ethylene oxide)-
poly(propylene oxide)-poly(ethyelene oxide) as temperature-sensitive
moieties.8–18 Biological molecules like proteins and saccharides give important
signals for monitoring living biological systems. For example, glucose is a
signal molecule to treat diabetes, because insulin that controls the glucose
metabolism must be administered with monitoring the blood glucose concen-
tration. Therefore, stimuli-sensitive hydrogels that undergo changes in volume
in response to the concentration of a target biomolecule like glucose
(biomolecule-sensitive hydrogels) are very useful devices for developing
molecular diagnostics and self-regulated DDSs.19–21 There have been few
studies on biomolecule-sensitive hydrogels with biomolecule recognition
abilities, in spite of their many potential applications in biomedical fields. This
is attributed to no convenient strategy for combining biomolecule recognition
abilities with responsive functions within a hydrogel.

For preparing biomolecule-sensitive hydrogels, both biomolecule recognition
abilities and responsive functions, which enable a target biomolecule to be
perceived and structural changes to be induced, must be strategically
introduced into hydrogel networks. Studies on biomolecule-sensitive hydrogels
not only contribute significantly to the progress in fundamental biomaterials
science, but also lead to innovative science and technology in biomedical
applications. For example, self-regulated administration of a drug in response
to a concentration of a target biomolecule such as a tumor marker or an
antibody can be achieved using biomolecule-sensitive hydrogels. This chapter
provides an overview of innovative researches regarding biomolecule-sensitive
hydrogels as smart biomaterials applicable to self-regulated DDSs and so on.

22.2 Strategies for Designing Biomolecule-sensitive

Hydrogels

In designing biomolecule-sensitive hydrogels, biomolecular recognition ability
of the ligands must be combined with responsive functions of the networks.
Standard strategy for preparing traditional biomolecule-sensitive hydrogels,
such as glucose-sensitive ones, uses both the catalytic reaction of enzymes for
recognizing a target biomolecule, and the pH-sensitivity for inducing structural
changes of the network. For example, in the case of glucose-sensitive hydrogels,
the chemicals produced by enzymatic reaction of glucose oxidase induce pH
changes, followed by pH-sensitive swelling/shrinking of, networks with amine
groups. Thus, enzymes play important roles both as sensors for recognizing a
target biomolecule and as transducers for converting it into a change in pH.
Combination of enzymes and pH-sensitive polymers enables the development
of biomolecule-sensitive systems.

Another standard strategy for preparing biomolecule-sensitive hydrogels
utilizes temperature-sensitive polymers such as poly(N-isopropylacrylamide)
(PNIPAAm). PNIPAAm is soluble in water below the lower critical solution
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temperature (LCST) but becomes insoluble above the LCST. Therefore,
hydrogels consisting of PNIPAAm undergo a drastic change in volume by
rising temperature. The LCST is directly influenced by introducing hydrophilic
and hydrophobic moieties into the temperature-sensitive networks. Therefore,
biomolecule-sensitive hydrogels can be prepared by introduction of molecular
recognition sites into temperature-sensitive polymer networks consisting of
PNIPAAm. For example, when target biomolecules are bound to temperature-
sensitive networks with molecular recognition sites, the LCST of the networks
is shifted due to a change in hydrophilicity of the polymer chains. As shown in
Figure 22.1, when a temperature-sensitive hydrogel with molecular recognition
sites shows LCST1 and LCST2 (or LCST3) in the absence and presence of a
target biomolecule, respectively, they undergo a drastic change in volume in
response to the target biomolecule at a temperature in between LCST1 and
LCST2 (or LCST3). Thus, utilizing temperature-sensitive polymers enables
preparing biomolecule-sensitive hydrogels in which the molecular recognition
ability of ligands is combined with the responsive function of networks.

A novel strategy for designing biomolecule-sensitive hydrogels uses
biomolecular complexes as dynamic cross-links. Swelling ratio of hydrogels
depends on the affinity of polymer chains for water, the states of charged
groups and the cross-linked structures. Responsive volume changes of general
stimuli-sensitive hydrogels (such as pH- and temperature-sensitive ones)
are mainly caused by changes in the affinity of polymer chains for water and/or
in the states of charged groups. The standard strategies for preparing
biomolecule-sensitive hydrogels described above also use the changes in the
affinity of polymer chains and/or the state of charged groups. Recently,
dynamic cross-linking has been proposed as a novel strategy for designing
biomolecule-sensitive hydrogels, focusing on the effect of cross-linked
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Figure 22.1 Responsive shrinking (a) and swelling (b) of a temperature-sensitive
hydrogel with molecular recognition sites that shift the LCST in the
presence of the target molecule.
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structures on the swelling ratio.22 For example, bioconjugated hydrogels with
biomolecular complexes as dynamic cross-links undergo changes in volume in
response to a target biomolecule, because their cross-linking density changes by
formation or dissociation of the biomolecular complexes. Biomolecule-sensitive
hydrogels designed using biomolecular complexes as dynamic cross-links are
classified into two types: biomolecule-cross-linked and biomolecule-imprinted
hydrogels (Figure 22.2). In the presence of a target biomolecule, the biomolecule-
cross-linked hydrogels swell and the biomolecule-imprinted hydrogels shrink,
because their cross-linking density decreases and increases by the dissociation
and formation of biomolecular complexes as dynamic cross-links of their
networks, respectively. This chapter describes a variety of biomolecule-sensitive
hydrogels designed on the basis of standard and novel strategies.

22.3 Glucose-sensitive Hydrogels

22.3.1 Glucose-sensitive Hydrogels Using Enzymatic Reaction

To treat diabetes, a specific amount of insulin must be administered with
monitoring the blood glucose concentration, and they have been developed

Figure 22.2 Schematic of the swelling/shrinking behavior of biomolecule-sensitive
hydrogels: biomolecule-cross-linked hydrogel (a) and biomolecule-
imprinted hydrogel (b).
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exploiting a few standard strategies. A typical approach for designing glucose-
sensitive hydrogels is the combination of an enzymatic reaction of glucose
oxidase (GOD) and the pH-sensitive behavior of polymers with amine groups.
For example, GOD was loaded within pH-sensitive hydrogels with amine
groups. As GOD converts glucose to gluconic acid, the pH within the hydrogel
is lowered in the presence of glucose. Then, the pH-sensitive polymers expand
as the amine groups become positively charged and the osmotic pressure
increases.

A representative glucose-sensitive insulin release system was developed by
loading GOD within a pH-sensitive copolymer of N,N-diethylaminoethyl
methacrylate (DEA) and 2-hydroxypropyl methacrylate (HPMA).23 Insulin
permeability through a GOD-loaded DEA-HPMA copolymer membrane was
enhanced by increasing glucose concentration (Figure 22.3). When the DEA-
HPMA copolymer hydrogel was immersed in an aqueous solution containing
glucose, the glucose diffused into the hydrogel and was oxidized to gluconic
acid by enzymatic reaction of GOD. Because the pH-sensitive hydrogel was
swollen by lowering pH, insulin permeability through the hydrogel was
enhanced in response to the glucose concentration. On the other hand, glucose-
sensitive polymer capsules that regulated insulin release in response to the
glucose concentration were prepared by a conventional interfacial precipitation
method.24 Similarly, glucose-sensitive behavior of DEA-hydroxyethyl meth-
acrylate copolymer hydrogel with entrapped GOD was investigated from
theoretical and experimental points of view.25–27 The complex formation
between methacrylic acid (MAAc) and ethylene glycol (EG) was also utilized to
form pH-sensitive networks for designing glucose-sensitive hydrogels.28,29 The
complex of the copolymer hydrogels consisting of MAAc and EG dissociates or
associates in response to pH changes. Therefore, pH-responsive behavior of the
complexes can be combined with the enzymatic reaction of GOD for
developing glucose-sensitive hydrogels.

Figure 22.3 Schematic representation of a glucose-sensitive hydrogel consisting of
pH-sensitive networks and glucose-oxidase.
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22.3.2 Glucose-sensitive Hydrogels Using Phenylboronic Acid

Phenylboronic acid and its derivatives form complexes with polyol compounds
such as saccharides and poly(vinyl alcohol) (PVA). Glucose-sensitive hydrogels
can be prepared by using phenylboronic acid as a ligand for target glucose.
For example, a copolymer with phenylboronic acid moieties was synthesized
by copolymerization of N-vinyl-2-pyrrolidone (NVP) and 3-(acryl-
amide)phenylboronic acid (PBA). The complexes between the NVP-PBA
copolymer and PVA enable us to construct glucose-sensitive insulin release
systems because the complexes dissociated in response to the glucose
concentration.30,31

Based on a strategy of combining the temperature-sensitivity of PNIPAAm
with the glucose-recognition ability of phenylboronic acid, glucose-sensitive
hydrogels were prepared by copolymerization of PBA with NIPAAm.32,33

Uncharged and charged forms of phenylboronic acid in the hydrogel were in
equilibrium, as shown in Figure 22.4. Complex formation between
phenylboronic acid and glucose resulted in a shift in the equilibrium from the
uncharged to the charged form. Therefore, the LCST of the NIPAAm-PBA
copolymer hydrogels rose in the presence of free glucose, because the
proportion of charged phenylboronic acid increased by complex formation
between phenylboronic acid and glucose (Figure 22.4). The shift in LCST of the
hydrogels resulted in a drastic increase in the volume in response to glucose.
Repeated on-off release of insulin on changing the concentration of external
glucose was also achieved by using the glucose-sensitive hydrogels (Figure 22.5).
However, the NIPAAm-PBA copolymer hydrogels did not exhibit glucose-
sensitive swelling behavior at the physiological aqueous condition. To design
glucose-sensitive hydrogels undergoing drastic changes in volume at the physi-
ological aqueous condition, a PBA derivative with a low pKa and an acrylamide
derivative with a higher LCST than that of PNIPAAm were utilized.34,35

Recently, a biosensor for detecting glucose concentration was developed by
forming a glucose-sensitive hydrogel layer on a field-effect transistor (FET)
gate.36 Electrical signal changes in response to glucose concentration were
detected with FET, because glucose-sensitive swelling of the hydrogel layer
induced an abrupt permittivity change at the hydrogel layer/gate interface.
Thus, glucose-sensitive hydrogels may contribute significantly to developing
glucose sensors as well as self-regulated DDSs for treating diabetes.

22.3.3 Glucose-sensitive Hydrogels Using Lectin

Lectins are carbohydrate-binding proteins that recognize carbohydrate chains
of glycoproteins and glycolipids on a cell surface. In constructing sensor
systems for monitoring saccharides, lectins are useful tools because of their
unique property of saccharides recognition ability. Therefore, smart devices
from which insulin is released in response to glucose concentration were
prepared taking benefit of reversible complex formation between lectin and
glucose. For example, glucose-sensitive insulin release systems that can regulate

266 Chapter 22

 o
n 

01
/0

9/
20

13
 1

0:
27

:1
7.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
02

61
View Online

http://dx.doi.org/10.1039/9781849734318-00261


insulin release in response to the glucose concentration were proposed, based
on competitive complex formation of lectin with glycosylated insulin and free
glucose.37–40 The carbohydrate-binding property of lectin, which was combined
with temperature-sensitivity of PNIPAAm, was also utilized in preparing
saccharide-sensitive hydrogels that underwent a change in volume in response
to a target saccharide with charged groups.41 The saccharide-sensitive
systems were prepared by loading lectin within PNIPAAm hydrogels. The
saccharide-sensitive swelling of lectin-loaded PNIPAAm hydrogels was based
on a shift in LCST of PNIPAAm, caused by complex formation between lectin
and ionic saccharide dextran sulfate.

Glucose-sensitive hydrogels were also designed by utilizing lectin-
glycopolymer complexes as dynamic cross-links. A polymer with pendant

C O
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OH OH
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Figure 22.4 Temperature dependence of swelling curves for PNIPAAm copolymer
hydrogel with phenylboronic acid moieties at different glucose concen-
trations. Reprinted, with permission, from Ref. 32. Copyright 1998
American Chemical Society.
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glucose (poly(2-glucosyloxyethyl methacrylate), PGEMA) formed a complex
with lectin (concanavalin A, ConA).42,43 The complex between PGEMA and
ConA dissociated in the presence of free glucose and mannose, but did not
dissociate in the presence of free galactose, because ConA is a lectin that
recognizes glucose and mannose, but does not recognize galactose. Therefore,
the dissociation of the PGEMA-ConA complex is attributed to complex
exchange of PGEMA with glucose and mannose. This means that the
PGEMA-ConA complexes can be used as smart cross-links responsive to
glucose or mannose as a target monosaccharide. To design bioconjugated
hydrogels with PGEMA-ConA complexes as dynamic cross-links, GEMA was
copolymerized with a cross-linker after its complex formation with ConA.44

The resulting PGEMA-ConA hydrogels swelled gradually in a buffer solution
with glucose and mannose, but exhibited no change in volume in a buffer
solution with galactose (Figure 22.6). Measurements of compressive modulus
of the hydrogels revealed that the cross-linking density decreased with an
increase in glucose concentration of a buffer solution. Therefore, the glucose-
and mannose-sensitive volume changes of the PGEMA-ConA hydrogels were
attributed to a decrease in the cross-linking density by competitive complex
exchange of PGEMA with free glucose or mannose (Figure 22.7).

Reversible glucose-sensitive hydrogels were strategically synthesized by
copolymerization of GEMA, cross-linkers and a polymerizable ConA
derivative.45 The resulting hydrogels in which ConA was covalently conjugated
with PGEMA networks (ConA-copolymerized PGEMA hydrogels) swelled
gradually in the presence of a free glucose, but shrank in its absence. On the
other hand, PGEMA hydrogels in which ConA was entrapped also swelled in
the presence of a free glucose, but did not change their volume at all in its

Figure 22.5 Repeated on-off release of FITC-insulin from a glucose-sensitive
hydrogel at 28 1C and pH9.0, in response to the external glucose
concentration. Reprinted, with permission, from Ref. 32. Copyright 1998
American Chemical Society.
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absence. Covalent conjugation of ConA with PGEMA networks enabled
repeated formation and dissociation of the complex between ConA and
pendant glucose on PGEMA in response to stepwise changes in glucose
concentration. Thus, reversibly glucose-sensitive hydrogels that undergo
reversible changes in volume in response to a certain glucose concentration
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Figure 22.6 Swelling ratio changes underwent by PGEMA-ConA hydrogel as a
function of time, when the hydrogel was immersed in a buffer solution
containing 1wt.% of glucose (J), mannose (’) or galactose (K).
Reprinted, with permission, from Ref. 44. Copyright 1996 Wiley-VCH.

Figure 22.7 Schematic representation of the glucose-sensitive swelling changes
underwent by PGEMA-ConA hydrogel. Reprinted, with permission,
from Ref. 44. Copyright 1996 Wiley-VCH.
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were prepared, taking benefit from complex formation between a pendant
glucose of PGEMA and lectin covalently conjugated with hydrogel networks.

By utilizing complex formation between a polymer with pendant glucose and
ConA, sol-gel transitions in response to glucose concentration were also
achieved.46,47 For example, glycopolymers with pendant glucose, such as
vinylpyrrolidinone-allylglucose and acrylamide-allylglucose copolymers,
underwent gelation by adding ConA into their aqueous solutions. Complex
formation between the glycopolymers with pendant glucose and ConA resulted
in cross-linking of linear glycopolymers followed by formation of hydrogels.
However, the hydrogels consisting of the glycopolymers and ConA changed to
the sol state by the addition of free glucose. The glucose-sensitive sol-gel
transitions enabled controlled release of lysozyme and insulin in response to
changes in glucose concentration in a buffer solution.48 The glucose-sensitive
drug release behavior is explained by the fact that the diffusivity of lysozyme
and insulin in the sol state was higher than that in the gel state. Thus, glucose-
sensitive hydrogels and sol-gel transition are applicable to the development of
self-regulated DDSs that release drugs in response to a blood glucose
concentration.

22.4 Protein-sensitive Hydrogels

22.4.1 Enzyme-sensitive Hydrogels

Enzymes located in specific areas of the human body are promising signals for
site-specific drug delivery. Some enzymes provide us with important
information about physiological changes. Therefore, enzyme-sensitive
hydrogels that undergo structural changes by selective catalysis of target
enzymes are widely employed as smart biomaterials for constructing diagnostic
sensors to monitor physiological changes or DDSs to regulate drug release in
response to physiological changes in specific sites. Such enzyme-sensitive
hydrogels can be prepared by using biodegradable polymers that are degraded
by the catalytic activity of specific enzymes.49 For example, a few researchers
have focused on microbial enzymes located predominantly in the colon for
constructing colon-specific drug-delivery systems. Since azoreductase, an
enzyme produced by the microbial flora of the colon, degrades azoaromatic
bonds, enzyme-sensitive hydrogels were prepared from pH-sensitive monomers
and cross-linked with azoaromatic bonds.50–55 When the pH-sensitive
hydrogels with azoaromatic bonds as cross-links shrink at low pH, protein
drugs loaded within the hydrogels are protected against digestion by proteolytic
enzymes in the stomach. At higher pH, however, colonic azoreductases
can degrade the azoaromatic cross-links because of swelling of
the network, triggering drug release. Dextranases existing in the colon are also
useful for colon-specific drug delivery. As dextranases are microbial enzymes
that degrade dextran, enzyme-sensitive hydrogels were synthesized by cross-
linking dextran with diisocyanate.56 The resulting hydrogels were degraded
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in vitro and in vivo by the enzymatic activity of dextranases, being suitable for
colon-specific DDSs.

a-Chymotrypsin, which is synthesized in the pancreas, is a proteolytic
enzyme that facilitates the cleavage of peptide bonds by a hydrolysis reaction.
Enzyme-sensitive hydrogels degradable by a-chymotrypsin were prepared using
a tetrapeptide sequence, Cys-Tyr-Lys-Cys, as a cross-linker for the formation
of poly(acrylamide) (PAAm) networks.57 The resulting PAAm hydrogels cross-
linked with tetrapeptide sequence underwent degradation in the presence of
a-chymotrypsin that cleaved the tetrapeptide cross-linker. A novel disulfide-
based temperature-sensitive triblock copolymer was also produced by atom
transfer radical polymerization (ATRP) of NIPAAm and 2-(methacryl-
oyloxy)ethyl phosphorylcholine (MPC) using a disulfide-based initiator.58 The
micellar gel formed from the triblock copolymer was disintegrated by cleavage
of the disulfide bonds.

Simultaneous monitoring of two or more enzymes to sense physiological
changes is attracting interest for clinical screening of several diseases at the
same time. Therefore, dual enzyme-sensitive hydrogels that degrade in the
presence of two enzymes were prepared by interpenetration of two enzyme
degradable polymer networks. For example, interpenetrating polymer
networks (IPNs) of oligopeptide-terminated poly(ethylene glycol) (PEG) and
dextran can be degraded in the presence of both papain and dextranase that are
enzymes for oligopeptides and dextran, respectively, but did not degrade in the
presence of either enzyme alone.59,60 Furthermore, lipid microspheres were
released from gelatin/dextran IPN hydrogels in the presence of both
a-chymotrypsin and dextranase that catalyze the degradation of gelatin and
dextran, respectively, but were not released in the presence of either enzyme
alone (Figure 22.8). Temperature-sensitive biodegradation of hydrogels that
degrade in the presence of a target enzyme within a certain temperature range
was achieved using IPNs composed of enzymatic degradable networks and
temperature-sensitive PNIPAAm networks.61,62

Contrary to enzymatic degradable hydrogels described above, enzyme-
sensitive hydrogel formation can also occur. That is the case of the networks
that involved the cross-linking of PEG-peptide conjugates or glutaminamide-
functionalized PEG with a lysine-containing polypeptide, by enzymatic activity
of transglutaminase (TGase).63,64 TGase catalyzes an acyl-transfer reaction
between the g-carboxamide group of protein bound glutaminyl residues
and the e-amino group of Lys residues, resulting in the formation of
e-(g-glutamyl)lysine isopeptide side-chain bridges. For example, an aqueous
solution containing two PEG-peptide conjugates formed a hydrogel by
enzymatic activity of TGase within minutes under physiologic conditions. Such
enzyme-sensitive hydrogel formation can provide the tools for controlling the
migration, the growth and the organization of cells during tissue regeneration
and for stabilization of encapsulated cells.

There is considerable demand for creating enzyme-sensitive hydrogels that
undergo changes in volume triggered by a target enzyme, because they can be
useful to regulate the release of entrapped molecules such as protein drugs.65,66
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For example, enzyme-sensitive PEG-based hydrogel particles were prepared
using an enzyme-cleavable linker as the sensing part, and two oppositely
changed amino acids that flank the linker on either side as the actuation part
(Figure 22.9). When the zwitterionic peptide linker was cleaved by a specific
enzyme, the originated doubly charged peptide fragments caused the hydrogel
particles to swell. The release of dextran and proteins from the enzyme-sensitive
hydrogels was switched on in response to a specific enzyme that caused the
swelling as the peptide linker was cleaved.

22.4.2 Antigen-sensitive Hydrogels

Antibodies have been used for developing immunological assays to monitor
physiological changes, due to their ability to bind to specific antigens.

drug release:OFF

drug release:ONdual stimuli

single stimulus

Figure 22.8 Lipid microspheres release from a gelatin/dextran IPN hydrogel in
phosphate buffer at 37 1C, with 5U mL�1 a-chymotrypsinþ 0.5U mL�1

dextranase (J), 5U mL�1 a-chymotrypsin (n) or 0.5U mL�1

dextranase (&). Reprinted, with permission, from Ref. 60. Copyright
1998 Elsevier Science BV.
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Antibodies are also useful tools for preparing antigen-sensitive hydrogels that
undergo changes in volume in response to a target antigen. Antigen-sensitive
hydrogels can be strategically prepared by utilizing antigen-antibody bindings
as dynamic cross-links of the hydrogel networks.67–71 For example, poly-
merizable groups were introduced in rabbit IgG antigen and copolymerized
with acrylamide (AAm) and N,N0-methylenebisacrylamide (MBAA) in the
presence of goat anti-rabbit IgG (GAR IgG) antibody. The antibody was
entrapped within the resulting hydrogels by formation of antigen-antibody
bindings that acted as dynamic cross-links. The swelling ratio of the antigen-
antibody entrapment hydrogels increased gradually with an increase in the
concentration of rabbit IgG as a free antigen in a buffer solution. An increase in
rabbit IgG concentration induced dissociation of antigen-antibody bindings
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Figure 22.9 Schematic representation of the selective enzyme-triggered charge-
induced swelling exhibited by an enzyme-sensitive hydrogel with zwit-
terionic peptide linkers that are hydrolyzed by a specific enzyme.
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linked with PAAm networks, by competitive complex exchange. Therefore, the
antigen-sensitive swelling behavior of the antigen-antibody entrapment
hydrogels was attributed to a decrease in cross-linking density of their networks
by dissociation of the antigen-antibody bindings acting as cross-links.

Reversibly antigen-sensitive hydrogels that exhibit reversible swelling/
shrinking in response to changes in the antigen concentration of a buffer
solution, were also synthesized by forming semi-interpenetrating polymer
networks (semi-IPNs) consisting of PAAm networks with antigens and PAAm
linear polymer with antibodies (Figure 22.10).67,69 As described above, the
antigen-antibody entrapment hydrogels in which antibodies were not
covalently bound to PAAm chains swelled gradually in a buffer solution with a
target antigen. However, these hydrogels did not shrink completely after their
re-immersion in a buffer solution without free antigen. Since the antibodies that
acted as cross-linkers were not covalently bound to PAAm networks, they
easily leaked out of the swollen hydrogel in a buffer solution with a target
antigen. By contrast, the antigen-antibody semi-IPN hydrogels underwent
reversible swelling/shrinking changes when they were alternately immersed in a
phosphate buffer solution with and without free antigen (Figure 22.11). Since
the antibody acting as a cross-link was immobilized by the entanglement
between PAAm linear polymers with antibodies and PAAm networks with
antigens, it did not leak out of the hydrogel. These results indicate that the
semi-IPN structure allows the hydrogel networks to swell and shrink reversibly
in response to changes in the free antigen concentration. In addition, semi-IPN
structures played an important role in enhancing the responsive behavior of the
hydrogels.70

Reversible antigen-sensitive hydrogels are highly promising biomaterials for
constructing self-regulated DDSs. Permeation of drugs with different molecular
weight through antigen-sensitive hydrogels was investigated in both the absence
and the presence of a target antigen.67,71 Drug permeation was suppressed in
the absence of a target antigen, but the permeation became enhanced in its
presence (Figure 22.11). The permeation rate of a drug through the antigen-
sensitive hydrogel increased gradually when the antigen concentration in the
buffer solution rose. Thus the antigen-sensitive hydrogels can control drug
permeation in response to the concentration of a target antigen and enable
antigen-sensitive on-off regulation of drug permeation. The antigen-sensitive
hydrogels are likely to become important biomaterials for constructing self-
regulated DDSs in which drugs are administered in response to specific
physiological changes.

Other antigen-sensitive hydrogels were prepared by combining the antigen-
binding ability of an antibody with the temperature-sensitivity of PNIPAAm.
The temperature-sensitive hydrogels with antibody Fab’ fragments as antigen
recognition sites were synthesized by copolymerization of functionalized
antibody fragments with NIPAAm and MBAA.72 The PNIPAAm hydrogels
with Fab’ fragments as fluorescein-binding sites underwent reversible volume
changes in response to alternative immersion in a buffer solution with
and without hydrophobic fluorescein and hydrophilic dendrimer-modified
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fluorescein as target antigens. The reversible volume changes in response to
target antigens were caused by shifts in LCST of PNIPAAm networks due to
the binding of Fab’ fragment to hydrophobic fluorescein and hydrophilic
dendrimer-modified fluorescein.

(a)

(b)

Figure 22.10 Scheme of the preparation (a) and the responsive behavior (b) of an
antigen-sensitive hydrogel with semi-IPN structure.
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22.5 Biomolecule-sensitive Hydrogels Prepared by

Molecular Imprinting

Molecular imprinting is a useful technique for making synthetic hosts with
cavities for molecular recognition.73–80 In standard molecular imprinting,
functional monomers with a ligand group are copolymerized with a large
amount of cross-linker after the monomers are prearranged around a template
molecule by non-covalent interactions. Molecularly imprinted polymers with
molecular recognition ability are then obtained by removing the template
molecules from the resulting polymer networks, to create complementary
molecular cavities. The resulting molecularly imprinted polymers can recognize
the target (template molecule) on the basis of a combination of its binding to
complementarily arranged functional groups (ligands), and the shape comple-
mentarity of the cavity. Biomolecule-sensitive hydrogels with molecular
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Figure 22.11 Reversible swelling and antigen-sensitive permeation profiles of
hemoglobin through a PAAm semi-IPN (J) or an antigen-antibody
semi-IPN (K) hydrogel in response to successive changes (between 0
and 4mg mL�1) in the antigen concentration.
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recognition sites were also synthesized by molecular imprinting utilizing a
minute amount of cross-linker, which is different from standard molecular
imprinting.

Temperature-sensitive hydrogels with molecular recognition sites were
prepared by copolymerization of NIPAAm and AAc in the presence of
norephedrine as a template molecule.81 The norephedrine-imprinted hydrogels
underwent changes in volume in response to temperature changes, because of
the temperature-sensitivity of PNIPAAm. The norephedrine-imprinted
hydrogel swollen at a low temperature exhibited no volume change in the
presence of norephedrine, but in the collapsed state at a high temperature
swelled gradually with increasing norephedrine concentration (Figure 22.12).
The binding of norephedrine to the complementary recognition sites created by
molecular imprinting induced a shift in the LCST of the hydrogel networks,
and the norephedrine-imprinted hydrogels changed from a shrunken state to a
swollen state by the presence of norephedrine. Nevertheless, there are still few
studies on combination of temperature-sensitivity of PNIPAAm hydrogels with
memorization of a target molecule within hydrogel networks by molecular
imprinting.82,83

A novel imprinting approach that utilizes biomolecules (such as proteins) as
ligands has been proposed. The most important feature of biomolecular
imprinting is that it utilizes a minute amount of cross-linker which enables the
imprinted networks to undergo conformational changes by complex formation
between ligand biomolecules and a target biomolecule. For example, tumor
marker-imprinted hydrogels that shrink in response to a target tumor marker
glycoprotein were designed by biomolecular imprinting using protein ligands.
a-Fetoprotein (AFP) was chosen as a target tumor marker glycoprotein that is
widely used for the serum diagnosis of primary hepatoma, because there is
abnormal glycosylation patterns in primary hepatoma and cirrhosis. In
preparing AFP-imprinted hydrogels by biomolecular imprinting, lectins
(ConA) and antibodies (anti-AFP) were utilized as ligands for saccharide and
peptide chains of AFP, respectively (Figure 22.13).84

With increasing AFP concentration in a buffer solution, the swelling ratio of
AFP-imprinted hydrogel decreased gradually, but that of non-imprinted
hydrogel prepared without a template AFP increased a little (Figure 22.14). In
addition, both AFP-imprinted and non-imprinted hydrogels swelled a little in a
buffer solution with ovalbumin, which has a saccharide chain similar to that of
AFP but a different peptide chain. Thus, only AFP-imprinted hydrogels can
dynamically recognize a target AFP by means of ConA and anti-AFP, and
undergo volume changes in response to the AFP concentration of a buffer
solution. The strong relationship between the AFP concentration and the
swelling ratio of the AFP-imprinted hydrogels means that they are tumor
marker-sensitive. The compressive modulus measurements revealed that the
formation of ConA-AFP-anti-AFP complexes caused an increase in the cross-
linking density of the AFP-imprinted hydrogels, followed by AFP-sensitive
shrinking. Furthermore, to evaluate the effect of the molecular weight of
the cross-linkers, hydrogels were prepared using low-molecular-weight and
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high-molecular-weight cross-linkers.85 The AFP-imprinted hydrogels with a
high-molecular-weight cross-linker of an optimal chain length shrank
more remarkably than those obtained using a low-molecular-weight cross-
linker. However, when the high-molecular-weight cross-linker had a too long

Figure 22.12 Equilibrium swelling ratio at 50 1C as a function of concentration of
norphedrine (K) or adrenaline (J) in water for molecularly imprinted
hydrogels prepared in the presence of norphedrine (A) or adrenaline (B).
Reprinted, with permission, from Ref. 81. Copyright 1998 American
Chemical Society.
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chain, no volume change in a buffer solution with AFP occurred. Therefore, the
chain length of the cross-linker is an important factor for determining the
dynamic glycoprotein recognition and the responsive behavior of AFP-
imprinted hydrogels. Such responsiveness of AFP-imprinted hydrogels in
response to glycoproteins enables the accurate detection and recognition of a
target tumor marker glycoprotein with a double-lock function. Tumor marker
glycoprotein-sensitive hydrogels have many future opportunities as smart
biomaterials for constructing self-regulated DDSs and also in molecular
diagnostics.

22.6 Biomolecule-sensitive Hydrogel Particles

Particles with nanoscale sizes are promising nanomaterials with a wide variety
of uses because of their unique features such as large surface area, disper-
siveness and size effect.86,87 In particular, stimuli-sensitive hydrogel particles
that undergo size changes in response to environmental changes like pH or
temperature, are of significant interest as drug carriers for DDSs, columns for
separation and devices for sensor systems. An important advantage of stimuli-
sensitive hydrogel particles with nanoscale sizes is that they exhibit more
rapidly responsive change in size than usual stimuli-sensitive hydrogels with
macroscale sizes. Many researchers have focused on pH- and temperature-
sensitive hydrogel particles from the viewpoint of fundamental interfacial
science and of their applications in a wide variety of fields. In addition, there are
a few publications on biomolecule-sensitive hydrogel particles that undergo

Figure 22.13 Synthesis of a tumor marker-sensitive hydrogel using lectins and
antibodies as ligands for recognition of glycoprotein molecules
(tumor-specific marker AFP) in biomolecular imprinting.
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changes in size in response to a target biomolecule, which can be useful as smart
carriers for self-regulated DDS and imaging.

Based on the strategy for preparing glucose-sensitive hydrogels using
PGEMA-ConA complexes as dynamic cross-links (described in Section 22.3.3),
glucose-sensitive hydrogel particles were synthesized by surfactant-free
emulsion polymerization of N,N-diethylaminoethyl methacrylate (DEAEMA),
poly(ethylene glycol) dimethacrylate (PEGDMA), GEMA and ConA modified
with polymerizable groups, after the formation of GEMA-ConA complexes.88

The resultant hydrogel particles having GEMA-ConA complexes (GEMA-
ConA hydrogel particles) were colloidally stable in a phosphate buffer solution
and had a diameter of approximately 750 nm. Hydrophilic PEGDMA
played important roles as both surfactant and cross-linker in preparing
colloidally stable GEMA-ConA hydrogel particles by surfactant-free emulsion

(a) non-imprinted gel (b) AFP-imprinted gel

0.90

S
w

e
lli

n
g

 r
a

ti
o

 (
m

3
/m

3
)

S
w

e
lli

n
g

 r
a

ti
o

 (
m

3
/m

3
)

0.95

1.00

1.05

0 2 4 6 8

AFP

Ovalbumin

Glycoprotein

Time (h)

0.90

0.95

1.00

1.05

0 2 4 6 8

AFP

Ovalbumin
Glycoprotein

Time (h)

Figure 22.14 Swelling ratio changes underwent by non-imprinted (a) and AFP-
imprinted (b) hydrogels following the addition of AFP (J) or
ovalbumin (K) in a phosphate buffer medium at 25 1C.
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polymerization. The GEMA-ConA hydrogel particles had core-shell structures
composed of a hydrophobic core of DEAEMA and a hydrophilic shell of
PEGMA and GEMA containing ConA. The swelling ratio of the GEMA-
ConA hydrogel particles augmented gradually with an increase in glucose
concentration of a buffer solution (Figure 22.15), but did not change at all in
the presence of galactose. The glucose-sensitive swelling was attributed to the
dissociation of the GEMA-ConA complexes acting as cross-links by competitive
complex exchange of GEMA with a free glucose. Such glucose-sensitive
hydrogel particles behave as smart drug carriers for self-regulated DDSs in
which insulin can be released in response to a blood glucose concentration.

Dynamically tunable microlens arrays were fabricated using stimuli-sensitive
hydrogel particles with microscale sizes.89–92 A label-free biosensing method for
new protein-detection technology was developed by using biomolecule-sensitive
hydrogel particles as tunable microlenses in a simple bright field optical
microscopy technique. After microgels were synthesized by free-radical precipi-
tation polymerization of NIPAAm and acrylic acid and functionalized with
biotin, hydrogel microlenses were prepared by coulombic assembly of the
biotinylated microgels onto a substrate. The bright field optical microscopy
technique revealed that the optical properties of the biotinylated hydrogel
microlenses changed as a function of the avidin and antibiotin concentrations.
The avidin- and antibiotin-sensitive optical changes of the biotinylated hydrogel
microlenses were caused by changes in the cross-linking density based on
complex formation between avidin and biotin. Thus, unique optical properties of
biomolecule-sensitive hydrogel microlenses provide useful tools to determine the
presence of target biomolecules by monitoring their focal length.

Figure 22.15 Glucose-sensitive behavior of GEMA–ConA hydrogel particles.
Reprinted, with permission, from Ref. 88. Copyright 2012 Elsevier.
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22.7 Other Biomolecule-sensitive Hydrogels

Based on the strategy that uses biomolecular complexes as dynamic cross-links
of hydrogel networks (described in Section 22.2), a variety of biomolecule-
sensitive hydrogels that undergo structural changes in response to a target
biomolecule has been reported. For example, complementary molecular
recognition abilities of DNAs provided useful tools for developing DNA-
sensitive sol-gel transition systems.93 Trapping and release of fluorescent semi-
conductor quantum dots (QDs) were achieved using DNA-sensitive hydrogels
that underwent sol-gel transition in response to a target DNA.94 Molecularly
engineered target-sensitive hydrogels were formed by hybridization between a
DNA aptamer as cross-linker, and linear PAAm chains with its complementary
DNA (Figure 22.16).95 The addition of adenosine, which was a target molecule
of the DNA aptamer, induced the dissolution of the hydrogels, because the
duplexes between the aptamer and the complementary DNA dissociated by
competitive binding of the target to the aptamer. DNA aptamer-cross-linked
hydrogel with entrapped gold nanoparticles was dissolved upon addition of the
target adenosine and released the gold nanoparticles into a buffer solution.
Furthermore, a DNA-sensitive sol-gel transition system combined with a
specific thrombin-binding aptamer, which forms a double-stacked G quad-
ruplex with high affinity to a-thrombin, enabled the capture and release of
thrombin.96 Differing from sol-gel transition, DNA-sensitive hydrogels that
undergo change in volume in response to DNA were also prepared using a
stem-loop structured DNA as a cross-linker.97,98 As competitive formation of
double strands of a probe DNA with a target DNA caused conformational
change of cross-linker DNA, the hydrogels swelled in response to the target
DNA. Thus DNA-sensitive sol-gel transition and hydrogels provide promising
and potentially convenient tools for controlled drug release and biomolecular
detection.

Cell-sensitive sol-gel transition systems were also developed using gelation of
multi-armed PEG having an adhesion receptor-binding motif (an adhesion
ligand based on the RGD peptide) by the addition of bis-cysteine peptide cross-
linker (Figure 22.17).99,100 The cross-linker peptide sequence was sensitive to

PAAm chain

PAAm chain

DNA

DNA

aptamer

PAAm chain

PAAm chain

DNA

DNA

aptamertarget

GelGel SolSol

Figure 22.16 Scheme of the target molecule-sensitive sol-gel transition caused by
hybridization of the DNA aptamer and DNA-PAAm conjugates.
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matrix metalloproteinases (MMPs), which belong to a family of proteases
extensively involved in tissue development and remodeling. Vinyl sulfone-
functionalized multi-armed PEGs formed hydrogels by the Michael-type
addition reaction with mono-cysteine adhesion or bis-cysteine MMP substrate

 

multi-armed PEG

adhesion ligand

bis-cysteine peptide
cross-linker

Cell
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Figure 22.17 Cell-sensitive sol-gel transition systems obtained by gelation of multi-
armed PEG with an adhesion receptor-binding motif and cross-linking
with a bis-cysteine peptide.
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peptides. The resultant hydrogels, which are sensitive to local proteases such as
MMP at the cell surface, were proteolytically invaded by primary human
fibroblasts. The MMP-sensitive hydrogels are very useful in delivering
recombinant human bone morphogenetic protein-2 to the site of critical defect
in rat cranium, because bone regeneration depends on the proteolytic invasion
into the hydrogels. Therefore, such cell-sensitive hydrogels have many potential
applications in regenerative medicine and tissue engineering.

Non-covalently cross-linked hydrogels were obtained by complex formation
between a low-molecular-weight heparin-modified polyethylene glycol star
polymer (PEG-LMWH) and a dimeric heparin-binding growth factor (VEGF),
which acted as dynamic cross-linkers (Figure 22.18).101 The PEG-LMWH/
VEGF hydrogels eroded in the presence of VEGF receptors because of the
selective removal of VEGF acting as a cross-linker. The receptor-mediated
erosion of the PEG-LMWH/VEGF hydrogels enabled the VEGF release in
response to cell surface receptors. Thus, the PEG-LMWH/VEGF hydrogels are
cell receptor-sensitive, and could be utilized as smart biomaterials for selective
release of growth factors in vascular therapy.

To design stimuli-sensitive hydrogels showing programmable structural
changes, some researchers have focused on conformational changes of proteins
in response to a given stimulus. For example, well-defined folding motifs of
proteins were bioconjugated with synthetic polymers, for preparing stimuli-
sensitive hydrogels that undergo changes in volume or sol-gel transitions in
response to pH and temperature.102,103 Similarly, biomolecule-sensitive
bioconjugated hydrogels were produced using a conformational change of
genetically engineered proteins. Protein calmodulin (CaM), which is a calcium-
binding protein that modifies its conformation from extended in the presence of
Ca21 to collapsed upon the binding of phenotiazine as a ligand, was used as
cross-linker of hybrid hydrogels.104 These hydrogels were composed of PAAm
networks with non-covalent bonds between CaM and phenotiazine as cross-
linking points. Since the binding between CaM and phenotiazine is strongly
influenced by Ca21, the addition of Ca21 chelator induced the swelling of the

Gel Sol

PEG-LMWH

VEGF

receptor

Figure 22.18 Scheme of hydrogel formation by cross-linking of a heparin-modified
star polymer by means of heparin-binding growth factors dimeric
complexes, followed by receptor-mediated erosion.
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hydrogels because of the dissociation of the non-covalent bonds. The hybrid
hydrogels regulated the transport of small molecules in response to Ca21 and
controlled the flow from a reservoir in micro fluidics. In addition, chemically
tunable hydrogel lenses were prepared from PAAm hydrogel microlens arrays
based on the non-covalent bonds between CaM and phenotiazine as dynamic
cross-linkers.105

Finally, PAAm conjugated with genetically engineered bacterial gyrase
subunit B (GyrB) was prepared for achieving trigger-inducible release of human
vascular endothelial growth factor.106 The GyrB-bioconjugated PAAm formed
a hydrogel by its dimerization with the aminocoumarin antibiotic coumermycin,
but the hydrogel dissociated by the addition of clinically validated novobiocin
(albamycin), which triggered the release of human vascular endothelial growth
factor (VEGF). Thus, a wide variety of biomolecule-sensitive hydrogels that
undergo volume changes or sol-gel transitions in response to a target
biomolecule can be prepared on the basis of a novel strategy using biomolecular
complexes as dynamic cross-linkers of hydrogel networks.

22.8 Conclusion

This chapter focuses on biomolecule-sensitive hydrogels that undergo
structural changes such as swelling/shrinking and sol-gel transitions in response
to specific biomolecules. More than ten years ago, there were very few reports
on biomolecule-sensitive hydrogels, most researchers focusing on pH- and
temperature-sensitive networks and on only glucose-sensitive networks as
biomolecule-sensitive hydrogels. However, the unique properties of
biomolecule-sensitive systems can provide useful tools for designing smart
biomaterials with various biomedical uses. Major advances in synthesizing
biomolecule-sensitive hydrogels possessing both biomolecular recognition
abilities and unique responsive functions have been made in the past ten years.
Even though most biomolecule-sensitive hydrogels still require further research
work for possible applications, they are likely to become quite important
biomaterials in the future.
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CHAPTER 23

Intelligent Surfaces for Cell and
Tissue Delivery

HIRONOBU TAKAHASHI AND TERUO OKANO*

Institute of Advanced Biomedical Engineering and Science, Tokyo Women’s
Medical University (TWIns), 8-1 Kawada-cho, Shinjuku-ku,
Tokyo 162-8666, Japan
*Email: tokano@abmes.twmu.ac.jp

23.1 Introduction

Cell/tissue-based therapies now promise to provide cures for a multitude of
diseases and disorders. To obtain sufficient therapeutic effects, transplanted cell
populations need to survive and function appropriately in the transplanted site.
Although cells are conventionally delivered by direct injection of cells
suspended in an appropriate medium into the target site in the body, this
method has the drawback of poor cell retention and survival at the target site.
One of the major challenges in cell/tissue-based therapy is, therefore, the
development of a suitable system to deliver viable cells to the injured site. The
number of cells that can communicate with the host cellular and extra-cellular
matrix (ECM) components is critically dependent on the design of cell/tissue
carriers and the method to deliver them to target sites. From this viewpoint,
cell transplantation systems are traditionally designed using a variety of
polymeric materials, in terms of providing appropriate physical (e.g. strength)
and chemical (e.g. degradation rate) properties.1 For example, polymeric
membranes are used for encapsulating cells and can successfully prevent
immune rejection in the body. As a result, the delivered cells show high
therapeutic effects for a long term. In particular, microencapsulated

RSC Smart Materials No. 3

Smart Materials for Drug Delivery: Volume 2

Edited by Carmen Alvarez-Lorenzo and Angel Concheiro

r The Royal Society of Chemistry 2013

Published by the Royal Society of Chemistry, www.rsc.org

290

 o
n 

01
/0

9/
20

13
 1

0:
27

:0
2.

 
Pu

bl
is

he
d 

on
 1

7 
A

pr
il 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
18

49
73

43
18

-0
02

90



pancreatic islets are being widely evaluated for reducing diabetic
complications.

The progress in tissue engineering is changing the role of polymeric materials
in cell transplantation. Fabrication of scaffolds using biodegradable polymers
is now a key technology for cell/tissue delivery systems. To date, various kinds
of natural and synthetic polymeric materials have been shown to provide cells
with an adequate environment for their adhesion, proliferation and differ-
entiation into a specific cell phenotype.2 Current technology enables the three-
dimensional (3D) organization and arrangement of cells in vitro for preparing
artificial 3D tissues, which can be delivered to target sites in vivo. Whereas a
variety of naturally derived ECM molecules (e.g. type I collagen and fibrin) and
biocompatible synthetic polymers (e.g. poly(lactic-co-glycolic acid), PLGA) are
currently employed,3 the thermo-responsive polymer poly(N-isopropylacryl-
amide) (PNIPAAm) is uniquely used for scaffold-free cell/tissue delivery. This
intelligent polymer is grafted at a nanoscale thickness on cell culture surfaces,
which allows cultured cells to be released without enzymatic treatments. Based
on this thermally induced cell detachment, confluently cultured cells are
harvested and delivered as a tissue-like cell monolayer ‘‘cell sheet’’ to damaged
sites with intact associated ECM. This unique technology provides a scaffold-free
cell/tissue delivery and opens up a new field in regenerative medicine.

23.2 Overview of Polymeric Materials for Cell/Tissue

Delivery

23.2.1 Self-regulating Insulin Delivery System as a Substitute

for Cell Transplantation

Organ supply suffers from a shortage of donations, and solid organ trans-
plantation often requires life-long immunosuppression, which increases the
risks of getting infections and cancer, and may lead to damage of other organs.
To overcome these issues, chemically regulated drug release systems have been
developed as organ substitutes. A number of biocompatible polymers have
been investigated for drug delivery, particularly for diabetic treatment.4,5 To
avoid daily insulin injections, intelligent insulin release systems able to closely
simulate the normal body response to blood glucose concentration have been
devised. For example, glucose oxidase-immobilized hydrogels consisting of
N,N-dimethylaminoethylmethacrylate (DMA) and hydroxyethylmethacrylate
(HEMA) are able to release insulin through a pH-sensitive mechanism.6,7

Glucose is converted to gluconic acid in the hydrogel, leading to a decrease
in the pH and thereby causing the gel to swell. Kim et al.8 have reported that
insulin release can be regulated by competition between glucose and synthetic
glycosylated insulin (G-insulin) for the binding to the concanavalin A (Con A)
present in the polymeric membrane. As glucose concentration increases,
the G-insulin bound to Con A in the membrane is released through an
exchange mechanism as glucose permeates the membrane. To date, various
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kinds of system using HEMA, Nucleopores poly(carbonate) membrane or
Durapores poly(vinylidene difluoride) (PVDF) membrane have been
developed. However, these insulin-release systems have barely reached patients
for treating their diabetes. Consequently, diabetic patients still need the multiple
daily injections using insulin delivery devices (e.g. insulin pen). To improve
patients’ quality of life, insulin pumps that can deliver the hormone constantly
have been developed.9,10 Although these smart devices have many advantages
for the clinical management of diabetes, some severe problems still remain
(e.g. diabetic ketoacidosis caused by accidentally stopping insulin infusion).

23.2.2 Microencapsulation of Cells with Polymeric Membranes

for Cell Delivery

Biocompatible membranes also allow cells themselves to be delivered into the
body without host immune rejection, enabling the preparation of hybrid
artificial organs containing xenogeneic cells. To deliver cells into the body
without severe host responses, they are encapsulated with biocompatible
polymers and isolated from the immune system.11–13 At present, biohybrid
artificial pancreas composed of living cells and synthetic and/or natural
polymeric materials, is one of the most promising approaches to supply solid
pancreas to the body. Sun’s group and others have reported that the pancreas
can provide normal blood glucose control and, thus, potentially prevent or
reduce diabetic complications.11,14–16 In particular, alginate-poly(L-lysine)-
alginate membrane showed high capability of islet isolation and long-term
insulin-secretion (Figure 23.1).14,17 However, anions in the body often induce
the destruction of alginate-based microcapsules after the transplantation and

Figure 23.1 Microscopic photograph of porcine islets microencapsulated in
alginate-poly(L-lysine)-alginate membranes.
Reprinted with permission from Ref. 16.
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therefore coating with a cationic polymer such as poly(L-lysine) is usually
mandatory. The immunoisolated insulin-secreting cells (e.g. INS-1) releasing
insulin for one month in an in-vitro experiment are transplantable to diabetic
mice, rats and monkeys for insulin treatment.15,16

Although the transplantation of rat pheochromocytoma cell line (PC12) has
also shown a therapeutic potential in animal models of Parkinson’s disease, the
number of survival cells dramatically decreases by immunosuppression in the
host. For example, PC12 cells encapsulated in hydroxyethyl methacrylate-
methyl methacrylate (HEMA-MMA) copolymer successfully secrete dopamine
in rodent models.12,18 Tresco and coworkers have reported that poly-
acrylonitrile/polyvinyl chloride (PAN/PVC) can be used for encapsulating
PC12 cells.19,20 Recently, hepatocytes have been encapsulated in PEG-based
hydrogels to prevent immune response in the body.21 The artificial liver
implanted in ‘‘humanized’’ mice exhibited liver-specific functions such as
sustained albumin secretion and urea synthesis.

23.2.3 Scaffold-based Cell/Tissue Delivery in Tissue Engineering

Although clinically implantable biohybrid artificial organs, including pancreas
and liver, have been developed, prevention of immune rejection by enclosure in
the polymeric membrane barrier is still limited, due to the difficulty in the
separation of insulin from antibodies because of the difference in the perme-
ability of the polymeric membranes. Tissue engineering, first proposed in the
1980s by R. Langer and J. P. Vacanti, promises to overcome the problems in
the field of artificial organs.1,3,22,23 To deliver the cultured cells to patients,
primary cells require supporting materials that provide specific environments
for cell growth in vitro and allow them to be delivered while maintaining their
structure. From this viewpoint, at present cells are often cultured together with
a scaffold and a variety of substrates has been developed for scaffold-based cell
delivery. For example, collagen, fibrin and alginate have been investigated as
scaffolds to mimic the ECM of targeted tissue type.24–26 However, the
implantation of naturally derived polymers may trigger an immune rejection in
the patients. Synthetic polymers, therefore, have been widely used for tissue
construction.3,27,28 Biodegradable polymers can be easily processed into many
different structures for guiding the repair and restoration of functions of the
damaged tissue. In particular, PLGA and its derivatives are commonly used for
scaffold fabrication, because their physical properties and degradation kinetics
can be designed on-demand.29,30 The mechanical strength, 3D architecture and
pore size are key factors to maintain cell activities, including cell proliferation
and differentiation. To design various kinds of scaffolds according to each
target site, several processing methods have been developed.3,31 However, they
still have limitations such as an insufficient cell migration into scaffold and an
insufficient permeability to permit the ingress of cells and nutrients. In addition,
inflammatory responses are often observed upon the biodegradation of the
scaffolds. Furthermore, scaffolds need to occupy some space by themselves,
though cell-dense tissue is necessary to be reconstructed depending on target
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tissues. The scaffold-free cell/tissue delivery systems, therefore, are pointed out
as a new class of regenerative medicine approach that involves the use of
intelligent thermo-responsive cell culture substrates.

23.3 The Intelligence of Thermo-responsive Polymers

for Cell/Tissue Delivery

23.3.1 Thermo-responsive Poly(N-isopropylacrylamide)

In the fields of diagnostics, drug delivery and tissue engineering, stimuli-
responsive polymers play important roles.32–35 These materials exhibit changes
in their physical properties, being triggered by a change in temperature or pH,
light irradiation or exposure to an electric or magnetic field. Thermo-responsive
PNIPAAm has been used as one of the most efficient components of thermally
induced drug release systems,36–38 thermally regulated separation systems and
so on.39–41 PNIPAAm exhibits thermo-responsiveness in aqueous media by
changing its properties across its lower critical solution temperature (LCST) of
32 1C.42–44 Specifically, it shows a hydrophilic character due to the hydration of
polymer chain on surface below the LCST, while the polymer undergoes a
phase transition and becomes hydrophobic, changing the chain conformation
to be a compact globule, above the LCST. The concept of on-off switching
system using this polymer36,37 has been widely used, particularly for the design
of controlled release systems for various kinds of drugs (e.g. hydrophobic small
molecules, biopharmaceuticals).45–48

23.3.2 Thermo-responsive Encapsulation of Cells for Cell

Delivery

Intelligent polymers enable the encapsulation of islets without triggering the host
immune response. Polysaccharides, such as alginate and agarose, have often been
employed as the ECM for the encapsulated cells, because they form gels under
mild conditions. Although to achieve that, alginate and agarose require a
previous chemical or high-temperature treatment, respectively. PNIPAAm can
be used for islet encapsulation without any treatment for gel formation. Due to
its LCST of 32 1C, islet/PNIPAAm mixed solution is injectable into the body at
room temperature and it becomes a gel when it reaches body temperature.49,50

In this biohybrid artificial pancreas, the polymer works as a simple physical
barrier for preventing the contact among islets and, simultaneously, minimizes
insulin diffusion. Specifically, islets isolated from Sprague-Dawley rat pancreas
can be effectively entrapped in a poly(N-isopropylacrylamide-co-acrylic acid)
(PNIPAAm-co-PAAc) copolymer matrix, which forms a gel at around 30–34 1C.
The insulin secretion function of the entrapped islets was maintained for one
month in an in-vitro experiment.49,50 This thermo-responsive polymer is also
used to encapsulate hepatocytes spheroids. As mentioned above, hepatocytes
need ECM microenvironment to exhibit their specific activities in tissue-like 3D
space. RGD-incorporated PNIPAAm-co-PAAc hydrogel effectively entraps
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hepatocytes as spheroids and prolongs in-vitro liver-specific functions.51

The thermo-responsiveness of the polymer allows cells to be delivered and to
maintain their functions in vivo.

23.4 Thermo-responsive Surface for Cell Sheet-based

Tissue Delivery

23.4.1 Cell Sheet Engineering for Scaffold-free Cell/Tissue

Delivery Systems

Over the past decade, a tissue-like cellular monolayer, called a ‘‘cell sheet’’, has
been developed as the result of a new class of tissue reconstruction technology,
designed as ‘‘cell sheet engineering’’.52–55 In contrast to scaffold-based cell/
tissue delivery, thermo-responsive surfaces allow us to produce cell-dense
tissues and deliver them to desired sites in the body without the synthetic
polymer. The objective of regenerative medicine is to provide cells with a local
environment containing artificial ECM that promotes cells to proliferate
efficiently. For this purpose, in scaffold-based tissue delivery, naturally derived
materials are widely used because of their similarities to ECM. By contrast, the
thermo-responsive surface is able to release a cell sheet with associated ECM
only by reducing the temperature (Figure 23.2). In general, the cell-cell junction
is damaged by enzymatic treatment when cultured cells are collected applying
conventional techniques. As a unique feature, thermo-responsive surfaces
enable cell sheets to be obtained without any complicated treatment, and the
technique is now being applied for regenerative medicine.56–58

23.4.2 Thermo-responsive Polymer Grafting on Cell Culture

Substrates

Nanoscale thin PNIPAAm grafted cell-culture substrates can fabricate cell
sheets through thermo-responsive alternations of the surface properties across
the LCST at 32 1C in an aqueous medium.43,44,59 PNIPAAm can be grafted
covalently to commercially available tissue culture polystyrene (TCPS) dishes

Figure 23.2 Schematic illustration of cell sheet release from a thermo-responsive
polymer-grafted surface while maintaining the cell-cell junctions and the
associated ECM, by reducing the temperature to below its LCST (32 1C).
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by electron-beam (EB) irradiation of NIPAAmmonomer solution in the dishes.
The resultant thin PNIPAAm-gel coating provides hydrophilicity to the TCPS
surface at below 32 1C, whereas the surface changes to more hydrophobic at
above 32 1C as PNIPAAm dehydrates. Consequently, the surface allows cells to
adhere and spread at normal cell culture temperature (37 1C), whereas it becomes
more hydrophilic and exhibits a cell-repellent behavior when the temperature is
decreased below PNIPAAm LCST (e.g. 20 1C). This responsiveness induces the
spontaneous detachment of cells adhering on the PNIPAAm-grafted surface
without any other treatment (e.g. enzymatic treatment).

To achieve effectively the thermally induced cell detachment, the grafted
amount and thickness of PNIPAAm are key factors to obtain surfaces with the
alternating behavior required for cell detachment.59 Therefore, PNIPAAm
grafting should be tuned to fit the individual cell type requirements. EB
irradiation conditions have to be adjusted for obtaining an optimized polymer
thickness. Recent studies demonstrate that surface-initiated living radical
polymerization (LRP) can provide polymer-brush-type thermo-responsive
surfaces.60,61 Since LRP leads to molecular weight-controlled polymers even
under mild conditions,62–64 the thermo-responsive properties of surfaces
covered with PNIPAAm brush are more precisely controllable. In addition, the
resultant polymer brushes have received significant attention due to their
unique physico-chemical properties (e.g. highly stretched and extended archi-
tectures, wetability and negligible protein adsorption).41,60,64–66 Atom transfer
radical polymerization (ATRP), which is widely used for densely polymer
grafting, provides PNIPAAm brushes onto cell culture surfaces.60 Reversible
addition-fragmentation chain transfer (RAFT) polymerization has also been
extensively studied for the last decade.67–73 RAFT-mediated process involves a
conventional free-radical polymerization of substituted monomers in the
presence of a dithiobenzoate compound (so-called ‘‘RAFT agent’’) that acts as
a chain transfer agent (CTA) (Figure 23.3). Since an equilibrium chain transfer
reaction in a RAFT process gives well-defined polymers with a narrow poly-
dispersity,71 surface-initiated RAFT approaches achieve the fabrication of
polymer brushes with a uniform chain length.61 Adjusting both the chain length
and the graft density of PNIPAAm, cell adhesion/detachment behavior is
successfully controlled to harvest cell sheets according to cell types
(Figure 23.4). At present, since graft architectures (e.g. cross-linked structure
and polymer brush structure) greatly affect the thermo-responsive changes of
hydrophilicity/hydrophobicity and expanded/globule conformation,74 a variety
of thermo-responsive surfaces can be developed and used effectively to obtain
desired cell sheets according to circumstances.

23.4.3 Cell Sheet-based Tissue Delivery in Regenerative

Medicine

Cell sheet-based tissue delivery systems have already been applied to humans in
clinical studies for specific treatments, e.g. cornea reconstruction or esophageal
recovery after ulceration caused by endoscopic submucosal dissection
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(ESD).56,57,75 Severe trauma or disease can cause the complete loss of corneal
epithelial stem cells, resulting in corneal opacification and severe visual loss.
Nishida et al.56 have demonstrated that autologous mucosal epithelial cell
sheets are transplantable simply by thermally induced release from a thermo-
responsive surface and subsequent delivery by means of supporting PVDF
membrane to patient corneal stroma, without the need of a scaffold. Since
thermo-responsive surfaces allow cell sheets to be released with intact
associated ECM, the transplanted cell sheets can adhere rapidly and stably
onto the host corneal surface without suturing. Mucosal epithelial cell sheets
are also transplanted successfully to ulcer wound bed after ESD (Figure 23.5).57

Skeletal myoblasts have been widely employed for clinical cell
transplantation.76–78 Sawa and coworkers have demonstrated that autologous
skeletal myoblast sheets can be used as a new cell-delivery system for the
treatment of dilated cardiomyopathy (DCM). Myoblasts transplantation has
been investigated as a treatment measure for end-stage heart disease, because of
its advantages including autologous origin, high obtainability, high prolif-
erative potential in vitro and strong resistance to hypoxia followed by
ischemia.79,80 Direct injection methods have several limitations for efficient cell
delivery in the treatment of DCM, due to cell loss caused by the leakage of
injected cells from the myocardium. Myoblast cell sheets maintaining their
inter-cellular communication junction can be transplanted to the damaged site,
resulting in a significant decrease of the dilation of the left ventricle.81–83 In
addition to being a unique method to deliver to desired sites, the well-organized
cellular microenvironment (e.g. cell-to-cell cross-talk) of the myoblast sheets
potentially enhances the release of cytokines including stromal-derived factor-1

Figure 23.3 Schematic pathway of the grafting of a thermo-responsive polymer on a
glass substrate via surface-initiated RAFT polymerization. First, an
azo-initiator, V-501, is immobilized on the glass substrate using the
condensing agent, EEDQ. N-isopropylacrylamide (NIPAAm) is then
polymerized on the initiator-immobilized surface in the presence of a
chain transfer agent (CTA).
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(SDF-1), hepatocyte growth factor (HGF) and vascular endothelial growth
factor (VEGF) from the transplanted cells (Figure 23.6).84 Although conven-
tional scaffold-based cell transplantation also enables cell delivery, it is unable
to form the cell-dense microenvironment that is observed after the cell sheet
transplantation, and its inflexible bulky properties are unable to follow the
dynamic pulsation of cardiomyocytes. Recent studies demonstrate that the
scaffold-free cell/tissue delivery systems are also suitable for delivering other
cell types (e.g. cardiac stem cells, adipocytes) as sheets for the treatment of
myocardial infarction in mice.85–87 These strategies also have a potential to
become a novel delivery system for myocardial treatment.

23.4.4 Local Drug Release Technique with Cell Sheet

Transplantation

Based on the cell-sheet delivery technique, engineered cells and their secreting
proteins are able to be delivered efficiently to target sites. Genetically

Figure 23.4 Thermally induced cell-sheet detachment from a thermo-responsive
polymer-grafted surface. A confluent cell monolayer (A) is released from
the surface solely by reducing culture temperature to 20 1C (B). The
phase contrast (C) and fluorescence (D) microscopic photographs show
that the associated ECM is also released with the cell sheet. Red and blue
in (D) indicate fibronectin and cell nuclei, respectively. Scale bars: 100 mm
in (A, C and D), 10mm in (B).
Adapted with permission from Ref. 61. Copyright (2010) American
Chemical Society.
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Figure 23.5 Transplantation of oral mucosal epithelial cell sheets, using a PVDF
supporting membrane, to the surgical site of endoscopic submucosal
dissection (ESD). Left and right photographs represent transplant and
the control groups, respectively. Endoscopic (A, C) and macroscopic
(B, D) photographs of the oesophageal sites 4 weeks after ESD. The
hematoxylin and eosin (H&E) staining of the central portions of the
surgical sites are depicted in E and F. H&E staining of the border region
between the transplanted cell sheet and the outer portions of the ulcer site
is shown in G. Comparison of the number of inflammatory cells
appearing on the surgical sites between transplant and the control groups
is depicted in H. *po0.01.
Reprinted from Ref. 57 with permission of the British Society of
Gastroenterology (BSG) and the BMJ Group.
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transfected cells can be transplanted as a cell sheet to a target site, and the
therapeutic effects of specific proteins are successfully enhanced at the trans-
planted site.88–91 This concept possibly becomes a novel gene therapy approach
for the treatment of various kinds of diseases.92,93 In general, compared with
small-molecular weight pharmaceuticals, oligonucleotides (e.g. plasmid DNA
(pDNA) and small-interfering RNA (siRNA)) and proteins still need well-
organized strategies for their effective delivery to target sites. Cell sheet-based
delivery systems enable efficient local release of growth factors secreted from
transplanted cell sheets. As occurs with drug-eluting stents, the sustained
release of pDNA or siRNA from implanted materials can dramatically increase
transfection levels in target cells, resulting in efficient protein expression at the
target sites.94,95 Transplanted cell sheets that can maintain their proper cell
functions on the target sites are also expected to produce and release locally
therapeutic agents. For example, it has been shown that corneal epithelial cells
can be transfected ex vivo using a retroviral vector, and then the genetically
engineered cells are successfully transplanted as a cell sheet onto a target site.88

As a result, specific biopharmaceuticals produced by the engineered cells can be
delivered directly to the target site.

Skeletal myoblast sheet transplantation is now a promising strategy for
treatment of myocardial infarction.82,83 Although several studies have reported
that the cell sheet-based therapy showed significant effects on the regenerating
functions of damaged heart, myoblast sheets are still subject to the apoptosis-
promoting environment of the infarct scar. For improving cell survival in
transplanted cell sheet, anti-apoptotic gene is transduced into myoblasts
ex vivo.89,90 B-cell lymphoma 2 (Bcl-2), an apoptotic member of the Bcl-2
family of apoptosis-related proteins, regulates apoptosis, and their over-
expression is expected to promote cell survival and inhibit cell death
(Figure 23.7). Kitabayashi et al.89 have reported that Bcl-2 expressing myoblast

Figure 23.6 Relative levels of expression of stromal-derived factor 1 (SDF-1),
hepatocyte growth factor (HGF) and vascular endothelial growth factor
(VEGF) at the delivered site of myoblasts 1 week after myoblast
implantation. The efficient delivery of myoblast in the form of sheets (MS
group) that overlapped the scar area leads to a greater release of these
cytokines, compared with that observed for control group (C) and
myoblast injection (MI) group, and results suitable for repairing the
infracted myocardial wall. *po0.05 versus the control group; #po0.05
versus the MI group.
Reprinted from Ref. 84 with permission of The American Association
for Thoracic Surgery and The Western Thoracic Surgical Association.
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sheets provide (i) protection against both nutrient deprivation and
staurosporine-induced apoptosis, and (ii) enhanced production of pro-
angiogenic mediators, vascular endothelial growth factor-A (VEGF-A) and
placental growth factor (PlGF) at the target sites in a rat model of acute
myocardial infarction. This ex-vivo transfection and the resultant local protein
release enhance effectively myocardium regeneration through the cell sheet
transplantation. In addition, HGF overexpression in genetically engineered
myoblast sheets enhances their angiogenic potential and stimulates effectively
angiogenesis in the infracted myocardium.91

23.4.5 Micro-fabricated Thermo-responsive Surfaces for

Delivery of Tissue-mimicking Cell Sheets

23.4.5.1 Co-patterning for Creating Cellular Micro-environment

With the progress in cell sheet-based technology, various kinds of cell sheets
have recently been applied to various damaged tissues and organs.81,96–99

Figure 23.7 Local B-cell lymphoma 2 (Bcl-2) release from a myoblast sheet to
improve the myocyte survival in an infarct area. The amounts of
tropomyosin-positive cells within the infarct for the controls and animals
treated with wild-type myoblast sheet (L6-WT) or transfected myoblast
sheet with retroviral vector encoding Bcl-2 (L6-Bcl2) are depicted in (a);
*po0.05 versus the control group. Images of infracted ventricular wall
displaying tropomyosin-positive tissue (arrows) in the control, L6-WT
and L6-Bcl2 groups are shown in (b). Sections are counterstained with
hematoxylin.
Reprinted from Ref. 90 with permission of Mary Ann Liebert, Inc.
Publishers.
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Construction of large-scale complex tissues is challenging. Living tissues
comprise multiple cell types wherein cell-to-cell interactions influence and
maintain the development of characteristic physiological functions and
activities. To mimic hepatocyte cellular interactions in vitro, various cell types
are required to be organized harmonically. Bhatia et al.100 fabricated a micro-
patterned surface for co-culturing different types of cells, and Tsuda et al.101,102

have demonstrated that dually thermo-responsive polymers, PNIPAAm and
poly(n-butyl methacrylate) (PBMA), can be patterned by EB-induced
PBMA polymerization on PNIPAAm-grafted surfaces with photomasks
(Figure 23.8). The patterned PBMA induces LCST of the thermo-responsive
copolymer to decrease and gives cell-adhesive regions at 27 1C site-specifically
on the surface, whereas the PNIPAAm homopolymer regions show cell-
repellent ability at this temperature. The difference in the LCST causes the co-
patterning of hepatocytes and endothelial cells on the thermo-responsive
surface. The resultant co-patterns allow hepatocytes to maintain a favorable
microenvironment; the synthesis of albumin and urea acting as the indicators of
the hepatic function. Microcontact printing method is another technique to
produce the co-patterns of hepatocyte and endothelial cells on thermo-
responsive PNIPAAm surfaces.103 Because these fabrication techniques are
applied to thermo-responsive surfaces, the co-patterned cell sheets can be

Figure 23.8 Schematic illustration of the co-patterning of hepatocytes and
endothelial cells and the harvesting of the co-cultured cell sheet using a
dually patterned thermo-responsive surface. Since the poly(N-butyl
methacrylate) (PBMA) grafted site specifically decreases the LCST of
poly(N-isopropylacrylamide-butyl methacrylate) copolymer
P(NIPAAm-BMA), hepatocytes adhere only on the P(NIPAAm-BMA)
co-grafted regions at 27 1C (a). At incubation at 37 1C, the second cell
type, endothelial cells adhere on all regions, resulting in a co-patterned
cell monolayer (b). The co-cultured cell sheet can be harvested by
reducing temperature to 20 1C (c). Scale bar in the photograph: 1 cm.
Reprinted from Ref. 102 with permission of Elsevier.
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harvested only by reducing the temperature to 20 1C and allowed to become a
highly functional tissue that is potentially deliverable to target sites.

23.4.5.2 Vascularization in Cell Sheets for Large-scale Tissue
Construction

Cell sheets released from thermo-responsive surfaces are transplantable
without any treatment such as suturing, because the associated ECM plays a
role as glue on the transplanted site. This advantage also provides the possi-
bility to construct 3D tissue.53,104,105 For example, a gelatin-coated plunger is
useful to manipulate cell sheets and layer them. After being incubated at 20 1C,
a cell sheet can be transferred onto another cell sheet by a gelatin-gel plunger.
The layered cell sheets stack each other, due to the presence of ECM glue.
Importantly, this stacking process allows multiple cell sheets to contact each
other physically and to communicate biologically.105,106 For example, multi-
layered cardiomyocyte sheets are found to communicate electrically, giving a
synchronized constant beating in 3D myocardial tissue with millimeter-scale
thickness. Whereas having a potential to construct large-scale tissues, multi-
layered cell sheets need vascularization, which can supply oxygen sufficient for
surviving in the 3D tissue long term.107,108 The cell sheet manipulation
technique produces not only multi-layered cell sheets but also vascular-like
networks in multi-layered cell sheets. First, cell-repellent polyacrylamide
(PAAm) is patterned photolithographically on PNIPAAm-grafted surface.
Human umbilical vein endothelial cells (HUVECs) form stripe patterns on the
micropatterned polymer surface, and then the patterned HUVECs are sand-
wiched between two normal human dermal fibroblast (NHDF) sheets, via cell
sheet manipulation processes (Figure 23.9).109 After five days’ incubation, the
patterned endothelial cells migrate on the fibroblast sheets and form self-
organized vascular-like networks in the multi-layered fibroblast sheets, indi-
cating that the networks potentially promote angiogenesis and connect with the
host vasculature.

23.4.5.3 Control of Cell Orientation for Designing Anisotropy of
Cell Sheets

Some parts of native tissues are observed to have well-organized cell/ECM
orientations, rendering the tissue to be anisotropic, which has important
functional consequences110–119 (e.g. in skeletal muscle tissues and myo-
cardial tissues). Therefore, the design of cell alignment is necessary to
construct biomimetic tissues that have the natively organized orientation of
cells and ECM proteins. Cell sheet-based tissue engineering has a potential to
achieve 3D complex tissue reconstruction via the cell sheet layering technique.
The use of cell sheets, therefore, allows one to design anisotropy three-
dimensionally by controlling cell alignment in cell sheets.120,121 Microgrooved
polydimethylsiloxane (PDMS) substrates are widely used to control cell
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alignment,122,123 and they are also applicable for preparing cell sheets with a
well-controlled oriented structure.124 On the other hand, RAFT-mediated
polymerization is useful for grafting copolymer brushes on solid surfaces in
order to fabricate physico-chemically patterned surfaces for designing cell
alignment (Figure 23.10).125 By being combined with the photolithography
technique, hydrophilic poly(N-acryloylmorpholine) (PAcMo) was grafted site-
specifically on PNIPAAm brush regions, resulting in block polymer,
poly(N-isopropylacrylamide)-b-poly(N-acryloylmorpholine) (PNIPAAm-b-
PAcMo) brush domains and PNIPAAm brush domains (50 mm/50 mm
stripes). Due to the difference in cell-to-surface affinity on the micropatterned
surfaces, NHDFs are automatically aligned in a parallel direction with the
stripe patterns only by cell seeding. The aligned fibroblasts proliferate and
reach confluency while maintaining the alignment (Figure 23.11). Whereas cell
sheets are generally harvested by means of a two-dimensional shrinking and

Figure 23.9 Scheme of the 3D manipulation of layered fibroblast cell sheets
containing micro-patterned endothelial cells using a gelatin-coated
stacking manipulator (a). Normal human dermal fibroblast (NHDF)
sheet is taken by the manipulator from a non-patterned thermo-
responsive surface after incubation for 20min. at 20 1C (1–3), and then
the cell sheet is transferred gently onto micro-patterned endothelial cells
(MP-ECs) (4, 5). After incubating for 20min. at 20 1C, the bilayer is
placed onto another NHDF sheet in a similar manner (6–9). Multi-
layered cell sheets adhere on a tissue culture polystyrene (TCPS), then the
gelatin gel is melted and removed from the multi-layered cell sheets by
incubating at 37 1C (10, 11). Phase contrast microscopic photograph of
MP-ECs sandwiched between two NHDF sheets is shown in (b). Scale
bar: 100 mm.
Reprinted from Ref. 109 with permission of Elsevier.
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Figure 23.10 Schematic representation of a photolithographically patterned thermo-
responsive brush surface through the selective grafting of poly(N-acryl-
oylmorpholine) (PAcMo) segments from poly(N-isopropylacrylamide)
(PNIPAAm) blocks. The red termini indicate chain-transfer active
groups. PAcMo segments, shown as the blue brushes, are grafted only on
the red termini through a second-step RAFT polymerization.
Reprinted from Ref. 125. Copyright (2011) the American Chemical
Society.

Figure 23.11 Microscopic photographs of aligned cells on a micro-patterned
thermo-responsive surface (A,B) and photographs of the cell
detachment from the surface by reducing temperature to 20 1C and the
completely harvested cell sheet showing orientation (C,D). Actin (red)
and nuclei (blue) in the aligned cells were stained with AlexaFluor568-
phalloidin and Hoechst 33258, respectively (B).
Adapted with permission from Ref. 125. Copyright (2011) the
American Chemical Society.
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they keep the original aspect of the cell monolayer,61 well-aligned actin fibers in
the cell monolayer induced two distinctive shrinking rates in the vertical and
parallel sides of the cell alignment, suggesting that the cell sheet may show
unique mechanical properties.

In addition to the structural anisotropy, cell alignment influences cell sheets
biologically. In the case of NHDF sheet, VEGF secretion is obviously increased
by organizing the alignment of fibroblasts.120 Increase in VEGF secretion
potentially enhances vascularization in multi-layered cell sheets.126–128 As
described above, vascularization is one of the main issues to achieve the
reconstruction of large-scale complex artificial tissues for supplying oxygen and
nutrients to the tissue and maintaining its normal functions.107 Therefore, the
control of cell alignment may also enhance local VEGF delivery to the trans-
planted site of cell sheet.

Importantly, cell sheets can be manipulated and then stacked on each other
with a gelatin-coated manipulator or a PVDF supporting membrane. Although
various biomaterials including micropatterned surfaces have been fabricated
for controlling cell alignment (e.g. skeletal muscle myoblasts) and creating
mechanical functions similar to native tissue,123,129–132 cell orientation is
necessary to be designed three-dimensionally for reconstructing complex
tissues. Complex tissues, as myocardium, systematically organize mechanical
and electrical 3D anisotropy for producing a unique electrical propagation
in vivo.119,133,134 Based on the cell sheet technology, cell orientation in
anisotropic cell sheets is successfully transferred to desired sites. For example,
different cell orientation can be produced in layered cell sheets only by stacking
cell sheets orthogonally (Figure 23.12).120 The upper and lower fibroblast sheets

Figure 23.12 Three-dimensional confocal microscopic image of two cell sheets
stacked orthogonally using an automatic cell sheet stacking device. The
2D images of the upper and lower cell sheets show individual cell
orientations for at least seven days. Actin fibers and nuclei are stained
with AlexaFluor568 (red) and Hoechst 33258 (blue), respectively.
Reprinted from Ref. 120 with permission of Elsevier.
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show individual cell alignments as designed for at least seven days after the
stacking. The control of cell alignment will be a key factor in delivery of tissue-
mimicking cell sheets to tissues having well-oriented structures.

23.5 Conclusions

A variety of polymeric biomaterials have contributed to the establishment of
cell/tissue delivery technology. With progress in tissue engineering, cells can be
cultured three-dimensionally on polymeric scaffolds, and then transplanted at
desired sites for tissue regeneration. Simultaneously to the development of
scaffold-based tissue delivery, cell sheet-based tissue delivery technique is
expanding its uniqueness and advantages for regenerative medicine. The
intelligent surfaces with a nanoscale thermo-responsive polymer coating have
already been applied for the delivery of reconstructed tissues to damaged sites
in human clinical studies. Moreover, microfabrication techniques provide
thermo-responsive surfaces having various functions for creating 3D complex
tissue. New cell sheet technologies including polymer grafting, cell patterning
and 3D cell sheet layering, can be foreseen to push advances in delivery systems
for tissue reconstruction and regenerative medicine.
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CHAPTER 24

Drug/Medical Device
Combination Products with
Stimuli-responsive Eluting Surface

C. ALVAREZ-LORENZO AND A. CONCHEIRO*

Departamento de Farmacia y Tecnologı́a Farmacéutica, Facultad de
Farmacia, Universidad de Santiago de Compostela, 15782-Santiago de
Compostela, Spain, Email: Carmen.alvarez.lorenzo@usc.es
*Email: angel.concheiro@usc.es

24.1 Combination Products

Drugs and medical devices have typically followed different development
criteria because they are intended to pursue dissimilar aims. Drugs are expected
to exert their therapeutic effect at a local or systemic level through certain
biological/biochemical pathways. By contrast, medical devices to be inserted/
implanted in the body are sought to play a physical role in the diagnosis or the
therapy (in some cases just to facilitate the application of a probe or the
administration of a drug) and in the replacement of a tissue, organ or function
of the body.1 Thus, drugs and medical devices have separately evolved until a
few decades ago, when combined use was realized to offer synergic therapeutic
outcomes.2,3

Systems that join together the catheter/prosthesis role and the drug-delivery
performance belong to the large heterogeneous family known as ‘‘combination
products’’. Although some combination products have been in the market for a
number of decades,4 over the last years a large body of regulations has been
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implemented into the USA and also, although with some differences, in Europe
and Asia.5 In particular, the US FDA has had a specific Office of Combination
Products since 2002 and the first drug-eluting stents were approved in 2003.
According to the current FDA criteria, the term combination product
includes:6

(1) A product comprised of two or more regulated components, i.e. drug/
device, biologic/device, drug/biologic or drug/device/biologic, that are
physically, chemically or otherwise combined or mixed and produced as a
single entity;

(2) Two or more separate products packaged together in a single package or as
a unit and comprised of drug and device products, device and biological
products or biological and drug products;

(3) A drug, device or biological product packaged separately that according to
its investigational plan or proposed labeling is intended for use only with an
approved individually specified drug, device or biological product where
both are required to achieve the intended use, indication or effect and where
upon approval of the proposed product the labeling of the approved product
would need to be changed, e.g. to reflect a change in intended use, dosage
form, strength, route of administration or significant change in dose; or

(4) Any investigational drug, device or biological product packaged separately
that according to its proposed labeling is for use only with another indi-
vidually specified investigational drug, device or biological product where
both are required to achieve the intended use, indication or effect.

Therefore, any binary or ternary combination of drug, biological product
and device is considered a combination product.7 Since two or more regulated
products form a single integral product or are placed together in a single
package to be used jointly, there may also be two or more means by which the
intended therapeutic effect is achieved. The mode of action that makes
the greatest contribution to the overall intended therapeutic effects is called the
primary mode of action (PMOA). According to the PMOA, combination
products can be divided into three categories:

a) Drug PMOA, also designed as a device-based drug-delivery system, e.g. a
transdermal patch or a pulmonary inhaler, were the pioneers in the field
(the first metered-dose inhalers were commercialized 50 years ago) and
the role of the device is limited to improving drug delivery. Namely, the
device acts as a platform for optimized drug administration/delivery, but
without the drug it has no other application.4

b) Biologic PMOA, e.g. a scaffold seeded with autologous cells for organ
replacement, a device impregnated with genetically modified bacteria to
produce antimicrobial factors that will control opportunistic pathogens
or a device including cellular or tissue components, which can be used as
factories to produce an array of therapeutic factors over the lifetime of
the cells;8
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c) Device PMOA, also called a drug-enhanced device product, e.g. a drug-
eluting stent or a vertebroplasty implant with an extended-release
analgesic.9–12

Once the PMOA is identified, one of the following FDA centers will have the
primary responsibility for the studies, evaluation and approval: the Center for
Drug Evaluation and Research (CDER), the Center for Biologics Evaluation
and Research (CBER) or the Center for Devices and Radiological Health
(CDRH). Sometimes it is not easy to assign a combination product to just one
specific category and in those cases the pioneer in the development of the
product may play a relevant role in the selection of the FDA center to proceed
with the regulatory evaluation (Figure 24.1).4

Better patient compliance and improved local curative efficiency and long-
term biocompatibility could be among the first motives that prompted the
preparation of increasingly sophisticated combination products.13 The current
state-of-the-art of the biomaterials and a better knowledge of tissue and cellular
physiology under healthy and illness conditions have driven the design of high-
value combination products with performances unforeseeable a few years ago.
The market of combination products is rapidly increasing, not only due to their
therapeutic advantages regarding maximization of the effects but also because
most drugs involved in combination products have already been approved,
which simplifies and shortens the regulatory approval.14 Thus, the development
of combination products has had a greater success rate than drug development
in terms of the number of products effectively launched (1/6 vs. 1/10,000), time
spent (4–8 years vs. 13–15 years) and costs ($250million vs. $500–2,000million).14,15

Importantly, drugs facing patent expiration could find new openings if
combined with a device. Since the first sirolimus-eluting stents were approved in
2003, a variety of drug-eluting stents and catheters have now become

Figure 24.1 Steps that a drug-device combination product follows from the devel-
opment to the launch in the market. A pioneer sets the path by intro-
ducing a new technology into the combination product space. The FDA
decides the primary mode of action (PMOA), which strongly determines
the profile of the company, i.e. the incumbent (pharmaceutical, bio-
pharmaceutical or medical device), that takes the product through
regulatory approval into the market.
Reproduced from Ref. 4 with permission from Elsevier.
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commercially available. Comprehensive texts on drug-device combination
products, including an updated analysis of the combination products that
are commercialized or undergoing clinical trials, have been published
elsewhere.1,5,16

This chapter is mainly focused on the medical devices that have functionality
by themselves and the techniques available to endow them with the ability to
host drugs/biological products and to regulate their release. The approaches for
surface modification with stimuli-responsive polymers or networks are
analyzed in detail and the performance of the modified materials as drug-
delivery systems discussed.

24.2 Benefits of Combining Medical Devices and

Drugs/Biological Products

Medical devices, such as implants, catheters, vascular grafts and sutures, have
become an essential part of modern medical care, playing an important role in
common diagnostic and therapeutic procedures and in the management of
critically ill patients.17 Nevertheless, their use has an inherent risk of causing
adverse foreign-body reactions (inflammatory response that may result in
encapsulation by fibrosis) or other side effects derived from the adherence of
host proteins and cells or of the proliferation of microorganisms.18,19 For
example, restenosis associated to endovascular stents20 or posterior capsule
opacification after intra-ocular lens implantation21 are two clinically relevant
examples of the deleterious effects of host cells growth and proliferation. The
adhesion of macrophages and foreign body giant cells reduces the bactericidal
capability, favoring the formation of microbial colonies (biofilm) and the
persistence of infections.22 Implantable devices are indeed considered as a
haven for opportunistic bacteria and are responsible for almost 50% of all
nosocomial infections, which are associated with considerable morbidity and
mortality.23 Although the risk of infection is slowly decreasing due to imple-
mentation of extreme hygienic and prophylactic conditions, the increasing
population of patients with orthopedic implants makes considering infections
very relevant due to the serious consequences on health and costs.24

Furthermore, the deleterious effects of adherent inflammatory cells constitute
a potential risk for the degradation of the biomaterial and the clinical failure of
the medical device.25 These host and microbial reactions may decrease the
lifespan of the device. On the other hand, some therapeutic applications require
the administration of medicines, namely drug/biologic products that
are orally/parentally delivered, concomitantly to the insertion/implantation of
the medical device.26 Drug-eluting medical devices seek to find synergisms in
the performance of the medical device and the drug/biologic product in a
single entity and, in particular, to improve the device function with the local
drug release.1,27,28 The incorporation of the drug serves to tune the host/
microbial responses to the medical device, while the medical device can enable
the delivery of the drug for a prolonged time just at the site where it is needed.
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Consequently, the efficacy and the safety of the treatment, as well as its cost-
effectiveness, are improved. Furthermore, device-related complications that are
refractory to conventional systemic drug administration can be successfully
overcome through the local release.

Most of the current drug-eluting devices passively control the release, i.e. the
rate is governed by dissolution or diffusion through inert or erodible depots.
Nevertheless, active control of both loading and release kinetics is attracting
growing attention. Smart systems that can work on demand may open up the
possibility of delivering the drug only when certain relevant changes in the
surroundings of the medical device happen, i.e. physico-chemical or physi-
ological alterations or bacterial adhesion.16,29 In future, it could even be
possible to design devices that allow the drug release process to be monitored in
real time and to communicate the progress of the treatment for a feed-back
regulation by wireless.16

24.3 Materials for Medical Devices

Medical devices can be made of almost any material: metals and alloys, based
on metallic bonds; ceramics, based on ionic bonds (e.g. glass, glass-ceramics
and carbons); polymers, based on covalent bonds (e.g. thermosets, thermo-
plastics, elastomers and textiles); or organic-inorganic hybrids.30 To be
implantable in the body, they should behave as biomaterials, namely they have
to be adequate to deal with the living body for the intended application during
the planned time period.31 Some features of the materials used for the medical
devices are summarized below.

� Metals. They have been largely used for applications that require strength
and ductility, such as bearing of heavy load without large deformation and
permanent size changes; e.g. fracture fixation, prosthetic joints, dental
implants, cranial plates or stents. Alloys lead to inert products in the saline
environment.

� Ceramics. They are stiff and brittle, but highly biocompatible and
chemically inert. Bioglasses are made of silica, calcium and sodium oxides
and can be reabsorbable by living tissues, favoring bone regeneration.
Ceramics are also used as surgical fillers or binders.

� Polymers. Natural but mainly synthetic polymers are widely used to prepare
medical devices, owing to the versatile composition, structural arrangement
and physical properties.32 They can be processed to obtain a variety of
shapes (wire, film, tube) and, depending on the monomeric composition,
they can be absorbable.33 Silk, polyesters (PLA, PLGA), polyethylene (PE),
polypropylene (PP), poly(styrene), poly(tetrafluoroethylene) (PTFE) and
poly(ethylene terephthalate) (PET) are present in prostheses, meshes,
sutures and catheters. For these applications, the polymers usually require a
surface treatment in order to improve the biocompatibility features.34

� Organic-inorganic hybrids. Combinations of polymers with ceramics or
metals may overcome the limitations of the individual components and
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provide improved or even novel properties. For example, hydroxyapatite
and polymers are commonly combined to prepare materials with mech-
anical properties similar to those of the bones.35

24.4 Procedures to Incorporate Drugs

The direct soaking of the medical devices inside drug solutions usually does not
result in efficient loading/controlled release.12,36 Thus, specific approaches are
required to incorporate drugs and other bioactive substances. Since the
distinctive advantage of a combination product is to work in tandem as
prosthetic functional or structural replacement of host tissue and as a drug-
delivery system, the implementation of the drug-eluting feature should not
cause any detriment in its function as a medical device.1 On the other hand, to
work competently as a delivery system, the drug release profiles have to match
with the particular clinical context, taking into account the anatomy and
physiology of the implantation site, the disease or the pathogen to be
addressed, the local toxicity and the clearance mechanisms of the drug.
Subtherapeutic levels may lead to failure and, in the case of antimicrobial
drugs, even cause adverse events such as microbial resistance. The large number
of formulation parameters that can affect the success of the delivery and the
high doses required to enable long-term (months/years) release makes the
design of most drug-eluting medical devices more complex than that of a
conventional medicine.1 Nevertheless, the experience gained in the last years
and the better knowledge about the local therapeutic/toxic effects at the tissue
site should serve to improve the still suboptimal performance of current drug-
eluting medical devices and to pave the way for the design of new device-
PMOA combination products.

The approaches for preparing drug-eluting medical devices can be
categorized into two large groups: i) those that enable the incorporation of
the drug in the bulk of the material that constitutes the medical device, during
its fabrication (compounding) or in a later step (presoaking); and ii) those that
incorporate the drug in the outer layers of the device by means of coating
procedures, covalent binding or weak chemical interactions (Figure 24.2).

24.4.1 Compounding

The drug/active substance can be incorporated, mixed together with the
components of the medical device during the synthesis/molding.37 Combi-
nations of several drugs, such as antibiotics (minocycline/rifampicin) and
antiseptics (chlorhexidine/silver sulfadiazine), are also feasible.38,39 Excipients
able to modulate drug release rate can also be co-formulated. Since
compounding may compromise certain mechanical properties, particularly the
flexibility, of the device matrix if the amount of drug and coadjuvants is high,39

this approach is mainly reserved for hard antibiotic-containing bone
cements.16,40,41 In recent times it has also been applied to prepare wound
dressings by means of co-electrospinning.42,43
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24.4.2 Impregnation Using a Swelling Solvent

Most polymer-based medical devices can be swollen in organic solvents of
polarity that matches that of the polymer. The plasticizing effect caused by the
solvent and the subsequent expansion of the network facilitate the penetration of
dissolved molecules into the device structure. Common techniques involve the
use of quite toxic solvents that have to be completely and controllably removed
at the end of the process. For example, applying this approach rifampicin solely
and combined with miconazole have been incorporated into polydimethyl-
siloxane and polyurethane catheters in order to prevent bacterial colonization,
with successful clinical results.44,45 Lately, the impregnation applying super-
critical fluid-based technologies is being tested.46,47 Supercritical CO2 (scCO2) is a
non-toxic good solvent for most drugs and also a very efficient plasticizer of
hydrophobic polymer networks. As a consequence, drug impregnation yield is
higher than that achieved with conventional presoaking and the procedure can
be adapted to a commercially suitable scale.27 In general, the success of the
impregnation becomes greater when ionic or hydrophobic interactions can be
established between the drug molecules and the device components, although the
impregnation conditions may also play a relevant role in the yield.48,49

Drug incorporation

into medical

devices

Drug in the matrix

Compoundig in the

material of the device

Presoaking in a

swelling solvent

Drug on the surface

Coating with polymer

layers

Covalent binding of the

drug to the surface

Trapping in a 3D-

network grafted to the

device surface

Figure 24.2 General approaches for preparing drug-eluting medical devices by
incorporation of drugs in the bulk or on the surface.
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24.4.3 Coating

The first attempts at preparing drug-eluting stents and catheters were focused
on coating with non-degradable polymers (e.g. polyisobutylene or poly-
methacrylate) in order to regulate drug release through partitioning and
diffusion mechanisms.50 Degradable polymeric coatings (e.g. polylactic acid)
are becoming more frequent, since they allow an extended release for a more
prolonged time as they slowly erode. Antiseptics, antibiotics, anti-inflammatory
or antiproliferative drugs can be dissolved or physically dispersed in the coating
solution, which is then applied on the surface of the device. As the solvent
evaporates, a layer of polymer containing the drug is adsorbed through
physical or weak chemical interactions (hydrophobic or ionic bonds) on the
device. The coating can also be applied by a layer-by-layer technique, incor-
porating different drugs and/or doses into each layer.51,52 The basis of
this latter approach of incipient application in the medical devices field
is described in Chapter 17. Responsive biodegradable coatings have not
yet been tested in vivo. Another modality of coating involves the wetting of
the device surface with a cyclodextrin solution also containing a chemical
cross-linker. After cross-linking, a layer of cyclodextrin network is formed
wrapping the device. Cyclodextrins can form inclusion complexes with a
variety of drugs and regulate the release rate through an affinity-based
mechanism.53–56

Although the clinical success of the drug-containing physical coating is
unquestionable,1 it has been pointed out that polymeric coatings present some
limitations due to premature delamination in the wet biological environment,
which can lead to poor control of drug-release kinetics and local inflammatory
reactions.18,57–59 Inorganic and inorganic-polymer composite (‘‘biomimetic’’)
coatings could overcome some of these limitations, enabling a tunable surface
nanostructure that can regulate cell adhesion and proliferation and, if
mimicking the bone matrix, it may even induce biomimeralization for a better
integration of the prosthesis.60,61

24.4.4 Drug Chemically Bonded to the Surface

Alternatives to compounding and physical coating require previous func-
tionalization of the medical device. Chemical activation of the substrate surface
may enable functional groups to be created in a suitable amount for the
covalent binding of the bioactive substance to be incorporated. The bonds can
be reversible allowing the release of the drug as the bonds are broken in the
physiological environment at a rate that is constant or that is feed-back
regulated by the concentration of a given substance. An alternative is the
conjugation through permanent links, and the drug is expected to exert its
function while attached to the surface. The state-of-the-art of covalent conju-
gation of bioactive compounds to modified surfaces has been addressed in
detail in recent reviews.29,62
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24.4.5 Polymer Grafting to the Device Surface

Quite diverse techniques have been applied to functionalize the surface of
medical devices with functional polymers forming dense brushes or hydrogel-
type layers, where the drug molecules can be effectively hosted and retained and
from where they are released in a controlled way once in contact with the
biological fluids (Table 24.1).62,63 Surfaces modified with covalently grafted
polymers bearing functional groups capable of interacting with the target drug
molecules are being intensively explored for this purpose. The grafted polymers
can partially cover the surface, adopting a certain patterning, or provide an
entirely new interface. Two grafting methods are usually distinguished: i)
‘‘grafting-from’’, which consists of starting the polymerization of the
monomers from the substrate surface, resulting in polymer chains that grow
toward the surrounding environment; and ii) ‘‘grafting-to’’, in which reactive
preformed polymers are chemically linked to the substrate. The first approach
is the most used in the biomedical field.64 Depending on the chemical structure
of the substrate and of the monomers/polymers that are going to be grafted,
different performances can be achieved.65,66

Free radicals and reactive points can be created on the substrate by means of
chemical, irradiation or plasma methods (Figure 24.3). Then, the poly-
merization of the grafted monomers commonly occurs by conventional free-
radical polymerization mechanism. In this way stimuli-responsive interfaces
have been successfully created. However, the control of the morphology and
the chemical functionality of the resulting grafted polymer is quite limited.
Compared to conventional free-radical graft polymerization, controlled/
‘‘living’’ polymerization enables command of the molecular weight and the
structure of the resulting grafted polymer and makes the design of block, star or
dendritic forms possible.65 As in the conventional polymerization, generated
free radicals propagate and terminate, but under appropriate conditions the
termination can be minimized and the reactive groups at the end of the polymer
grafts remain as ‘‘dormant’’ entities that can be activated again if more
monomer (equal to or different from the first one) is added. The IUPAC name
for this technique is ‘‘reversible-deactivation radical polymerization’’, which
graphically depicts this fact.67 Additionally, the conversion of dormant forms
in active ones is more rapid than the propagation and, consequently, all
polymer chains grow at the same rate (different from what happens in
conventional polymerization) and their lengths remain very similar.68

Controlled free radical polymerization can be achieved via atom transfer
(ATRP) or nitroxide-mediated (NMRP) radical polymerization, reversible
addition fragmentation transfer (RAFT) polymerization and iniferter tech-
niques.69 The main difficulty of applying the controlled/living graft poly-
merization remains in the generation of suitable initiating sites on the substrate.
Two pathways can be followed: i) transformation of original functional groups
of the substrate into the dormant initiators, and ii) immobilization of suitable
dormant initiators on the substrate. The first approach usually involves two or
more sequential chemical reactions, while the second one can occur by chemical
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Table 24.1 Relevant techniques used for modifying polymer surfaces with chemical groups that reversibly interact with drug
molecules or that serve as precursors for the conjugation of drug molecules. Adapted from Ref. 63 with permission of
Informa Ltd.

Technique Procedure Advantages Disadvantages

Wet chemical The material is immersed in
solutions of reagents that
generate reactive functional
groups (mainly oxygen-
containing moieties) on the
surface.

No specialized equipment is required.
Better penetration into pores than
plasma and other techniques.

Non-specific. A range of oxygen-
containing functional groups is
generated. Extended treatment in
concentrated corrosive solution.
Hazardous waste.

Silane monolayers Treatment of surfaces with oxygen
plasma, followed by chemical
vapor deposition of the silane.

Different end functionalities can
be obtained.

Enables the coupling of an organic
polymer to inorganic substrates or to
hydroxylated polymer surfaces.

The siloxane linkage can be
hydrolyzed at high temperatures or
alkaline pH.

Plasma A gas is partially ionized into
charged particles and electrons.
Provide modification of the top
nanometer of the surface,
generating hydroxyl, carboxyl or
amine groups. Coating with
‘‘plasma polymers’’ is possible.

No solvents. No chemical waste. Less
degradation and roughening of the
material. Versatile plasma
polymerization.

Many parameters (time, temperature,
power, gas composition/flow/
pressure, distance to plasma source)
affect the yield. High inter-lab
variability.

Corona discharge /
flame treatment

A stream of ionized air bombards
the polymer surface and
generates oxidation products.

Low cost. Continuous process. Unstable surface polar groups.

UV irradiation Reactive sites generated by
radiation can become functional
groups upon exposure to gas or
can initiate graft polymerization.

The depth of the functionalization can
be tuned by varying wavelength.

Risk of modifying the optical
properties of the polymer.

g-ray irradiation Direct irradiation of the polymer
in contact with a monomer or
pre-irradiation in an inert
atmosphere or in the presence of
oxygen, followed by immersion
in a monomer solution.

Versatile grafted structure. No high
temperature. Useful in large-scale
processes.

Homopolymerization.

3
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or high-energy activation of the surface to fix the initiator directly or to fix a
spacer to which the initiator can be bound.70 In either case, the result should be
the formation of bromoester, bromoamide, chloromethylphenyl, sulfonyl-
chloride or related chemical groups able to act as initiating sites. ATRP and
NMRP have been shown to be useful at growing polymer brushes on almost any
material for a variety of applications.65 As an example, the surfaces of
poly(ethylene terephthalate) and poly(ethylene naphthalate) films have been
grafted with poly(N-isopropylacrylamide) (PNIPAAm) via ATRP, through
previous oxidation of the surface that enabled the immobilization of monolayers
of trichlorosilane initiator.71 In some cases the initiators for grafting can be
created on the substrate by applying an irradiation technique, and then the
copolymerization of the monomers can be controlled by adding a suitable
‘‘living’’ monomer, such as 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO).72

Despite the clear advantages of the reversible-deactivation free-radical poly-
merization, the technical difficulties of activating the surfaces with dormant
initiators explain why few papers have reported the use of controlled poly-
merization to create responsive surfaces for drug loading on medical devices.65

The most versatile methods for the functionalization of preformed materials
are currently based on initiator-free irradiation using an adequate source of
energy, such as gamma ray, UV or electron beams.73,74 Polymer grafting
applying irradiation, which does not require chemical initiators or catalysts,
can start from a variety of monomers or prepolymers with different func-
tionalities to fulfill specific requirements, covering a large surface in a short
time, and enables a fine control of the polymerization and degree of cross-
linking.75 Furthermore, it is possible greatly to modify the surface with minor
changes in the bulk features of the substrate.76–81 Grafting by applying g-rays
enables the formation of active sites on the polymer substrate according to
three different approaches:74,82

i) Direct method, which consists in irradiation of the polymer substrate
once in contact with the monomer(s). The irradiation generates radicals

“Dormant” radicals

grafted or trapped

on the surface

Free radicals

created at the

substrate material

Free radicals/ions stick

to and polymerize on

the substrate

Figure 24.3 Main approaches to create free radical and reactive points on the surface
of materials that may lead to surface-functionalized medical devices.
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in the polymer, which initiate both the grafting of the monomer and the
growth of the new polymer chains. Homopolymer formation in the
reaction medium should be kept as low as possible, so as not to decrease
too much the yield of grafting.

ii) Pre-irradiation, which involves the irradiation of the polymer substrate
in vacuo or under an inert atmosphere and, in a second step, the pre-
irradiated substrate is placed in contact with the monomer(s) to be grafted.
Although homopolymerization is prevented, higher irradiation doses than
for the direct method are needed, which may damage the substrate.

iii) Pre-irradiation oxidative, in which the irradiation of the substrate is
carried out in the presence of air or oxygen to generate peroxides or
hydroperoxides. Immersion of the pre-irradiated substrate into the
monomer solution followed by heating causes the peroxides and hydro-
peroxides to decompose as macroradicals that act as active sites for graft
polymerization.

Plasma techniques have the advantage over irradiation approaches of
causing changes only at the very top nanometers of the polymer surface,
minimizing the repercussion on the bulk features of the material. Plasma
surface treatments are based on radio- or microwave-frequency power sources
to break molecules at gas state into charge-bearing subparticles, namely
electrons and ions, generating a plasma state. Such subparticles, when they
collide with a solid substrate, can cause three differentiated effects: i) removal of
surface material, namely etching or ablation; ii) deposition as a solid film in a
process known as plasma-enhanced chemical vapor deposition (particularly if
the plasma leads to a film of polymeric material, the technique is called plasma
polymerization); and iii) chemical and/or physical modification of the surface
without significant addition/removal of material during exposure to particles
and radiation from the plasma (Figure 24.4).83 This latter approach is of great
interest for introducing new reactive chemical groups on the substrate, which
can subsequently be used to covalently graft drugs or polymer chains.29 Such a
direct grafting of polymers is suitable for further chemical immobilization of
drug molecules or proteins at the end of the polymer chains, which can
stimulate the desired cellular responses at the surface of the medical device.84–86

Figure 24.4 Effects of different plasma treatments on the surface of a material:
removal of a portion of surface (ablation or etching), deposition of a
solid polymer film (plasma polymerization) and modification of chemical
groups.
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However, the distance between the chains and the thinness of the coverage do
not provide a good control of the release of drugs just weakly interacting.29 An
alternative is the generation of a plasma in a mixed vapor of monomers and
inert gases to create plasma polymers by various mechanisms.87–90 The
polymers obtained by plasma polymerization show an excellent adhesion to a
variety of substrates/devices, rendering thin pinhole-free layers that do not alter
the mechanical properties of the device, e.g. flexibility in the case of catheters,
but with a network structure hard to define.90 Relevant advantages of plasma
polymers are the uniform distribution of chemical groups, the possibility to
regulate the out-diffusion rate of entrapped molecules, either via their cross-
linking density or via a plasma polymer overlayer, and durability.29

Although still few, the number of publications referring to the grafting of
stimuli-responsive polymers on diverse substrates applying any of the tech-
niques described above has rapidly increased in the last years. The main
objective is to regulate the hydrophilicity of the surface and the adhesion of
cells and proteins to polymeric materials as a function of environmental
variables, but also to attain self-healing coatings and sensors.91–94 The success
of responsive brushes for cell delivery is highlighted in Chapter 23. The next
section focuses on recent achievements related to the non-covalent incor-
poration of bioactive molecules, mainly drugs, on the surface of stimuli-
responsive polymer-grafted medical devices.

24.5 Responsive Surfaces for Drug Loading/

Controlled Release

The preparation and the applications of stimuli-responsive hydrogels of sizes
ranging from macro- to nanometric scale are currently well established,95–100 as
covered in Chapters 18, 19 and 20. Grafting to solid substrates of those
responsive hydrogels has received much less attention in spite of the inherent
advantages that it can offer in terms of mechanical strength for handling,
enduring harsh application conditions, recovering after being used and
reconditioning for reusability, not only for topical or mucosal drug delivery but
also in the fields of biochemical sensors, biotechnology and environmental
remediation.66,91,94 Surface functionalization of medical devices with stimuli-
responsive brushes and networks adequate for drug delivery during the time the
device is inserted/implanted in the body is still incipient, but the research
groups devoted to implement suitable synthesis routes are steeply rising.

24.5.1 Polymers Grafted by Means of Chemical Initiators

Surface-initiated living polymerization has recently been applied to graft
temperature-, light-, pH- or saccharide-responsive brushes on diverse
substrates.65,101 For example, an ATRP technique was implemented to graft
PNIPAAm brushes on the surface pores of silica, being able to load up to
58 wt.% ibuprofen at a temperature below the LCST and to rapidly release the
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drug above LCST.102 Similarly, PNIPAAm has been grafted onto silicon to
regulate the uptake/release of aspirin (Figure 24.5), the density of PNIPAAm
brushes having a strong influence on the temperature-responsiveness and on the
release kinetics.103

More recently, 3-aminopropyl triethoxy silane (APTES) has been immo-
bilized onto silicon wafers or quartz glass and, then, reacted with 2-bromo-
2-methylpropionyl bromide to render Br-functionalized initiator surfaces that
were used to graft polystyrene (PS) or poly(N,N-dimethylacrylamyde)
(PDMA).104 Temperature-responsive brushes were obtained by subsequent
polymerization of NIPAAm on the PS- or PDMA-modified substrates, leading
to 187 and 167 nm thick PS-b-PNIPAAm and PDMA-b-PNIPAAm brushes,
respectively. To prepare photosensitive brushes, the PS-grafted substrate was
treated with 4,5-dimethoxy-2-nitrobenzyl methacrylate (NBA). PolyNBA is
hydrophobic but converts into hydrophilic poly(methacrylic acid) (PMAc)
upon exposure to UV light, inducing, thereby, the transition from the collapsed
to the extended state of the top region of the brushes. This photochemical
reaction is not reversible, but the resultant PS-b-PMAc shows pH-sensitive
swelling. The effect of temperature-, light- and pH-induced transitions of the
brushes on the release of two probes, Nile red and 1,3,6,8-pyrenetetrasulfonic
acid tetrasodium salt, was investigated in detail.104 The general idea of this

Figure 24.5 Steps to graft PNIPAAm brushes on silicon surfaces and aspirin release
profiles from the modified surfaces with pNIPAAm brushes (A: 0.85
chain nm–2; B: 0.65 chain nm–2) at various temperatures.
Reproduced from Ref. 103 with permission from Elsevier.
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work was to graft a first polymer to form an inner layer that acts as a reservoir
for guest molecules and, then, a stimuli-responsive polymer that can close or
open the brush layer in response to a change in temperature, pH or light
wavelength. Such stimuli-induced switching has been shown to be able to
regulate the release rate of entrapped guest molecules (Figure 24.6). Never-
theless, since some drug leakage was observed even when the top brush had
completely collapsed, studies regarding the influence of the relative length of
the blocks on the changes in drug permeability between the extended and the
collapsed states are ongoing.

Saccharide-sensitive brushes may also be interesting for responsive drug
elution. Silicon surfaces with such responsiveness were obtained by treatment
with aminopropyl trimethoxysilane (ATMS) to create a layer suitable for
immobilization of the initiator bromoisobutyryl bromide, followed by
controlled grafted polymerization of 3-(acryloylthioureido) phenylboronic acid
(ATPBA) and NIPAAm.101 The ATPBA-co-NIPAAm brushes provide a
superhydrophobic coating to the silicon, due to strong hydrogen-bond inter-
actions between thiourea and phenylboronic acid of ATPBA and imine
groups of NIPAAm, which renders a collapsed configuration. By contrast, in
the presence of glucose, the inter-molecular interactions are broken as the
phenylboronic-sugar-thiourea complexes are formed and, as a consequence, the
surface becomes superhydrophilic (Figure 24.7). When the sugar solution
becomes diluted with water, the complex is broken and the inter-molecular
hydrogen-bonds are reformed, the surface recovering the starting, collapsed
state and the superhydrophobic features. Cycling experiments proved the
reversibility and reproducibility of the changes. Furthermore, a linear
dependence of the contact angle on the logarithm of the glucose concentration
was found. All these finds make a saccharide-sensitive surface very attractive as
platforms for drug loading/release with kinetics dependent on the concen-
tration of glucose or other biorelevant sugars.

Figure 24.6 Surface-grafted diblock copolymer brushes with a top layer able to switch
between collapsed and extended chains in response to temperature, pH
or light.
Reprinted with permission from Ref. 104. Copyright 2011 American
Chemical Society.
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Figure 24.7 Changes in the water contact angle of a PATPBA-co-PNIPAAm film as
a function of sugar concentration. (a) Glucose-induced wettability
switching from superhydrophobicity (in the absence of glucose) to
superhydrophilicity (after treatment with 5� 10–2M glucose solution for
15min.). (b) Cycling changes in contact angle values induced by
immersion of the film in sugar solution for 15min. and transfer to pure
water for 5min.; the films were dried before each measurement.
(c) Dependence of the contact angle values of the PATPBA-
co-PNIPAAm film (squares) and the silicon substrate (circles) on the
concentration of glucose.
Reproduced from Ref. 101 with permission from The Royal Society of
Chemistry.
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24.5.2 Polymers and Networks Grafted Applying Radiation

Gamma radiation has been shown to be particularly useful for functionalizing
surfaces with mono-, dually or even multi-responsive polymers, in order to
tailor the hydrophilicity and the capability to adsorb therapeutic substances
and to control the release. Depending on the monomers and the grafting
conditions (absorbed dose, reaction time and temperature), three different types
of structures can be formed at the surface: i) relatively long chains of polymers,
each one behaving as independent bristles of a brush; ii) cross-linked polymer
chains that create a hydrogel-like network; or iii) cross-linked polymer chains
that form a first network, which is, in a second step, inter-penetrated by a
network of the same or other nature, resulting in inter-penetrating networks
(IPNs)-like structures (Figure 24.8).79,105,106

Silk sutures and twisted yarns have been modified, applying g-ray
irradiation, with grafted brushes of methacrylic acid (MAc) to facilitate the
loading of the antimicrobial agent 8-hydroxy quinoline hydrochloride.107

Similarly, graft polymerization of 1-vinylimidazole and acrylonitrile onto PP
monofilament resulted in sutures that load and sustain the release of cipro-
floxacin and tetracycline for several days.108–112 Tests in animal models clearly
evidenced the performance of these drug-eluting sutures to inhibit bacterial
growth, without compromising the biocompatibility.113 Antimicrobial surfaces
have also been prepared by immobilization of silver ions on polypropylene
fabrics previously grafted with acrylic acid (AAc).114 Although the monomers
involved may lead to stimuli-responsive surfaces, this feature was not tested.

Surface grafting of temperature- and pH-responsive polymers to poly-
propylene (PP) and polyethylene (PE) has recently been shown suitable for
preparing vancomycin-eluting devices.77 Vancomycin is one of the most
frequently chosen antibiotics for the treatment of methicillin-resistant S. aureus
(MRSA) infections associated with the use of catheters.115 This large glyco-
peptide antibiotic bears a variety of functional groups, such as amine, amide,
carboxylic acid or hydroxyl, and in aqueous solution it is positively charged at

(a) (b) (c)

Figure 24.8 Structures that can adopt g-ray grafted polymers at the surface of a
polymeric substrate: (a) independent brushes, (b) cross-linked network
and (c) inter-penetrating polymer networks.
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the primary and secondary amine groups. The aim was to functionalize the
surface of PP and PE with a hydrogel layer containing chemical groups with
affinity for those of the drug and to take advantage of the responsiveness to the
stimuli to modulate drug diffusion in (loading) and out of (release) the
hydrogel. For a rational selection of the monomers, their ability to interact with
the drug was screened applying isothermal titration calorimetry (ITC). Acrylic
acid sodium salt resulted to be the one with the highest affinity. Three sets of
surface-functionalized PP films were prepared: a) one having grafted and cross-
linked poly(acrylic acid) (PP-g-PAAc) in order to achieve specific binding;
b) another with grafted and cross-linked poly(N-isopropyl acrylamide)
(PP-g-PNIPAAm), to test the effect of the volume phase transition on the drug
loading and release processes; and c) the third set having inter-penetrating
networks (IPNs) of PNIPAAm and PAAc, designed as net-PP-g-PNIPAAm-
inter-net-PAAc, for combining the affinity- and swelling-controlled mechanisms
of action (Figure 24.9).

The IPNs were synthesized by pre-irradiation of PP with a 60Co g-source,
followed by immersion in a NIPAAm solution to induce the grafting and cross-
linking of PNIPAAm onto PP, and then the second inter-penetrating
network was formed by redox polymerization and cross-linking of AAc.

T > 33 °C T > 33 °C

PP chain

PNIPAAm chains

PAAc chains

pH < 5.8

T < 33 °CpH < 5.8 T < 33 °CpH > 5.8

pH > 5.8

Figure 24.9 Dually temperature- and pH-responsive PNIPAAm and PAAc inter-
penetrating networks grafted on polypropylene surface (namely,
net-PP-g-PNIPAAm-inter-net-PAAc).
Reproduced from Ref. 116 with permission from Elsevier.
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The net-PP-g-PNIPAAm-inter-net-PAAc films were both pH- and temperature-
responsive with critical values in the range of 5.2–6.3 and 30–34 1C
(Figure 24.10). Such a design enabled the loading of vancomycin when the IPN
was swollen, i.e. at temperature below LCST and/or at neutral pH.77

Immersion of the surface-functionalized PP films in 0.4mgmL–1 vancomycin
aqueous solutions revealed that the grafted PNIPAAm hydrogel layer can only
host 1–2mg of vancomycin per gram, mainly in the aqueous phase of the
network. PP grafted with PAAc was able to load up to 75mg/g when previously
swollen in pH7.4 phosphate buffer to ionize the AAc groups and optimally
interact with vancomycin. PP-g-PAAc films could take up almost all the drug
present in the loading solution, avoiding any waste of non-sorbed drug. The
net-PP-g-PNIPAAm-inter-net-PAAc exhibited a synergistic performance. At
20 1C the PNIPAAm hydrogel was completely swollen and made the PAAc
network expand. This facilitated the contact of the drug with the acrylic acid
groups and also enhanced the volume of aqueous phase entrapped into the
IPN. At 37 1C the grafted IPN was capable of controlling drug release rate by
the concomitance of the affinity of PAAc network and the hindering of the
diffusion through the collapsed PNIPAAm mesh (Figure 24.11). Vancomycin
release was sustained for 8 hours in pH7.4 phosphate buffer owing to the
strength of the drug-PAAc interactions, which are at maximum when the
acrylic acid groups are ionized. Importantly from the point of view of reus-
ability, the net-PP-g-PNIPAAm-inter-net-PAAc maintained its ability to
uptake and to sustain the release after at least four cycles of drug loading/
release. The ‘‘instantaneous’’ release rate of drug per surface area unit (ARR)
recorded in vitro can be used as an index of the ability of a drug-eluting device
to kill bacteria attempting to adhere to the surface.117 For example, the
minimum required flux of vancomycin that must be delivered to kill Staphy-
lococcus spp. (Nkill) is 3.5� 10–3 mg cm–2 s–1. The films that combined a high

Figure 24.10 Dependence of the degree of swelling of net-PP-g-PNIPAAm-
inter-net-PAAc on the temperature (water, open symbols) and on the
pH (buffer at 37 1C, full symbols).
Reproduced from Ref. 77 with permission from Elsevier.
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loading with sufficient ability to sustain the release at pH7.4 provided ARR
values above the Nkill for at least 6 h.

77 Fast release in the first hours following
implantation has been shown to be critical in preventing the development of
biofilm on catheters and implants.118,119

Microbiological experiments demonstrated that the vancomycin-loaded PP
films have a small likelihood of biofilm formation by methicillin-resistant
Staphylococcus aureus (MRSA). The experiments were carried out using the
Modified Robbins Device (MRD) system, in which disks of PP are first
subjected to the adhesion of microorganisms for 1 h and then to biofilm
formation for 24 h under a continuous flow of fresh growth medium.120 This
not only creates ideal conditions for microbial growth (as nutrients are
constantly provided to the bacteria and waste products are removed), but also
prevents accumulation of vancomycin in the reactor since the drug released

Figure 24.11 Vancomycin release profiles from PP-g-PAAc (C147, C168 and C169
with 7.12, 9.15 and 12.30mg PAAc/cm2, respectively), net-PP-g-PAAc
(C148x cross-linked using N,N-methylenbisacrylamide and radiation
and C150x cross-linked applying radiation, with 9.57 and 9.58mg
PAAc/cm2, respectively) and net-PP-g-PNIPAAm-inter-net-PAAc (J19
IPN PAAc/PNIPAAm 45/55 molar ratio, 16.14mg cm–2) in HCl 0.1M
(pH1.2) and in pH7.4 phosphate buffer.
Reproduced from Ref. 77 with permission from Elsevier.
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from the disks is immediately washed away. This set-up effectively reduces the
contact time between the sessile bacteria and the vancomycin. Even under these
extreme working conditions, the vancomycin-loaded PP disks showed a much
reduced likelihood of biofilm formation by MRSA.77

Subsequent studies were devoted to optimizing the preparation of
net-PP-g-PNIPAAm-inter-net-PAAc by applying g-ray irradiation in every step
of the synthesis: i) graft copolymerization of PNIPAAm onto PP films using the
pre-irradiation oxidative method, ii) cross-linking of PP-g-PNIPAAm by
irradiation in water to form the first network, with or without N,N0-methyl-
enebis(acrylamide), and iii) formation of the second network through the
polymerization and cross-linking of AAc inside cross-linked PP-g-PNIPAAm
using a low radiation dose of 2.5 kGy.116 These net-PP-g-PNIPAAm-inter-net-
PAAc films loaded vancomycin up to 94mg g–1 of IPN or 480mg g–1

PAAc, values 2–3-fold greater than those previously obtained for the
net-PP-g-PNIPAAm-inter-net-PAAc, in which the PAAc network was
synthesized by redox polymerization (described above). It was also shown that
the radiation doses applied to graft and to cross-link PNIPAAm notably
determines the amount of drug loaded. The higher the PNIPAAm grafted on
PP and the lower the cross-linking radiation dose, the more the PAAc that can
be inter-penetrated in the IPN and, consequently, the higher the amount of
vancomycin loaded through specific interactions and the more sustained the
release (Figure 24.12). These effects can be explained as follows: i) the loading
mainly takes place through ionic interactions between vancomycin and PAAc,
and ii) the mesh creates an environment suitable for interaction with PAAc, but
also with the PNIPAAm mesh through unspecific hydrophobic interactions.
This explains why the amount of vancomycin loaded per gram of PAAc grafted
is not constant, but increases as the content in PNIPAAm rises. Nevertheless, if
the PNIPAAm network is too dense, the amount of PAAc that can be grafted
decreases and the drug diffusion into the IPN is also sterically hindered. At
pH7.4 drug-loaded films sustained the delivery for several hours and provided
ARR values adequate in reducing the likelihood of infection.121 Overall these
results suggest that grafting of pH- and temperature-responsive IPNs has great
potential to endow PP surfaces with the ability to elute vancomycin and thus to
prevent infections associated to the use of PP-based medical devices.

Simultaneous grafting of PNIPAAm and N-(3-aminopropyl) methacryl-
amide (APMA) on PP has also been investigated for obtaining interfaces that
are stimuli-responsive under physiological conditions. To do that, a pre-
irradiation method was implemented tuning the radiation dose, reaction time,
temperature and monomers concentrations.122 APMA combines pH-
responsiveness with affinity for anionic drugs, such as the antimicrobial agent
nalidixic acid. However, APMA is positively charged and cannot be grafted
alone. Thus, it requires copolymerization with neutral comonomers, such as
NIPAAm, to grow from the PP surface. PP-g-(1NIPAAm-r-0.5APMA), which
was prepared by the immersion of pre-irradiated PP in 1M NIPAAm/0.5M
APMA aqueous solution, exhibited an LCST (36 1C) close to that of pure
PNIPAAm (34 1C). Higher APMA/NIPAAm ratios rendered too hydrophilic
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hydrogel layers that did not shrink even when heated at 60 1C. Maintaining an
APMA/NIPAAm ratio adequate to achieve temperature-responsiveness of
around 37 1C, it was possible to regulate the total amount of copolymer grafted
to PP varying the time of permanence of the pre-irradiated PP slabs in the
monomers solution from 4 to 16 h.123 The grafted PP slabs (initially of 1.7mm
thickness) were covered each side by 0.17–0.45mm of copolymer layer. The
surface-functionalized PP showed good hemocompatibility when tested using
human blood; the improvement with respect to the pristine PP confirmed the
role of APMA in the creation of biocompatible surfaces.124 Pristine PP films
did not adsorb nalidixic acid when immersed in a drug solution. The capability
of PP-g-NIPAAm to load the antimicrobial agent was also minor; just
0.4 mg cm–2. By contrast, the copolymerization of NIPAAm with APMA
increased the ability of the grafted PP to host nalidixic acid by two orders of
magnitude, attaining values of 0.036mg cm–2. The greater the content in
APMA on the PP surface, the slower the release rate in phosphate buffer pH7.4
was, due to the concomitance of two mechanisms: affinity-controlled release by

Figure 24.12 Dependence of the amount of vancomycin loaded (referred to gram
of PP substrate) by net-PP-g-PNIPAAm-inter-net-PAAc on the amount
of PNIPAAm grafted to PP (percentage referred to the weight of
PP substrate) and the cross-linking dose (K 10 kGy, & 40 kGy andE
70 kGy). The response surface represents predicted values (R2¼ 0.866;
F5,36¼ 59.66; ao 0.01).
Reproduced from Ref. 121 with permission from Elsevier.
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APMA and temperature-dependent shrinking of the mesh by NIPAAm.
The antibacterial efficiency of the nalidixic acid-loaded films was evaluated
in vitro against an Escherichia coli strain, which is a relevant pathogen involved
in urinary catheter-related infections. Diffusion tests in Müller-Hinton agar
plates revealed inhibition zones of up to 25mm in diameter after 24 h, which
were maintained for at least 6 days (Figure 24.13).

A further step on surface modification for improving hemocompatibility
together with the ability to elute antimicrobial agents was the sequential
grafting of N,N0-dimethylacrylamide (DMAAm) and NIPAAm on PP films
applying g-ray irradiation. The (PP-g-DMAAm)-g-NIPAAm films exhibited
significantly lower hemolytic and thrombogenic activity than pristine PP.
Furthermore they adsorbed serum albumin but did not uptake fibrinogen,
which are considered as proteins that impede and promote, respectively, the
adherence of microorganisms. Norfloxacin is a broad-spectrum antibiotic,
active against Gram-positive and Gram-negative bacteria,125 but its hydro-
phobicity hinders the uptake into hydrogel networks that do not posses specific
groups with affinity for the drug.126 Both DMAAm and NIPAAm could
interact with norfloxacin through hydrophobic and hydrogen bonds, but more
relevantly the carbonyl groups of the monomers can recognize the norfloxacin
C-F bond, an interaction mechanism that occurs in many biological events.127

DMAAm promoted the loading of norfloxacin when the hydrogel layer was
swollen, reaching values of up to 13.3mg cm–2. At 37 1C, the shrinking of
NIPAAm enabled the delivery to be sustained for 6 hours.128

A challenge in this field is to create antifouling surfaces by grafting polymers
that are bactericidal by themselves, namely without adding conventional
antimicrobial agents.129–132 Even if the delivery of an antimicrobial agent is
required for prophylaxis or treatment of infections, the self-microbicide
surfaces have the notable advantage that, once the drug is completely eluted,
the surface may still avoid adhesion or proliferation of the microorganisms.
Stimuli-responsive drug-eluting self-microbicide surfaces were obtained by

(a) (b)

Figure 24.13 Results of the microbiological tests against E. coli on Müller–Hinton
agar plates carried out with (a) unloaded and (b) nalidixic acid-loaded
PP-g-(1NIPAAm-r-0.5APMA) slabs at 24 hours.
Reproduced from Ref. 123 with permission from Elsevier.
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direct grafting of 2-(dimethylaminoethyl) methacrylate (DMAEMA) to low
density polyethylene (LDPE) and silicone rubber (SR).133 DMAEMA
hydrogels exhibit temperature-responsiveness in the 30–40 1C range; the lower-
critical solubility temperature (LCST) being tunable by the pH of the
medium.134,135 Furthermore, the ability of DMAEMA to interact with anionic
compounds makes it a useful component of drug-delivery systems and non-
viral gene carriers.136–138 It is known that the quaternization of the amine
groups of pDMAEMA increases the antimicrobial activity and reduces biofilm
formation on substrates coated with this polymer.130,139 Since long alkyl chains
facilitate the insertion of the polymer into the erythrocyte membrane causing
hemolysis, quaternization was carried out with short chains (namely, methyl) in
order to minimize toxic effects on mammalian cells.140 The degree of quat-
ernization (DQ) of the grafted pDMAEMA after treatment with methyl iodide
was estimated to be above 90%, using the equation

DQð%Þ ¼ 100 � ðW3�W2Þ
½ðW2�W1Þð157:22=141:94Þ�

� �
ð2Þ

in which W1, W2 and W3 represent the weight of pristine, grafted and quat-
ernized films, respectively, and 157.22 and 141.94 are the molecular weights of
DMAEMA and methyl iodide, respectively.

The grafting of DMAEMA occurred only at the surface of LDPE, but both
at the surface and in the bulk of SR as revealed by Raman spectra.
Consequently, the grafted chains caused changes in surface-related features
(water contact angle and viscoelastic behavior at dry state) of LDPE and in the
bulk-related properties (swelling and viscoelasticity at swollen state) of SR.
Quaternization of the amine group of DMAEMA diminished water contact
angles on surfaces of both LDPE and SR from 1011 and 1061 to 561 and 731,
respectively.133

Cytocompatibility tests were carried out in order to have an overall view of
the potential of PE-g-DMAEMA and SR-g-DMAEMA as components of
medical devices. The grafted films maintained the good cytocompatibility of the
pristine material, but after quaternization fibroblast cell viability decreased
although to a small extent (cell survival 470%). Microbiological tests
confirmed that LDPE and SR are easily colonized by Candida albicans and
Staphylococcus aureus. By contrast, surfaces grafted with DMAEMA were able
to reduce C. albicans biofilm formation (almost no biofilm was observed on SR)
and, after quaternization, inhibited C. albicans and S. aureus biofilm with more
than 99% compared to pristine materials. The DMAEMA-grafted LDPE and
SR films were also tested regarding the ability to host nalidixic acid at 4 1C and
to sustain its release at 37 1C. Pristine LDPE adsorbed an irrelevant amount
(0.0007mg cm–2) of this anionic antimicrobial drug, while pristine SR was able
to load 0.004mg per cm2 due to swelling in the drug solution. The affinity of
the drug for the films progressively increased with the grafting percentage
of DMAEMA, which was swollen at 4 1C (Figure 24.14). Quaternization
remarkably enhanced drug loading (up to 0.037mg cm–2) due to the
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interactions between the cationic groups of quaternized amine and the
carboxylate anionic moieties of nalidixic acid. At 37 1C, the release of the
nalidixic acid from the grafted films was sustained for 8 h, grafted LDPE slabs
showing an important burst effect (20–36% in 30 min.) compared to grafted SR
slabs (10–18%). In general, the release rate was slower from SR-g-DMAEMA,
because the grafting to SR occurred at both the surface and the bulk
(Figure 24.14) and thus nalidixic acid could diffuse during loading to inner
parts that serve as reservoirs that slowly supply the drug to the surface. The
drug concentrations achieved in the in vitro release tests were above the MIC
required to inhibit the growth of E. coli and other frequently encountered
microorganisms in urinary tract infections under the quasi-static conditions of
the environment of medical implants when used in vivo. Then, surface func-
tionalization with stimuli-responsive polymers that can host drugs and are
microbicide by themselves may hold great promise for developing long-term
antibiofouling materials.133

(a)

(b)

(b)

(a)

Figure 24.14 Nalidixic acid loading and release profiles from LDPE films (a): pristine
LDPE (rhombus), LDPE-g-DMAEMAN films with 10% (squares),
16% (triangles) and 33% (circles) of grafting; and SR films (b): pristine
SR (rhombus), SR-g-DMAEMAN films with 14% (squares), 30%
(triangles) and 42% (circles) of grafting. The full and open symbols
correspond, respectively, to non-ionic and quaternized DMAEMA for
both graphics.
Reproduced from Ref. 133 with permission from Taylor & Francis Ltd.
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In addition to g-ray grafting techniques, electron-beam lithography has been
applied to prepare precisely nanopatterned, surface-attached hydrogels whose
swelling degree can be controlled by different stimuli.141 For example, PAAc
conjugated with bacteriorhodopsin was deposited on solid surfaces by spin-
coating and then cross-linked applying e-beam radiation. Bacteriorhodopsin is
a light-driven proton pump, found in the purple membrane of Halobacterium
Halobium, that causes a local decrease of the pH when exposed to light.142

In the dark the hydrogels are swollen, while when irradiated with green light,
the network collapses, the system showing a reproducible response during
various dark/light cycles (Figure 24.15).143 Although the drug-eluting capa-
bility has not yet been tested, the possibilities of development in genetically
engineered variants of bacteriorhodopsin responsive to different wavelengths of
light may open up a range of applications for light-regulated drug-delivery
systems.

Figure 24.15 Grafted PAAc conjugated with bacteriorhodopsin: (a) SEM images and
(b) dependence of the hydrogel height on the illumination conditions.
Reproduced from Ref. 142 with permission from John Wiley & Sons.
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24.5.3 Surface Modification Applying Plasma Techniques

Functionalization of materials by means of plasma techniques is receiving
growing attention as suitable commercial equipments that work at lab scale are
becoming available and novel applications are being found.144 The techniques
are easy to implement, reproducible, non-pollutant and can be performed in
clean rooms.145 Two approaches have been tested for preparing surfaces able to
regulate drug loading and release: i) plasma-induced formation of reactive
groups at the surface, which are used in a subsequent step to graft the polymer;
and ii) plasma polymerization in one step. For example, the first approach was
followed to graft poly(acrylic acid) (PAAc) on PP. To do that, PP mono-
filaments were exposed to oxygen plasma using an RF reactor operating at
13.6MHz for 180 s and then transferred to ampoules containing a solution of
the monomer at a controlled temperature. The treated samples were washed to
remove the homopolymer adhered to the surface. The grafted amount of PAAc
ranged between 24 and 290mg cm–2 and did not alter the crystalline structure of
the filaments. The modified PP monofilaments showed ability to uptake silver
ions.146 Similarly, metallic stents activated with silane and covered with PAAc
via plasma polymerization have been shown to be useful for covalent immo-
bilization of estradiol, which can be released at a constant rate as the ester
linkages hydrolyze.147 Atmospheric plasma has been used to treat PP and
polyamide 6.6 fabrics in order to oxidize the surface (incorporating hydroxyl,
carboxylic acid, epoxy, esters or hydroperoxide groups) and to improve the
uptake of an anti-inflammatory drug.148

Self-regulation of insulin release as a function of the glucose concentration
has been achieved by grafting poly(vinylidene fluoride) membranes (0.22 mm
pore size) with PAAc, applying a plasma-graft pore-filling polymerization
technique, and then conjugating glucose oxidase to the PAAc chains.149 At
neutral pH, the carboxylic acid groups of PAAc are ionized and the polymer
chains are extended and entangled in the pore, acting as gates that close the
pores and notably diminish the permeability of the membrane. When glucose is
present in the medium, glucose oxidase hydrolyzes it and the generated
glucuronic acid causes a decrease in the pH. Such acidification prompts the
shrinking of the PAAc chains, which facilitates the flux of insulin solution
through the pores. A 10-fold increase in the protein diffusion coefficient was
registered when glucose concentration rose to 0.2mmol L–1 (Figure 24.16).149

On the other hand, grafting of PNIPAAm onto nylon and polystyrene surfaces
has been achieved by pretreatment of the substrates in a He atmospheric
plasma followed by graft copolymerization in NIPAAm monomer solution. It
was shown that the addition of [Fe(NH4)2(SO4)2�6H2O] suppresses the homo-
polymerization and enhances graft copolymerization, rendering surfaces that
show temperature-responsive hydrophobicity and swelling.150 However, the
performance of these materials for drug loading/elution has not yet been tested.

Plasma polymerization enables the simultaneous deposition of the growing
polymer chains and microbicide metallic nanoparticles by concurrent sput-
tering off the metal target. By contrast, drug molecules usually cannot stand
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(a) (b)

(d) (c)

Figure 24.16 Glucose-responsive control of insulin permeation through poly(vinylidene
fluoride) membranes grafted with pH-responsive poly(acrylic acid)
(PAAC) brushes conjugated to glucose oxidase (GOD). At neutral pH in
the absence of glucose, the carboxyl groups of the grafted PAAC chains
are dissociated and extended, closing the pores. When glucose concen-
tration increases, GOD catalyzes its oxidation into glucuronic acid, the
pH becomes lower and the grafted PAAC chains shrink. The effect of
the glucose concentration on the insulin diffusion coefficient through the
PAAc-grafted membranes is depicted in the plot on the right.
Reprinted from Ref. 149 with permission from Elsevier.

Figure 24.17 Plasma polymerization of C2H4 in the presence of O2 at various flow
ratios leads to poly(ethylene terephthalate) films coated with L-PPE:O
of varying thickness and oxygen content. The micrometer-thick
coatings are able to load sufficient amount of ciprofloxacin and to elute
it at an adequate rate to prevent the growth of bacteria responsible of
biofilm formation on medical devices.
Reproduced from Ref. 151 with permission from Springer.
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plasma conditions and are loaded into the plasma polymer layer after
deposition, by soaking the coated device in a drug solution. If the molecular
size of the compound is large, usually much bigger than that of metal ions,
diffusion into the plasma polymer network might be too slow. A good example
of this behavior has been shown for low-pressure plasma-polymerized ethylene
film coatings rich in bonded oxygen groups (L-PPE:O) deposited on
poly(ethylene terephthalate) in order to act as hosts for antimicrobial drugs.151

L-PPE:O coatings were able to uptake ciprofloxacin but not vancomycin, a
much larger antimicrobial agent. Ciprofloxacin-loaded L-PPE:O coatings
sustained drug release for at least 6 hours and efficiently inhibited in vitro the
growth of Staphylococcus aureus (Figure 24.17).

A suitable approach for poorly soluble drugs that find loading difficult by the
presoaking of the plasma-polymer-coated device might be the spreading of drug
nanocrystals on the device surface followed by the application of plasma poly-
merization.29 The polymer layers ensure that the nanocrystals remain close to the
device surface and, once the physiological fluids permeate in the coating, regulate
the release by acting as a diffusion barrier. This approach has been successful for
the entrapment of acetylsalicylic acid with allyl alcohol-based polymer.152

24.6 Conclusions and Future Aspects

Currently a wide range of techniques are available for the surface modification
and polymer grafting from almost any substrate material. This opens up
enormous potential for the development of medical devices endowed with
surface functionalities for hosting drugs and eluting them at a controlled release
rate. It is possible to create tailor-made outer layers, with minimal perturbation
of the bulk properties, which are specifically adapted to the requirements of
therapeutic treatments with specific drugs. As a result, the primary function as
a medical device can be efficiently combined with the role as a drug-delivery
system, rendering device-PMOA combination products. Although the number
of studies is still limited, the efficiency of the drug-eluting medical devices could
be notably improved if the grafted brushes/networks are able to respond to
physiological or pathological stimuli. For certain applications one can envision
that an optimum scenario will be the case of combination products that do not
release the drug if it is not needed, but that can rapidly elute it when there is a
demand. More ideally, the release should occur at a rate that fits the required
therapeutic levels (neither sub- nor over-dosage) and should be switchable
on/off as a function of the progression of the event (e.g. healing, body inte-
gration, biofouling or biofilm formation). To pave the way towards this idyllic
scenario, further knowledge in the four-bands medical device-surface grafted
polymer/network-drug-local site of insertion/implantation interaction is
required (Figure 24.18). Namely, it is essential to know how the device
composition determines the possibilities of polymer grafting, to what extent the
grafting alters the bulk features of the device substrate and may offer hosting
for the drug and sensitiveness to the stimulus of interest, how the drug may
affect the responsiveness and also the body response to the foreign device and
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how the body response may alter the performance as a medical device and as a
drug-delivery system. This knowledge should facilitate the jump from in vitro to
in vivo studies and the production scale-up, and thus the commercialization of
advanced device-PMOA combination products not too far in the future.
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products 2.341
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risk-benefit ratios 2.63
synergistic effects 2.20

ultrasonography synergistic
effect 1.165–6
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2.173
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chronic toxicity, definition 2.104
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ciprofloxacin 2.341
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dendrimers 1.103, 1.104–5
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a-amino acid based
hydrogels 2.200, 2.202,
2.211–17, 2.212–13, 2.215–16
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light-sensitive polymeric
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accelerated blood clearance (ABC)
phenomenon
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nanoparticles 2.79
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clinical trials
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doxorubicin 1.64–9, 1.66, 1.68,
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CMC. see critical micellar
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phase transitions 1.11
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imaging 2.73–4
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CPPs (cell-penetrating peptides) 1.87
CPT. see camptothecin
creatinine 2.240, 2.242
critical micellar concentration

(CMC) 1.156–8, 1.180
light-sensitive polymeric

micelles 1.308, 1.310
polymeric micelles 1.116–19,

1.122–3, 1.126, 1.167
reduction-sensitive

nanosystems 1.219
critical micellar temperature (CMT),

polymeric micelles 1.120–1, 1.122,
1.123, 1.126

critical micelle salt concentration
(CMSC) 1.123

critical solubility temperature (CST),
polymers 1.21–2. see also lower
critical temperature of dissolution;
upper critical solution temperature

cross-linkage. see also PEGylation
a-amino acid based

hydrogels 2.200, 2.204, 2.205,
2.206, 2.209, 2.209, 2.220, 2.221

biomolecule-sensitive
hydrogels 2.263–4, 2.264, 2.271,
2.274, 2.284

chemical hydrogels 1.238,
1.238–44, 1.239, 1.242

combination products, drug/
medical devices 2.320

dual-responsive hydrogels 2.170
elastin-like

recombinamers 2.185–8, 2.186
glucose-sensitive

hydrogels 2.267–8
hydrogels 2.235, 2.236
imprinted hydrogels 2.238, 2.245,

2.246, 2.248
light-sensitive polymeric

micelles 1.318–20, 1.319
micelles 1.163, 1.218, 1.319–20
molecularly imprinted

polymers 2.231, 2.232, 2.234–5

polymer grafting 2.330
polymeric capsules 1.307, 1.328–9,

1.329

polymeric micelles 1.119–20,
1.130, 1.135, 1.157

poly(N-acryloxysuccinimide) 2.78
reduction-sensitive

nanosystems 1.214–19, 1.215,
1.217

cross-talk, cellular 2.297
cryogenic electron microscopy

(CryoEM) 1.185, 1.187
Cryptococcus neoformans 2.100
crystallization, phase transitions 1.13
CTA (chain transfer agents) 2.296,

2.29

CTAB
(hexadecyltrimethylammonium
bromide) 2.6

curcumin 1.241
CW (continuous wave) lasers 1.306
cyclic voltametry (CV) 1.287,

1.288

cyclo-addition reactions, carbon
nanotubes 2.95

cyclodextrins (CDs) 1.116, 1.249
combination products 2.320
layer-by-layer assemblies 2.127,

2.127
mesoporous silica

nanoparticles 2.75–6, 2.80
cylindrical nanoparticles 1.192
cystamine 2.78
cystaminebisacrylamide 1.265–6
cysteamine-conjugated chitosan-

based nanoparticles 1.225–6
cysteine 1.105, 1.223, 1.263, 1.264
cytokines 2.297
cytosine arabinoside 1.165
cytosine-phosphate-guanosine

(CpG)-gold nanoparticles 2.6
cytosol

pH 1.16
reduction-sensitive

nanosystems 1.211, 1.211
cytotoxicity. see toxicology
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daidzein 1.97
dapsone 2.100
dasatinib 1.234
daunorubicin (DNR) 2.125
DBS

(dodecylbenzenesulfonate) 1.294
DBT (dibenzothiophenes) 2.248
DCC

(dicyclohexylcarbodiimide) 1.158
DCM (dilated

cardiomyopathy) 2.297
DDSs. see drug delivery systems
DEAA (diethylacrylamide) 2.236
DEAMA (diethylaminoethyl

methacrylate) 2.265, 2.280, 2.281,
2.291

Debye theory 2.34, 2.36
defect group functionalization 2.93,

2.94
defences, bodily 1.37. see also

immune responses
definitions

biomaterials 1.4
combination products 2.314
enzyme-responsive materials 1.235
gene therapy 1.200
intelligent DDS 1.15–16
nanogels/microgels 2.154
new excipients 1.7
pharmaceutical excipients 1.4
prodrugs 1.234
toxicity 2.104
ultrasound 1.149

degradable hydrogels, enzyme-
responsive 1.238–40, 1.239

delayed-release 1.2
dendrimer-phthalocyanine

(DPc) 1.100
dendrimers, smart 1.94–6, 1.109

cytotoxicity 1.193
enzyme-responsive 1.105–8, 1.106,

1.107

layer-by-layer assemblies 2.129
photoresponsive 1.100–2, 1.101
pH-responsive 1.102–5, 1.103
polyamidoamine 1.95

redox-responsive 1.105
temperature-responsive 1.96–9, 1.97
theragnostic 1.108–9

deoxyribonucleic acid. see DNA
dephosphorylation/

phosphorylation 1.242
dermal contact, carbon

nanotubes 2.105, 2.108
device primary mode of action

2.315
dexamethasone 2.100, 2.192
dextran

hydrogels 1.239

layer-by-layer assemblies 2.121,
2.129, 2.131, 2.132

pH responsive nanogels 2.160
temperature-responsive

hydrogels 2.165
dextran-lipoic acid derivatives

(Dex-LAs) 1.221–3, 1.222
dextranases 1.239
DHLA (dihydrolipoic acid) 1.223
diabetic treatment. see glucose-

sensitive hydrogels
diagnosis. see theranostics
diazonaphthoquinone (DNQ) 1.310,

1.315–16
diazoresin 2.125
dibenzothiophenes (DBT) 2.248
dichloromethane 2.102
diclofenac 1.24
dicyclohexylcarbodiimide

(DCC) 1.158
diethylacrylamide (DEAA) 2.236
diethylaminoethyl methacrylate

(DEAMA) 2.265, 2.280, 2.281,
2.291

diffusion-controlled drug
release 2.124–5

DIGNITY breast cancer study 1.68,
1.68–9, 1.70, 1.70

dihydrolipoic acid (DHLA) 1.223
dilated cardiomyopathy

(DCM) 2.297
diltiazem hydrochloride (DIL-HCl)

2.157
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DIM (D-phenylalanine) 2.242

dimethylacrylamide
(DMAAm) 2.240
dual responsive hydrogels 2.171
polymer grafting 2.335
temperature-responsive

hydrogels 2.164
dimethylaminoethyl methacrylate

(DMAEMA) 2.336, 2.337,
2.337

dimethyl-1,3-dioxan-2-yloxy) ethyl
acrylate (DMDEA) 1.226, 1.227

dimethylformamide (DMF) 2.215,
2.216

dimethyl sulfoxide (DMSO) 2.211,
2.212, 2.215

dimyristoyl phosphatidic acid
(DMPA) 2.131

dimyristoylphosphatidylcholine
(DMPC) 1.45

dioleoylphosphatidylcholine
(DOPC) 1.81

dioleoylphosphatidyl-ethanolamine
(DOPE) 1.81, 1.262

dioleoyl-3-trimethylammonium-
propane (DOTAP) 1.264

dipalmitoyl phosphatidyl choline
(DPPC) 1.43, 1.71
composition–structure–property

relationships 1.45, 1.47
lipid membrane components 1.41,

1.41–2
low temperature-sensitive

liposome 1.54, 1.54
permeability 1.48, 1.49
in vitro performance-in-

service 1.54–6, 1.55, 1.57, 1.58
dipalmitoyl-sn-glycero-3-

phosphoglyceroglycerol
(DPPGOG) 1.71

direct sidewall functionalization,
carbon nanotubes 2.93, 2.94–5

disease-responsive DDS 1.15–25,
1.17, 1.22, 2.161

disregulation, enzyme activity 1.232,
1.233

disruptive enzyme-responsive
micelles 1.244–6, 1.245

distearoyl phosphatidyl choline,
(DSPC) 1.44, 1.47

distearoyl phosphatidyl ethanolamine
lipid membrane components 1.41,

1.41–2, 1.50–1
low temperature-sensitive

liposomes 1.54, 1.54
in vitro performance-in-

service 1.57, 1.57, 1.57–8, 1.59
disulfonated aluminum

phthalocyanine 1.101
dithionite assay, low temperature-

sensitive liposome 1.54–6, 1.55
dithiothreitol (DTT) 1.212, 1.214,

1.216, 1.218, 1.219, 1.221–3, 1.222,
1.225, 2.78

DLS. see dynamic light scattering
DMAEMA (dimethylaminoethyl)

methacrylate) 2.336, 2.337, 2.337
DMDEA (dimethyl-1,3-dioxan-2-

yloxy) ethyl acrylate) 1.226, 1.227
DMF (dimethylformamide) 2.215,

2.216

DMAAm. see dimethylacrylamide
DMPA (dimyristoyl phosphatidic

acid) 2.131
DMPC

(dimyristoylphosphatidylcholine)
1.45

DMSO (dimethyl sulfoxide) 2.211,
2.212, 2.215

DNA damage, ultrasound
triggered 1.168–9

DNA delivery systems. see gene
delivery

DNA sensitive sol–gel transition
systems 2.282, 2.282

DNQ (diazonaphthoquinone) 1.310,
1.315–16

DNR (daunorubicin) 2.125
docetaxel 1.129
dodecylbenzenesulfonate

(DBS) 1.294
dopamine 2.293
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DOPC
(dioleoylphosphatidylcholine) 1.81

DOPE (dioleoylphosphatidyl-
ethanolamine) 1.81, 1.262

dosage forms, evolution/
development 1.1–4, 1.3

DOTAP (dioleoyl-3-
trimethylammonium-
propane) 1.264

DPPC. see dipalmitoyl phosphatidyl
choline

DPPGOG (dipalmitoyl-sn-glycero-
3-phosphoglyceroglycerol) 1.71

double-walled carbon nanotubes
(DWCNTs) 2.92, 2.103, 2.103,
2.104, 2.110

doxorubicin 1.80
carbon nanotubes 2.96–7
dendrimers, smart 1.96, 1.100,

1.101, 1.103–4, 1.106
enzyme-responsive DDS 1.235,

1.243, 1.245, 1.246
gold nanoparticles 2.3, 2.10, 2.20
layer-by-layer assemblies 2.142
magnetic responsive DDS 2.42,

2.42, 2.46, 2.139–40, 2.140
mesoporous silica nanoparticles

2.68, 2.71, 2.72, 2.74, 2.81
pH responsive DDS 1.85, 1.87,

1.88, 2.160
polymeric micelles 1.130, 1.133,

1.136, 1.157–8, 1.160
polymersomes 1.198–9, 1.199–200,

1.201
production 1.51–2, 1.52
reduction-sensitive DDS 1.213–14,

1.216, 1.216–18, 1.224, 1.226–7
shell-sheddable micelles 1.210–11,

1.211, 1.212
temperature-responsive DDS 1.34,

1.39, 1.49, 1.49–50, 2.167
ultrasound triggered 1.159, 1.162–9
in vitro performance-in-

service 1.56–60, 1.56, 1.57, 1.59
in vivo performance-in-service

1.60–9, 1.62, 1.63, 1.66, 1.68

DPc (dendrimer-phthalocyanine) 1.100
D-phenylalanine (DIM) 2.242

DPPC (dipalmitoyl phosphatidyl
choline) 1.71

drug delivery systems (DDSs), general
information
advanced 1.4–9, 1.7, 1.8
carrier systems 2.64

evolution 1.1–4, 1.3
future perspectives 1.25
intelligent 1.15–25, 1.17, 1.22
main approaches 1.3

stimuli responsive
networks 1.9–15, 1.10, 1.15. see
also specific stimuli by name

drug dissolution test 1.2
drug efflux pumps 1.9, 1.82, 1.125,

2.71–2
drug-eluting devices. see combination

products
drug excipients. see excipients
drug-loaded soft contact

lenses 2.235–40, 2.236, 2.237, 2.239
drug partition coefficients, imprinted

hydrogels 2.238
drug–polymer conjugates 1.158–9,

1.235
drug primary mode of action 2.314
drug release rates. see release rate
drug resistance. see multi-drug

resistance
drug trapping liposomes 1.51
DSPC (distearoyl phosphatidyl

choline) 1.44, 1.47
DTT (dithiothreitol) 1.212, 1.214,

1.216, 1.218–19, 1.221–3, 1.222,
1.225, 2.78

dual-responsive DDS. see also
synergistic effects
hydrogels 2.154, 2.170–3
mesoporous silica

nanoparticles 2.71, 2.79–80
polyelectrolyte complexes 1.274–5

Durapores poly(vinylidene difluoride)
membranes 2.292, 2.297, 2.299,
2.307
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dynamic light scattering (DLS)
elastin-like recombinamers 2.192
polymersomes 1.187

dysopsonins 2.41, 2.131

EB (electron-beam) irradiation 2.296
EBA (ethylene-bisacrylamide) 2.200,

2.204, 2.205
ECM (extra-cellular matrix) 2.290–1,

2.294, 2.295, 2.297, 2.298, 2.303
EDC (ethyl- 3-(3-dimethyl-

aminopropyl) carbodimide
hydrochloride) 1.290–1

EDS, see equilibrium degree of
swelling

efavirenz (EFV) 1.119, 1.124–5,
1.125, 1.126, 1.136

efflux pumps 1.9, 1.82, 1.125, 2.71–2
EGF. see epidermal growth factor
Ehrlich, Paul 1.232
Ehrlich tumors 1.89
elastic modulus liposomes 1.46, 1.46
elastin, biomimetics 2.181
elastin-like recombinamers (ELRs)

2.181–3, 2.182, 2.183, 2.195–6
hydrogels 2.184, 2.184–90, 2.186,

2.189

nanoparticles 2.190–5, 2.191,
2.194, 2.195

electric field responsive DDS 1.22,
1.24–5, 2.100

electroactive molecularly imprinted
polymers (EMIP) 1.296

electrochemical responsive drug
release 2.134–5, 2.135

electro-conductive
hydrogels 1.294–6. see also
intrinsically conducting polymers

electrodes, implantable 1.297, 1.298,
1.300

electron microscopy 1.185, 1.187,
2.94, 2.101

electron-beam irradiation 2.296
electron-beam lithography 2.338
electron microscopy. see transmission

electron microscopy

electronic properties, carbon
nanotubes 2.92

electrophilic addition, carbon
nanotubes 2.95

electrophoretic deposition
(EPD) 2.56

electrospraying 2.193
electrostatic forces, intrinsically

conducting polymers 1.288–9
elimination assessments, new

excipients 1.7
elimination mechanisms, carbon

nanotubes 2.108–9
ELRs. see elastin-like recombinamers
EMA (European Medicines

Agency) 1.122
EMIP (electroactive molecularly

imprinted polymers) 1.296
emulsion polymerization

techniques 1.299
encapsulating membranes, lipid

bilayers 1.43–7, 1.44
encapsulation properties

carbon nanotubes 2.100–3, 2.102
dendrimers, smart 1.96
polymeric micelles 1.117–18, 1.123

encephalitis 1.125
endocytosis 1.86, 1.167, 1.168, 1.191,

1.192, 2.105
endoscopic submucosal dissection

(ESD) 2.296–7, 2.299
endosome, pH 1.16, 1.257
endovascular stents 2.316
engineering 1.4, 1.5

cell/tissue delivery systems 2.293–4
low temperature sensitive

liposomes 1.36–51, 1.38–41,
1.44–6, 1.48–9

enhanced permeability and retention
(EPR) effect 1.3, 1.9, 1.81, 1.82,
1.167
carbon nanotubes 2.99
dendrimers, smart 1.96
elastin-like recombinamers 2.188,

2.189

gold nanoparticles 2.2
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enhanced permeability and retention
(EPR) effect (continued)

low temperature-sensitive
liposome 1.37–8, 1.38, 1.62,
1.73

mesoporous silica
nanoparticles 2.67

new excipients 1.9
and particle size 1.236
pH-sensitive liposomes 1.81, 1.82,

1.87
polymeric micelles 1.116
polymersomes 1.198–9
ultrasound-responsive DDSs 1.23,

1.159–60
entangled membranes,

polymersomes 1.188
Enterococcus faecalis 1.123–4
entropy-driven micellization

mechanisms 1.122
entropy-driven polymersomes 1.180
environmental impacts/interactions

carbon nanotubes 2.106, 2.109–10
dual responsive hydrogels 2.171

enzymatic degradation,
gastrointestinal tract 1.2

enzyme cross-linkage, elastin-like
recombiners 2.187

enzyme delivery, polymersomes 1.201
enzyme inhibitors 1.234
enzyme-responsive materials

(ERMs) 1.17, 1.18–19, 1.232–6,
1.251–2
advantages/drawbacks 1.236

biomolecule-sensitive
hydrogels 2.270–2, 2.272

dendrimers, smart 1.105–8, 1.106,
1.107

drug design 1.236–7, 1.237
enzyme disregulation 1.233

glucose-sensitive
hydrogels 2.264–5, 2.265

gold nanoparticles 2.20–1
hydrogels 1.237–44, 1.239, 1.242
layer-by-layer assemblies 2.141–2,

2.143

mesoporous silica
nanoparticles 2.71, 2.79

micelles 1.244–8, 1.245
silica nanocontainers 1.248,

1.248–51, 1.249
EPD (electrophoretic

deposition) 2.56
epidermal growth factor (EGF)

carbon nanotubes 2.98
pH sensitive liposomes 1.89
receptor active targeting 1.191

epilepsy 2.57, 2.58
epirubicin 2.99
EPR effect. see enhanced permeability

and retention effect
equilibrium degree of swelling (EDS),

a-amino acid based
hydrogels 2.204, 2.206–11, 2.207,
2.208, 2.210, 2.214, 2.217, 2.218,
2.219, 2.221–2, 2.222

equilibrium polymerization, phase
transitions 1.12

ERMs. see enzyme-responsive
materials

erythrocytes, stress and strain
parameters 1.43

erythromycin 2.160
Escherichia coli 2.335, 2.337
ESD (endoscopic submucosal

dissection) 2.296–7, 2.299
estrogen anchored pH-sensitive

liposomes 1.86, 1.87
ethosuximide 2.57, 2.58
ethoxzolamide 2.238–40
ethyl- 3-(3-dimethyl-aminopropyl)

carbodiimide hydrochloride
(EDC) 1.290–1

ethylene-bisacrylamide (EBA) 2.200,
2.204, 2.205

ERMs. see enzyme-responsive
materials

ethylene glycol (EG) 2.236, 2.236,
2.265

ethylenediamine 1.122, 1.133–4
European Medicines Agency

(EMA) 1.122
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excipients. see also drug delivery
systems
active/passive 1.3
advanced 1.4–9, 1.5, 1.7, 1.8
evolution 1.1, 1.2

excretion. see elimination
explodable systems, layer-by-layer

assemblies 2.122, 2.129, 2.138
extended-release DDS 1.2, 2.122,

2.125, 2.126
external attachment of drugs, carbon

nanotubes 2.91, 2.96–100, 2.101
external stimuli-responsive

DDSs 1.96, 1.305, 2.2, 2.76, 2.154.
see also light-responsive DDS;
temperature-responsive DDS

extra-cellular matrix (ECM) 2.290–1,
2.294, 2.295, 2.297, 2.298, 2.303

extrusion procedures, liposomes 1.51

FA. see folate/folic acid
FDA. see Food and Drug

Administration
feedback-modulated DDSs 1.2, 1.3,

2.243, 2.244
fenestrations, tumor. see enhanced

permeability and retention effect
fiber paradigm, pulmonary

toxicology 2.107
fibrillation 1.194
fibrin 2.293
fibrinogen 1.189
field-effect transistor (FET)

gates 2.266
filomicelles, clearance 1.193
first generation

biomaterials 1.4
excipients 1.2

first order phase transitions 1.11–12
5-fluorouracil (5-FU) 1.96, 1.166
5-fluorouracilhexyl-carbamoyl

fluorouracil (HCFU) 2.166
flame treatment, polymer

grafting 2.322

flow dynamics, carbon nanotubes
(CNTs) 2.92

flower-like micelles 1.127, 1.130–1
fluorescein 2.75
fluorescein isothiocyanate

(FITC) 2.74
fluorescent resonance energy transfer

(FRET) mechanism 2.21
fluorination, carbon nanotubes 2.95
Fmoc-Phe-pTyr 1.243
folate/folic acid (FA) 1.160

binding protein 1.160
carbon nanotubes 2.96–7, 2.98
gold nanoparticles 2.3
mesoporous silica

nanoparticles 2.67–8
polyplexes 1.262
tumor cell receptors 1.191

Food and Drug Administration
(FDA) 1.197, 1.234
approved excipients 1.122
Office of Combination

Products 2.314–15, 2.315
force mapping, Atomic Force

Microscopy 1.187

fouling. see opsonisation
FR (a-folate receptors) 2.67
free-radical graft

polymerization 2.321, 2.323,
2.323–4

free radicles, ultrasound-
triggered 1.152, 1.153

freeze-drying
pH-sensitive liposomes 1.89
polymeric micelles 1.120

FRET (fluorescent resonance energy
transfer) 2.21

frustrated endocytosis 1.192, 2.105
fullerenes 2.101–2, 2.102, 2.102
functional monomers 2.230,

2.231, 2.238
biomolecule-sensitive 2.276
drug-loaded soft contact

lenses 2.235, 2.236
pH-responsive 2.251
stimuli-responsive imprinted

networks 2.245
temperature-responsive 2.245–6
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functionalization
carbon nanotubes 2.91–7, 2.91,

2.102–3, 2.103, 2.106
combination products 2.325–38,

2.326–32, 2.334–5, 2.337–8
plasma polymerization 2.339–41

fusogenic liposomes 1.82–3, 1.86
future perspectives

a-amino acid based
hydrogels 2.221–4, 2.222–3

combination products 2.341–2
imprinted hydrogels 2.254
mesoporous silica

nanoparticles 2.81–2
ultrasound-responsive

DDSs 1.169–70

gadolinium 1.196, 1.197, 2.73, 2.101
galactose 2.144
gamma ray polymer grafting 2.322,

2.323–4, 2.329, 2.329–38
gammainterferon-inducible lysosomal

thiol reductase (GILT) 1.209, 1.210
gas bubble cavitation 1.150–5, 1.152,

1.163, 1.168, 1.170. see also
microbubbles

gastrointestinal tract
doxorubicin toxicity 1.50
drug release in 1.239
enzyme-responsive

materials 1.236–7
pH responsive DDS 1.16, 1.102,

2.129, 2.154, 2.155
gate effects, imprinted

hydrogels 2.240, 2.242, 2.248,
2.248–9. see also capped pores

gel phases. see phase transitions
gene delivery (for gene therapy) 1.4.

see also RNA
cell/tissue delivery systems 2.300
elastin-like recombinamers 2.190,

2.192
gold nanoparticles 2.6, 2.8,

2.16–17, 2.18
layer-by-layer assemblies 2.124,

2.126, 2.135

magnetic nanoparticles 2.48–50,
2.50

mesoporous silica
nanoparticles 2.71–2

pH-sensitive liposomes 1.85,
1.89–90

phase transitions 1.11–12
polymeric micelles 1.135
polymersomes 1.200
polyplexes 1.256–8, 1.261–7,

1.263, 1.269–70, 1.273, 1.273–4
ultrasound-sensitive systems 1.154

gene silencing effect 2.13
genotoxicity. see also toxicology

carbon nanotubes 2.109, 2.110
definitions 2.104
new excipients 1.9

gentamicin 2.130
GFP (green fluorescent protein) 1.201
giant unilamellar vesicles

(GUVs) 1.35, 1.43, 1.44, 1.45. see
also low temperature sensitive
liposomes

GILT (gammainterferon- inducible
lysosomal thiol reductase) 1.209,
1.210

G-insulin (synthetic glycosylated
insulin) 2.291

glass transitions 1.13
glaucoma 2.203, 2.211, 2.236. see also

pilocarpine
glucose oxidase (GOD) 1.238

combination products 2.340

glucose-sensitive hydrogels 2.265,
2.265

insulin cell/tissue delivery
systems 2.291

glucose-responsive DDS. see also
insulin
biomolecule-sensitive

hydrogels 2.262, 2.264–70,
2.265, 2.267–9

combination products 2.339–40,
2.340

layer-by-layer assemblies 2.141
nanocarriers 1.20
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glutathione tripeptide (g-glutamyl-
cysteinyl-glycine) 1.209, 1.209. see
also redox-responsive drug release

glycerylphosphorylcholine 1.34–5,
1.35, 1.43, 1.46, 1.47

glycine-proline-(hydroxy)proline
(Gly-Pro-Pro (Hyp)) 1.99

glycolphosphatidylethanolamine
conjugates 1.161

glycosidases 1.19
GOD. see glucose oxidase
gold nanoparticles 2.1–7, 2.3, 2.4, 2.5,

2.7, 2.8, 2.23
carbon nanotubes 2.101–2
cytotoxicity 1.193
dendrimers, smart 1.108
enzyme-responsive 2.20–1
glutathione-responsive 2.10, 2.12
layer-by-layer

assemblies 2.119–20, 2.120,
2.137–8

light-responsive DDSs 1.23
mesoporous silica

nanoparticles 2.77
pH-responsive DDS 2.9, 2.9–10,

2.11

photo-active/photodynamic
2.10–14, 2.13, 2.15

photothermal therapy 1.100,
2.14–20, 2.16, 2.17, 2.18, 2.19

surface modification 2.39
synergistic effects 2.20, 2.20
temperature-responsive DDS 1.22
theranostics 2.21–3, 2.22, 2.23

Golgi apparatus 1.16
graft copolymers 1.313, 1.323
grafting-from/to 2.321. see also

polymer grafting
Graham, Thomas 1.237
green fluorescent protein

(GFP) 1.201
griseofulvin 1.123
growth factors

electric field responsive DDS 1.25
hepatocyte 2.298, 2.300
layer-by-layer assemblies 2.142–3

guar gum 2.165
GUVs. see giant unilamellar vesicles
gyrase subunit B (GyrB) 2.285

Halobacterium halobium 2.338
HB (hypocrellin B) 2.138
Hc (hysteresis coercivity) 2.37
HCC (hepatocellular

carcinoma) 1.65–8, 1.66, 1.258–9
HCFU (5-fluorouracilhexyl-

carbamoyl fluorouracil) 2.166
HDF. see human dermal fibroblast
HDPE (high-density

polyethylene) 2.220–1
HEAA (hydroxyethyl

acrylamide) 2.240
HEAT study, HepatoCellular

Carcinoma 1.67–8, 1.70, 1.70
heating, ultrasound 1.150. see also

temperature-responsive DDS
helix-to-random coil

transitions 1.11–12
HEMA. see

hydroxyethylmethacrylate
hemoglobin 2.276

Henderson–Hasselbalch
equation 2.206

heparin 2.125, 2.284, 2.284
hepatitis C virus (HCV) 1.116
hepatocarcinoma 1.104
hepatocellular carcinoma

(HCC) 1.65–8, 1.66, 1.258–9
hepatocyte growth factor

(HGF) 2.298, 2.300
hepatocytes

cell/tissue delivery systems 2.293
tissue-mimicking cell sheets 2.302,

2.302
HER2 complex (human epidermal

growth factor receptor) 1.160
hexadecyltrimethylammonium

bromide (CTAB) 2.6
hexamethylamine 2.102
hierarchical delivery systems,

layer-by-layer assemblies 2.122–3,
2.123
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high-affinity binding sites 2.232,
2.234, 2.235, 2.236. see also
imprinted hydrogels

high-density polyethylene
(HDPE) 2.220–1

high-energy radiation 2.187
high frequency ultrasound

(HIFU) 1.70, 1.70, 1.149–50
high-frequency magnetic field

(HFMF) 2.35, 2.43, 2.55, 2.56,
2.57. see also magnetic
nanoparticles

high-performance liquid
chromatography (HPLC) 1.258

high-resolution transmission electron
microscopy (HRTEM) 2.54, 2.55

histamine H1-receptor 2.238
histidine monomers 2.205, 2.208–9,

2.209, 2.218, 2.219, 2.219, 2.220
histidine-rich peptides 1.257, 1.262
HIV-1 encephalitis (HIVE-1) 1.125
HIV/AIDS 1.124–5, 1.234
HLB. see hydrophilic-lipophilic

balance
HNE (human neutrophil

elastase) 1.240
hollow capsules

reduction-sensitive
nanosystems 1.223–6, 1.225

layer-by-layer assemblies 2.118
hollow vesicles 2.194–5, 2.195
homeostasis, and DDSs 1.3
hormones, bodily release 2.153–4
horse spleen ferritin (HSF) 1.325
horseradish peroxidase (HRP) 1.201
HPC (hydroxypropylcellulose) 2.173
HPHDP (hyperbranched

polyphosphates) 1.214, 1.215
HPLC (high-performance liquid

chromatography) 1.258
HPMA (hydroxypropyl

methacrylamide) 1.158, 2.265
HRP (horseradish peroxidase) 1.201
HRTEM (high-resolution

transmission electron
microscopy) 2.54, 2.55

HSBA (hydrazinosulfonyl benzoic
acid) 1.103, 1.104

HSF (horse spleen ferritin) 1.325
human dermal fibroblast

(HDF) 1.200, 2.303, 2.304, 2.304,
2.306

human epidermal growth factor
receptor II (HER2) complex 1.160

human immunodeficiency virus. see
HIV/AIDS

human neutrophil elastase
(HNE) 1.240

human serum albumin (HSA)
2.41, 2.131

human umbilical vein endothelial cells
(HUVECs) 2.303

hydrazone 1.103, 1.104–5
hydrazinosulfonyl benzoic acid

(HSBA) 1.103, 1.104
hydrogel collapse transition 1.12
hydrogel-conducting polymer

composites 1.294–6
hydrogels 2.154, 2.173–4. see also

a-amino acid based hydrogels;
biomolecule-sensitive hydrogels;
microgels; nanogels
affinity-controlled

release 2.235–43, 2.236–9,
2.241–3

chemical 1.238–44, 1.239, 1.242
conformational

imprinting 1.14–15
dual responsive 2.154, 2.170–3
elastin-like recombinamers 2.184,

2.184–90, 2.186
enzyme-responsive

materials 1.237–44, 1.239, 1.242
pH-responsive 1.18, 2.154, 2.155,

2.155–61, 2.156, 2.159, 2.173–4
physical 1.238, 2.184, 2.184, 2.188
properties 2.200
temperature-responsive 2.154,

2.161, 2.161–9, 2.162, 2.163,
2.166, 2.169, 2.173–4

hydrogen bonds 1.12, 1.19
hydrolases 1.19
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hydrolysis
imprinted hydrogels 2.242–3
layer-by-layer assemblies 2.125–9,

2.127, 2.128
phase transitions 1.14

hydrophilic building blocks
1.132–3

hydrophilic particles 1.189
hydrophilic poly(N-

acryloylmorpholine)
(PAcMo) 2.304

hydrophilic/hydrophobic balance
a-amino acid based

hydrogels 2.210
light-sensitive micelles 1.309–20,

1.311, 1.314, 1.315, 1.317
switching 2.154
temperature-responsive

hydrogels 2.162, 2.163
hydrophilic-lipophilic balance (HLB),

polymeric micelles 1.118, 1.122,
1.127

hydrophobic colloids 1.189
hydrophobic effect 1.35, 1.180,

1.183
hydrophobic interactions 1.12
hydrophobic poly(N-butyl acrylate)-

co-polystyrene 1.246
hydroxyethyl acrylamide

(HEAA) 2.240
hydroxyethylmethacrylate

(HEMA) 2.236, 2.238, 2.240,
2.242-3, 2.291–3

hydroxyl radicals 2.187
hydroxypropylcellulose (HPC)

2.173
hydroxypropyl methacrylamide

(HMPA) 1.158, 2.265
hyperbranched

polyphosphates 1.214, 1.215
hyperthermia 2.174. see also

temperature-responsive DDS
dendrimers, smart 1.96
elastin-like

recombinamers 2.193–4
imprinted hydrogels 2.247

mesoporous silica
nanoparticles 2.73

temperature-responsive
nanogels 2.166

theory 2.33, 2.34–7, 2.35, 2.36
ultrasound triggered 1.165

hypocrellin B (HB) 2.138
hypo-/hyperexpression,

enzymes 1.232, 1.233
hypoxia, tumor cells 1.210
hysteresis coercivity (Hc) 2.37

IBAM (isobutylamide) group 1.98
ibuprofen

layer-by-layer assemblies 2.132
magnetic nanoparticles 2.42
upper critical solution

temperature 2.169
ICAM-1 (intra-cellular cell adhesion

molecule 1) 1.191
ICPs. see intrinsically conducting

polymers
IM (imprint molecules) 1.296
imaging compounds 2.41

imatinib mesylate 1.234
imidazole 2.242–3, 2.243
immune responses 1.9

autoimmune diseases 2.98
elastin-like recombinamers 2.190,

2.195
low temperature-sensitive

liposomes 1.37
to medical devices 2.316
opsonins 1.189

immunoglobulins 1.189, 2.272–3
immunomicelles 1.161
implantable electrodes 1.297, 1.298,

1.299, 1.300
implants, biomedical

biomaterials 1.5
intrinsically conducting

polymers 1.297, 1.298, 1.299,
1.300

layer-by-layer assemblies 2.142
opportunistic bacteria 2.316

imprint molecules (IM) 1.296
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imprinted hydrogels 2.228–9,
2.235–43, 2.236–9, 2.241–3
biomolecule-sensitive 1.21, 2.229,

2.276–9, 2.278, 2.279
light-responsive 2.251–4, 2.252,

2.253, 2.254, 2.254
molecular imprinting 2.229–35,

2.230, 2.232, 2.234
pH-responsive 2.249–51, 2.250
stimuli-responsive

networks 2.243–5, 2.244
temperature-responsive 2.245–9,

2.246–8
see also molecularly imprinted

polymers
in vitro performance-in-service,

mesoporous silica
nanoparticles 2.73

in vivo performance-in-service,
polymeric micelles 1.131–2, 1.132

indium tin oxide (ITO) 1.290, 2.134
indomethacin 1.126, 1.294
induced fit, molecularly imprinted

polymers 2.235
induced metastasis, ultrasound-

triggered 1.155
industrial revolution 1.2
inertial cavitation, ultrasound 1.152
infected tissues

gold nanoparticles 2.3
and implantable devices 2.316
layer-by-layer assemblies 2.130,

2.131

pH changes 1.83, 1.134
temperature-responsive DDS 2.154

inflamed tissues
carbon nanotubes 2.98
enzyme-responsive DDS 1.19
pH changes 1.16, 1.83, 1.134
responses to medical devices 2.316

infrared (IR) spectroscopy 1.286
infrared radiation 1.23
inhalation, carbon nanotubes 2.105,

2.107–8
inorganic mesoporous silica. see

mesoporous silica nanoparticles

inorganic shells 2.39, 2.40
insulin 1.238. see also glucose-

responsive DDS
cell/tissue delivery

systems 2.290–3, 2.292
combination products 2.339–40,

2.340

competitive binding 2.229
electric field responsive DDS 1.24
layer-by-layer assemblies 2.141
pH responsive microgels 2.156
synthetic glycosylated 2.291

integrins 1.191
intelligent DDS. see stimuli-

responsive DDSs
interdisciplinary research

biomaterials 1.6
excipients 1.4

internal stimuli-responsive DDSs.
see self-regulated DDS

interpenetrating polymer networks
(IPNs) 1.157, 2.330
biomolecule-sensitive

hydrogels 2.271, 2.272, 2.274,
2.275, 2.276

dual-responsive hydrogels 2.173
imprinted hydrogels 2.246
polymer grafting 2.331, 2.333
temperature-responsive

hydrogels 2.165
intra-cellular cell adhesion molecule 1

(ICAM-1) 1.191
intra-ocular lens implantation 2.316
intravascular release

doxorubicin 1.62, 1.62–4, 1.63
hypothesis 1.72–3

intrinsically conducting polymers
(ICPs) 1.283–5, 1.290, 1.290–9,
1.300. see also polypyrrole
biocompatibility 1.287–8
biological applications 1.299–300
characterization 1.286–7, 1.288
conducting polymer

nanotubes 1.297–9
controlled drug release

mechanisms 1.288–9
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DDS 1.290, 1.290–9, 1.291, 1.293,
1.295, 1.298

electric field-responsive DDS 1.25
properties 1.285–6

inverse temperature transition
(ITT) 2.182

inverted hexagonal phase, pH
sensitive liposomes 1.86

inverted micelles 1.36
ionic interactions, cross-linkage 2.188
ion-responsive DDSs 1.16–18, 1.17

a-amino acid-based
hydrogels 2.202, 2.204–9, 2.207,
2.208, 2.209, 2.210

IPNs. see interpenetrating polymer
networks

iron oxide nanoparticles
(IONP) 1.108. see also magnetic
nanoparticles

iron-free apoferritin (HSAF) 1.325,
1.325

irradiation, polymer grafting 2.322,
2.323, 2.324, 2.329–38, 2.338

ischemia, pH changes 1.134
isobutylamide (IBAM) group 1.98
isoprene 1.157
isothermal titration calorimetry

(ITC) 2.330
isotherms, Langmuir type 1.168
isotropic (random) phase liquid

crystals 1.13
ITT (inverse temperature

transition) 2.182

jellyfish aggregate,
polymersomes 1.181, 1.184

Jurkat cells 2.98

KALA polyplexes 1.268
ketoprofen 2.100
ketotifen 2.238
kinases/kinase inhibitors 1.19, 1.234,

1.243, 1.247
knob elastin-like

recombinamers 2.193
Kupffer cells 1.37

L-phenylalanine (LIM) 2.208,
2.242, 2.242

L-pyroglutamic acid (Pga) 2.247
L-valine. see valine
laser light irradiation 1.306–7
layer-by-layer (LbL) assemblies 2.117

biological interfaces 2.142–4
biological stimuli 2.141–2, 2.143
constituents/architectures

2.119–23, 2.120–3
diffusion-controlled DDS 2.124–5
drug incorporation

strategies 2.123–4
electrochemical/redox-responsive

DDS 2.134–5, 2.135
hydrolytic degradation 2.125–9,

2.127, 2.128
light-triggered DDS 2.137–9,

2.139

magnetic field triggered
DDS 2.139–40, 2.140

pH-triggered DDS 2.129–32,
2.130, 2.131, 2.132

salt-triggered DDS 2.132, 2.132,
2.133, 2.133–4

substrates/templates 2.117–18,
2.119

temperature-responsive
DDS 2.136–7, 2.136–7

ultrasound-responsive
DDSs 2.140–1

LCST. see lower critical temperature
of dissolution

LDPE (low density polyethylene)
2.336, 2.337, 2.337

leakiness, tumor cell blood
vessels 1.37–8, 1.38. see also
enhanced permeability and
retention effect

lectins
biochemical-responsive DDS 1.20
competitive binding 2.229
concanavalin A 2.268–70, 2.269,

2.277, 2.280, 2.281
glucose-sensitive

hydrogels 2.266–70
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leukocytes, stress and strain
parameters 1.43

ligand-anchored pH-sensitive
liposomes 1.86, 1.87

ligand-driven active targeting 1.3
ligand exchange method 2.39, 2.39
light-responsive DDS 1.22, 1.23–4.

see also near-infrared;
photodynamic therapy; ultraviolet
light-responsive DDS
dendrimers, smart 1.100–2, 1.101
gold nanoparticles 2.10–14, 2.13
imprinted hydrogels 2.251–4,

2.252, 2.253, 2.254
layer-by-layer assemblies 2.137–9,

2.139

mesoporous silica nanoparticles
2.70, 2.77–8

polymer grafting 2.338
polymeric micelles 1.304–5,

1.308–20, 1.309, 1.311, 1.312,
1.314–19

polymeric nano-/microparticles
1.327–37, 1.328–30, 1.332, 1.333,
1.335–7, 1.338

polymeric vesicles 1.320–7, 1.321,
1.324–6

polyplexes 1.273, 1.273–4
release mechanisms 1.307–8

LIM (L-phenylalanine) 2.208, 2.242,
2.242

lipases, enzyme-responsive DDS 1.19
lipid bilayers

encapsulating membrane 1.43–7,
1.44

light-sensitivepolymericvesicles 1.322
low temperature-sensitive

liposome 1.41

lipids as smart materials 1.33–6, 1.35
nanoparticles 1.188. see also

liposomes; micelles
lipofectamine 1.200, 1.201
liposomes. see also low temperature

sensitive liposomes
comparison with

polymersomes 1.190

cytotoxicity 1.193
elastic modulus 1.46, 1.46
elastin-like recombinamers 2.194
enzyme-responsive DDS 1.19
layer-by-layer assemblies 2.119,

2.120–1
self-assembly 1.94
thermo-sensitive 2.46, 2.47

liquid crystals, phase transitions
1.13

liquid electron microscopy 1.186
liquid–liquid phase transitions 1.13
lithium a-amino acid based

hydrogels 2.222–4, 2.223
living radical polymerization

(LRP) 2.296
local drug release systems, cell sheet

engineering 2.298–301. see also
targeted drug delivery

localized surface plasmon resonance
(LSPR) 2.20

logic gates, AND 2.80
low density polyethylene

(LDPE) 2.336, 2.337, 2.337
low temperature-sensitive liposomes

(LTSL) 1.33–6, 1.35, 1.72–4
future perspectives 1.69–74
production 1.51–2, 1.52
reverse engineering 1.36–51,

1.38–41, 1.44–6, 1.48, 1.49
in vitro performance-in-

service 1.53–60, 1.54
in vivo performance-in-service

1.60–9, 1.62–3, 1.66, 1.68
lower critical temperature of

dissolution (LCST)
a-amino acid based hydrogels

2.199, 2.204, 2.210
biomolecule-sensitive

hydrogels 2.262–3, 2.263,
2.275, 2.277

combination products 2.325–6
core-cross-linked micelles 1.216
dendrimers, smart 1.96–7,

1.98, 1.99
dual-responsive hydrogels 2.173
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elastin-like recombinamers 2.181,
2.187

glucose-sensitive hydrogels 2.266,
2.267

gold nanoparticles 2.17
layer-by-layer assemblies 2.137
light-sensitive polymeric

micelles 1.313, 1.320
light-sensitive polymeric

vesicles 1.321

magnetic nanoparticles 2.44, 2.45,
2.46

mesoporous silica
nanoparticles 2.69, 2.70

micro-patterned surfaces 2.302
phototriggered micelles/

nanoparticles 1.338
PNIPAAm/PMAA films 2.136
polymer grafting 2.331, 2.336
polymeric micelles 1.121, 1.126,

1.129
polyplexes 1.269, 1.270, 1.271
reduction-sensitive

nanosystems 1.219, 1.220
switchable micelles 1.247
temperature-responsive

hydrogels 2.161, 2.161–3,
2.162–7

temperature-sensitive
polymers 1.21–2

low-frequency ultrasound 1.149–50
low-permeability barrier layers 2.125
L-phenylalanine (LIM) 2.208, 2.242,

2.242
L-pyroglutamic acid (Pga) 2.172,

2.247
LRP (living radical

polymerization) 2.296
LSPR (localized surface plasmon

resonance) 2.20
LTSL. see low temperature-sensitive

liposomes
luciferase 1.259, 1.261, 1.265,

1.267–8, 1.271
lung cancer 1.158
lung toxicology, fiber paradigm 2.107

L-valine. see valine
lysine residues 1.135, 1.262, 1.264
lysosomes 1.16, 2.100
lysosomotropic micelles 1.18

MAA. see methacrylic acid
macroradicals 2.187
macular degeneration 1.100
Mag-Dye@MSNs 2.74
magnetic nanoparticles

(MNPs) 2.32–4, 2.33, 2.48,
2.59–60
amphiphilic/organic 2.41–4, 2.42,

2.43

composite membranes 2.56–9,
2.57, 2.58, 2.59

hyperthermia theory 2.33, 2.34–7,
2.35, 2.36

mesoporous silica 2.51–4, 2.52,
2.53, 2.72–5

nanoshells 2.50–6, 2.51, 2.52, 2.53,
2.55, 2.56

surface modification 2.38, 2.38–40,
2.39

synthesis 2.37–8
temperature-responsive DDS 2.44,

2.44–50, 2.45–7
magnetic resonance imaging

(MRI) 2.33
carbon nanotubes 2.101
dendrimers 1.108
imaging compounds 1.196
mesoporous silica

nanoparticles 2.66, 2.73–4
pH-sensitive liposomes 1.90
polymersome imaging

compounds 1.196, 1.197
rat fibrosarcoma model 1.60–1

magnetic-responsive DDSs 1.22, 1.24
a-amino acid based

hydrogels 2.222
layer-by-layer

assemblies 2.139–40, 2.140
polymersomes 1.200

main chain degradation,
light-sensitive micelles 1.318
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malaria 1.233

maleic acid residues 1.135
manganese prophyrins 1.71
materials matrix, low temperature

sensitive liposome 1.40

materials science 1.4, 1.5
combination products 2.317

matrix metalloproteinases
(MMPs) 1.239, 1.241, 2.21
biomolecule-sensitive

hydrogels 2.283–4
dendrimers, smart 1.108

matrix type intrinsically conducting
polymers 1.296–7

maximum permissible exposures
(MPE) to laser light
irradiation 1.306–7

MBA (methylene-bisacrylamide)
2.200, 2.204, 2.205

MBAA biomolecule-sensitive
hydrogels 2.274, 2.275

MCM-41 mesoporous silica
2.48, 2.49

MDR. see multi-drug resistance
ME (mercaptoethanol) 2.78
mechanical cavitation,

ultrasound 1.150–5, 1.152, 1.163,
1.168, 1.170. see also microbubbles

mechanical index (MI),
ultrasound 1.153, 1.155

medicated contact lenses,
soft 2.235–40, 2.236, 2.237, 2.239

melanoma 1.158, 2.214, 2.215, 2.216,
2.216

melphalan dendrimers, smart 1.106
membrane elastic modulus

liposomes 1.46, 1.46
membranes

bilayers. see lipid bilayers
biocompatible 2.292, 2.292–3
composite drug-delivery 2.56–9,

2.57–9
phase transitions 1.14

memorization
imprinted hydrogels 2.243–4
responsive polymers 1.14–15

MEMS (microelectromechanical
systems) 1.299

mercaptoethanol (ME) 2.78
mesoporous silica nanoparticles

(MSNPs) 1.223, 1.290, 2.63–6
biocompatibility 2.80–1
future perspectives 2.81–2
layer-by-layer assemblies 2.119
magnetic 2.42, 2.43, 2.46–8, 2.48,

2.49, 2.51–4, 2.52, 2.53, 2.72–5
multifunctionality 2.66, 2.67, 2.74
polymeric coatings 2.68–72
stimuli-responsive DDSs 2.75–80,

2.76

targeting agents 2.66–8
mesothelioma 2.108
metal-based drugs 2.200. see also

carboplatin; cisplatin; oxaliplatin
metal combination products 2.317
metal-enhanced fluorescence

(MEF) 2.132

metallic stents 1.296–7
metastases

a-amino acid based hydrogels
2.200

enzyme-responsive DDS 1.240
ultrasound-triggered 1.155

methacrylic acid (MAA) 2.157
a-amino acid-based

hydrogels 2.208, 2.208
drug-loaded soft contact

lenses 2.236
glucose-sensitive hydrogels 2.265
imprinted hydrogels 2.236, 2.240,

2.248
monomers 2.203
pH-responsive hydrogels 2.250,

2.251
pH-responsive microgels 2.156,

2.158
pH-responsive nanogels 2.159–60
polymer grafting 2.329
temperature-responsive

hydrogels 2.165, 2.245–6, 2.246
methacryloylethyl

p-aminobenzoate 2.242–3
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methacryloyloxy ethyl
phosphorylcholine (MPC) 2.271

methicillin 1.123–4
methicillin-resistant Staphylococcus

aureus. see MRSA
methotrexate (MTX) 1.218

carbon nanotubes 2.98
dendrimers, smart 1.96, 1.102, 1.107
gold nanoparticles 2.3, 2.4
light responsive hydrogels 2.252

mesoporous silica
nanoparticles 2.68

polymeric micelles 1.135
methoxy poly(ethylene glycol)

(MPEG) 1.160, 1.247–8
methyl methacrylate 1.319, 1.320
methyl tetrazolium test (MTT) 2.160
methylene-bisacrylamide 2.200,

2.204, 2.205
methylmethacrylate (MMA) 2.251–4
metoprolol tartarate 2.156
MI (mechanical index),

ultrasound 1.153, 1.155
micelles 1.181

amphilic 1.308–17, 1.309, 1.315–16,
1.319, 1.320–7, 2.41–4, 2.42, 2.43

biochemical-responsive DDS 1.20
comparison with

liposomes 1.169–70
delivery mechanisms 1.167–9
dendrimers, smart 1.107, 1.107
elastin-like recombinamers 2.193,

2.194–5
enzyme-responsive DDS 1.19,

1.244–8, 1.245
formation 1.183
gene delivery 1.18
layer-by-layer assemblies 2.120
low temperature sensitive

liposomes 1.36
phase transitions 1.14
polymeric. see polymeric micelles
self-assembly 1.94, 1.181
temperature-responsive DDS 1.22
ultrasound-responsive

DDSs 1.155–9

Michael-type addition reaction 2.283
miconazole 2.319
micro jets 1.154
microbial colonies (biofilms) 2.316,

2.341
microbubbles. see also gas bubble

cavitation
layer-by-layer assemblies 2.118
polymersome imaging

compounds 1.197
microcapsules. see capsules
microchips

intrinsically conducting
polymers 1.292

magnetic nanoparticles 2.57, 2.58
microcontact printing 2.302
microelectromechanical systems

(MEMS) 1.299
microencapsulation, cell/tissue

delivery systems 2.290–1, 2.292,
2.292–3

micro-fabricated thermo-responsive
surfaces 2.301–7, 2.302, 2.304,
2.305, 2.306

microgels
definitions 2.154
pH-responsive 2.156–8
temperature-responsive 2.163–5

microgrooved polydimethylsiloxane
(PDMS) 2.303

microneedles 1.293, 1.293–4
microorganism-triggered DDS

enzyme-responsive 1.19
pH responsive 1.16

microparticles, polymer. see polymer
nano-/microparticles

micro-patterned surfaces, cell sheet
engineering 2.302, 2.302, 2.304,
2.305

micropipet manipulation 1.43, 1.44,
1.47

micropumps 1.292–3
MIPs. see molecularly imprinted

polymers
mitochondria 2.100
mitomycin C 2.99
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MMA (methylmethacrylate) 2.251–4
MMPs. see metalloproteinases
MNPs. see magnetic nanoparticles
model predictive control (MPC),

ultrasound-responsive DDSs 1.164
models, carbon nanotubes 2.106–7
Modified Robbins Device

(MRD) 2.332
modified Stõber method 2.65
molar solubilization ratio

(MSR) 1.117
molecular weight, elastin-like

recombinamers 2.187
molecularly imprinted polymers

(MIPs) 2.229–35, 2.230, 2.232,
2.234

biochemical-responsive 1.21,
2.229, 2.276–9, 2.278, 2.279

covalent bonds 2.230
responsive polymers 1.14–15
see also imprinted hydrogels

monoclonal antibodies 1.88, 1.161,
2.97

mononuclear phagocyte system
(MPS) 1.156, 1.189

monooleoylphosphatidylcholine
(MOPC) 1.48

monostearoylphosphatidylcholine
(MSPC) 1.41, 1.41–2, 1.54–6
low temperature-sensitive

liposome 1.53, 1.54, 1.55
in vitro performance-in-service

1.57, 1.57, 1.58, 1.59
mortars, evolution 1.2
MPC. see model predictive control
MPC (methacryloyloxy ethyl

phosphorylcholine) 2.271
MPE. see maximum permissible

exposures
MPEG (methoxy poly(ethylene

glycol)) 1.160, 1.247–8
MPS (mononuclear phagocyte

system) 1.156, 1.189
MRI. see magnetic resonance imaging
MSNPs. see mesoporous silica

nanoparticles

MRSA (methicillin-resistant
Staphylococcus aureus)
combination products, drug/

medical devices 2.329
polymer grafting 2.331–2

MSPC. see
monostearoylphosphatidylcholine

MSR (molar solubilization ratio) 1.117
MTT (methyl tetrazolium test) 2.160
MTX. see methotrexate
mucosal epithelial cell sheets 2.297,

2.299

multi-drug release system,
supramolecular hydrogels 1.241

multi-drug resistance (MDR) 1.82,
1.89, 2.1
carbon nanotubes 2.97
dendrimers, smart 1.101
drug–polymer conjugates 1.159
mesoporous silica

nanoparticles 2.72
polymeric micelles 1.116
polymersomes 1.199
reduction-sensitive

nanosystems 1.212, 1.227
tumours 1.9

multifunctionality
carbon nanotubes 2.91, 2.91, 2.93,

2.94, 2.99, 2.101
mesoporous silica

nanoparticles 2.66, 2.67, 2.74
multilayered cardiomyocyte

sheets 2.303
multiple stimuli responsive polymer-

based hydrogels. see a-amino acid
based hydrogels

multi-walled carbon
nanotubes (MWCNTs) 2.90, 2.92
encapsulation properties 2.101
environmental impacts 2.104,

2.110
external attachment of drugs

2.96–7, 2.99–100
toxicity 2.104, 2.106, 2.107, 2.108

myoblast sheets 2.297, 2.300, 2.300,
2.301
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myocardial infarction 2.298, 2.300,
2.303

Myocet 1.34

NADPH (nicotinamide adenine
dinucleotide phosphate) 1.201,
1.210, 1.239

NaAlg (sodium alginate) 2.158. see
also alginates

nalidixic acid 2.333–7, 2.335, 2.337
N-alkyl acrylamide

homopolymers 2.199
nanocaps/gates 2.74–5, 2.77, 2.79–80.

see also capped pores
nanocapsules 1.34, 2.41, 2.118
nanocarriers, glucose-responsive 1.20
nanocontainers

carbon 2.100–3, 2.102
silica 1.248, 1.248–51, 1.249. see

also mesoporous silica
nanoparticles

nanogels
definitions 2.154
magnetic nanoparticles 2.58, 2.59,

2.59

pH-responsive 2.158–61
phototriggered 1.331–4, 1.332,

1.333

reduction-sensitive 1.226,
1.226–7

temperature-responsive DDS 1.22,
2.166–7

tumor-targeted delivery 1.18
nanoparticles 1.188. see also

dendrimers; gold nanoparticles;
liposomes; mesoporous silica
nanoparticles; micelles; polymer
nanoparticles; polymersomes
biomolecule-sensitive

hydrogels 2.279–81
cellular internalisation

mechanism 1.191–2
elastin-like recombinamers

2.190–5, 2.191, 2.194, 2.195
low temperature sensitive

liposomes 1.62

organic 2.41–4, 2.42, 2.43
reduction-sensitive

nanosystems 1.221–3, 1.222
nanopores 1.59–60
nanoreactors 1.201
nanoshells, magnetic nanoparticles

2.50–6, 2.51, 2.52, 2.53, 2.55, 2.56
nano-straws, carbon nanotubes

2.101
nanostructured conducting

polymers 1.297–9
nanotechnology 1.3, 1.188, 1.195
nanothermometers 2.101
nanowire arrays 1.299
naproxen 1.126
nature-designed materials 1.5
NaYF4 1.316, 1.316–17
NBA (nitrobenzyl methacrylate)

2.326
Néel relaxation 2.36
near infrared fluorophores

(NIRF) 1.196–7
near-infrared radiation (NIR) 1.23,

1.305–7
carbon nanotubes 2.92
gold nanoparticles 2.14
layer-by-layer assemblies 2.138
micelles/nanoparticles 1.338
nanogels 1.331
polymeric micelles 1.315, 1.316
solid polymeric

nanoparticles 1.335
nematic (parallel alignment) phase,

liquid crystals 1.13
neural growth factor (NGF) 1.290,

1.290

neurotrophins 1.25, 1.297
new excipients 1.7–8, 1.8
nicotinamide adenine dinucleotide

phosphate (NADPH) 1.201, 1.210,
1.239

N-hydroxysuccinimide
(NHS) 1.290–1

NIR. see near-infrared radiation
NIRF (near infrared fluorophores)

1.196–7
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N-isopropylacrylamide
(NIPAAm) 1.216
a-amino acid based

hydrogels 2.204, 2.205, 2.206,
2.220, 2.221, 2.222

biomolecule-sensitive hydrogels
2.271, 2.274, 2.277, 2.281

cell sheet engineering 2.296, 2.297
dendrimers, smart 1.97, 1.98
dual-responsive hydrogels 2.170,

2.172
glucose-sensitive hydrogels 2.266
plasma polymerization 2.339
polymer grafting 2.327, 2.330,

2.334, 2.335
temperature-responsive

hydrogels 2.163–5, 2.166,
2.245–6, 2.246

temperature-responsive
nanogels 2.167

N-isopropylmethacrylamide
(NIPMAM) 2.58

nitrobenzyl methacrylate (NBA)
2.326

nitroxide-mediated (NMRP) radical
polymerization 2.321, 2.323

N-methylated poloxamines 1.124,
1.125

Nobel Prize in Chemistry
(2000) 1.283

non-covalent functionalization
carbon nanotubes 2.91, 2.95–6
molecularly imprinted

polymers 2.230, 2.232
noradrenalin 2.278

norfloxacin
imprinted hydrogels 2.237–8,

2.238, 2.239
polymer grafting 2.335

nosocomial infections 2.316
NNDEA (poly(N,N-

diethylacrylamide) 1.157
N-succinyl-DOPE 1.81
nucleic acids (NAs). see gene delivery
nucleophilic addition, carbon

nanotubes 2.95

nucleopores poly(carbonate)
membrane 2.292

N-vinylcaprolactam 2.167
N-vinylimidazole (NVIm) 2.242–3,

2.243

N-vinylpyrrolidone (NVP) 2.240,
2.266

octopus structures,
polymersomes 1.184

oil-in-water emulsions 2.118
oligodeoxynucleotides

(ODNs) 1.258, 1.258
oligo(ethylene glycol) (OEG) 1.226,

1.246, 1.98, 1.99, 1.107
oligonucleotides 1.84, 1.220, 1.296, 2.6
1D crystallization phase

transitions 1.12
o-nitrobenzyl (ONB) 1.310, 1.315,

1.317, 1.318, 1.320, 1.325, 1.332
ophthalmic drug delivery 2.235–40,

2.236, 2.237, 2.239
opportunistic bacteria 2.316. see also

infected tissues
opsonisation 1.37, 1.189, 2.109
optical imaging, polymersome

compounds 1.196, 1.196–7
Optison 1.197
OR logic triggers 1.107
oral administration

enzyme-responsive materials
1.236–7

pH-responsive hydrogels 2.155
oral mucosal epithelial cell

sheets 2.297, 2.299
organelles, artificial 1.201
organic nanoparticles 2.41–4, 2.42,

2.43

organic polymers, phase
transitions 1.14

organic solvents 1.218, 2.171
anticancer drugs 1.198
elastin-like recombinamers 2.188
layer-by-layer assemblies 2.121–2

organic-inorganic hybrids,
combination products 2.317–18
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orientation, cell sheet
engineering 2.303–7, 2.305, 2.306

osteolysis, enzyme-responsive
DDS 1.240

osteoporosis 1.233

ovalbumin (OVA) protein 1.224
ovarian cancer

carbon nanotubes 2.98–9
reduction-sensitive

nanosystems 1.216, 1.217
ultrasound triggered DDS 1.164,

1.158–9, 1.160
oxaliplatin

carbon nanotubes 2.97–8, 2.99
dual responsive hydrogels 2.173
polymeric micelles 1.136

oxidation/oxidative stress. see also
reactive oxygen species
biochemical-responsive DDS 1.20
carbon nanotubes 2.94, 2.108
phase transitions 1.14
photosensitization-induced

oxidation 1.307
polypyrrole 1.284, 1.284–5

oxidative photodynamic
therapy 1.100

oxidoreductases 1.20

PAA. see polyacrylic acid
PAAm. see polyacrylamide
packing factor theory 1.180, 1.181,

1.184
paclitaxel (taxol) 2.98–9

dendrimers, smart 1.96, 1.105
electric field responsive DDS 1.25
layer-by-layer assemblies 2.118
pH responsive nanogels 2.160
polymeric micelles 1.128 drug,

1.135, 1.136
polymersomes 1.198–9, 1.200
reduction-sensitive

nanosystems 1.216
supramolecular hydrogels 1.242

PAcMo (poly(N-
acryloylmorpholine) 2.305

PAGs (photo-acid generators) 1.330

PAH (poly(alylamine hydrochloride)
2.120, 2.138, 2.141–2

palmitoyloleoylphosphatidylcholine
(POPC) 1.55, 1.55–6

PAMAM (polyamidoamine)
dendrimers 1.94, 1.95, 1.98, 1.101,
1.102, 1.103–4, 1.257

p-aminobenzoate (PAP) 2.242–3
pancreatic cancer 2.67
pancreatic islets, microencapsulated

2.290–1, 2.292, 2.292–3
pancreatin 1.250
PANI (polyanaline) 1.25, 1.294
paracetamol 2.251, 2.252, 2.254
parenteral drug applications 1.6,

1.117, 1.122
Parkinson’s disease 2.293
PARP (poly(ADP-ribose)

polymerase) 2.216, 2.217
particle size. see size factors
Passerini condensation 2.186
passive excipients 1.3
passive targeting. see enhanced

permeability and retention effect
patterning, tissue-mimicking cell

sheets 2.301–3, 2.302,
2.304, 2.305

PAZO (poly(1-4[4-3(3carboxy-4-
hydroxyphenyl-azo)benzene-
sulfonamido]- 1,2-ethanediyl)
1.329–30

PBA (phenylboronic acid) 2.266,
2.267, 2.268

PBD (poly-butadiene) 1.184, 1.200
PBH (peptide-based hydrogels)

1.242–3
PBLG-HYA (poly(g-benzyl

l-glutamate)-hyaluronan)
1.199–200

PBMA (poly(n-butyl
methacrylate) 2.302, 2.302

PBO (poly(butylene oxide) 1.126–7
PCI (photochemical

internalization) 1.100–1, 1.101
PCL (poly(caprolactone) 1.120,

1.160, 1.212, 1.128, 1.318, 2.6
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PCL-SS-PEEP (poly(ethyl ethylene
phosphate) 1.212

PDADMAC
(poly(diallyldimethylammonium
chloride) 2.124

PDEAEMA (poly(2-(diethylamino)-
ethyl methacrylate) 1.225, 2.70,
2.155, 2.155, 2.195

PDMA (poly(N,N-
dimethylacrylamyde) 2.326

PDMAEMA (poly(dimethyl amino
ethyl methacrylate) 1.257, 1.320,
2.155, 2.155, 2.156, 1.257, 1.320

PDMS (polydimethylsiloxane)
2.303, 2.319

PDT. see photodynamic therapy
PE (phosphatidylethanolamine) 1.83,

1.84, 1.86
PEDOT (poly(3,4-

ethylenedioxythiophene) 1.25,
1.284, 1.299

PEGylation (polyethylene glycol)
1.3, 1.9
accelerated blood clearance

phenomenon 1.9, 1.84
a-amino acid based

hydrogels 2.200, 2.221
biochemical-responsive DDS 1.20
biomolecule-sensitive

hydrogels 2.262, 2.271–2,
2.283, 2.280, 2.281, 2.283–4

dendrimers 1.97
elastin-like recombinamers 2.187
enzyme-responsive materials

1.235
gold nanoparticles 2.4, 2.4
hydrogels 1.239, 1.240
hydrophilic particles 1.189
imprinted hydrogels 2.238
layer-by-layer assemblies 2.128
light-sensitive polymeric

micelles 1.313, 1.314
light-sensitive polymeric

vesicles 1.325
low temperature-sensitive

liposomes 1.62

magnetic nanoparticles 2.41,
2.44–5, 2.45, 2.56, 2.57

mesoporous silica
nanoparticles 2.68, 2.81

micelles 1.134–5, 1.158
multi-walled carbon

nanotubules 2.97
pH-responsive microgels 2.156,

2.157
pH-sensitive liposomes 1.183,

1.184, 1.185
polyelectrolyte complexes 1.258,

1.267
polyester block

copolymers 1.127–8
polymeric micelles 1.118, 1.121,

1.121–7, 1.125, 1.129
polymersomes 1.189–90, 1.193,

1.197, 1.198
poloxamines 1.119
reduction-sensitive

nanosystems 1.210, 1.212,
1.214, 1.216, 1.219–20, 1.220

switchable micelles 1.247
temperature-responsive

nanogels 2.166
ultrasound-triggered release 1.156,

1.157, 1.159
see also stealth properties

PEI (poly(ethylene imine) 1.257,
1.261, 1.265, 1.266, 2.70, 2.71,
2.75–6, 2.118

PEMs. see polyelectrolyte multilayers
pendant glucose (poly(2-

glucosyloxyethyl methacrylate),
(PGEMA) 2.268–70, 2.269, 2.280,
2.281, 2.281

PEO (poly(ethylene oxide). see
PEGylation

peptide-based hydrogels
(PBH) 1.242–3

peptides, therapeutic
elastin-like recombinamers

2.189–90
pH-sensitive liposome

delivery 1.85, 1.90
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perfluoropentane 1.170
peristaltic pumps 1.292–3
permeability changes, DDSs 1.40,

1.47–9, 1.48, 2.228
PET (polyethylene terephthalate)

2.56, 2.57
PGA (poly(l-glutamic acid) 2.172,

2.247
P-glycoprotein 1.9, 1.199, 2.71–2
PGMA-PHPMA (poly(glycerol

monomethacrylate)–poly(2-
hydroxypropyl
methacrylate) 1.184

PGO (poly(phenyl glycidyl ether)
1.126–7

pH-responsive DDS 1.2, 1.16–18,
1.17

a-amino acid based
hydrogels 2.202, 2.204–9,
2.207–10, 2.210, 2.213, 2.214,
2.222

biomolecule-sensitive
hydrogels 2.261–2, 2.263, 2.270

carbon nanotubes 2.103
dendrimers, smart 1.102–5, 1.103
dual-responsive hydrogels 2.170–3
elastin-like recombinamers 2.193,

2.194

electric field-responsive DDS 1.24
glucose-sensitive hydrogels 2.265,

2.265
gold nanoparticles 2.9, 2.9–10,

2.11

hydrogels 2.154, 2.155, 2.155–61,
2.156, 2.159

hydrolytically-induced drug
release 2.243

imprinted hydrogels 2.249–51,
2.250

insulin cell/tissue delivery
systems 2.291

layer-by-layer
assemblies 2.129–32, 2.130,
2.131, 2.132

low temperature-sensitive
liposomes 1.38

mesoporous silica
nanoparticles 2.70, 2.75–7

micelles, polymeric 1.122, 1.133–5
poly(butadiene)–poly(methacrylic

acid) 1.184
polymer grafting 2.331

polymersomes 1.200
polyplexes 1.257, 1.258–60,

1.258–61, 1.274, 1.275
ultrasound triggered 1.164

pH-sensitive liposomes 1.80–6,
1.90–1
cancer therapy applications 1.83

passive accumulation in tumor
cells 1.82

therapeutic applications 1.87–90
uptake/intra-cellular delivery 1.84,

1.86–7, 1.87
phagocytosis 1.191, 1.192
pharmaceutical companies 1.115
phase transitions. see also lower

critical temperature of dissolution;
upper critical temperature of
dissolution
a-amino acid based

hydrogels 2.204, 2.206–11, 2.207,
2.208, 2.210, 2.214, 2.217–19,
2.218, 2.221–2, 2.222 209

biomolecule-sensitive
hydrogels 2.262–4, 2.263, 2.264,
2.274, 2.276, 2.278

dendrimers, smart 1.96–7
dual-responsive hydrogels 2.171
enzyme-responsive

hydrogels 1.240–1
glucose-sensitive hydrogels 2.269

imprinted hydrogels 2.233,
2.235, 2.236, 2.242–7,
2.247, 2.248

interpenetrating networks 2.173
polymeric micelles 1.121
polymersomes 1.183
stimuli-responsive networks

1.11–14, 1.15, 2.245
temperature-responsive

hydrogels 2.161, 2.181
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PHEA-g-MA (a,b-poly(hydroxyethyl
aspartamide-g-maleic anhydride)
2.157–8

PHEMA (poly(AA-co-AM-co-NVP-
co-HEMA-co-PEG200DMA)
2.238, 2.239, 2.240

phenylalanine 2.208, 2.242, 2.242
phenylboronic acid (PBA) 2.266,

2.267, 2.268
PHMA (poly(hydroxyethyl

methacrylate) 1.190, 1.238
phosphatases 1.19, 1.243, 1.246–8
phosphatidylethanolamine (PE) 1.83,

1.84, 1.86
phosphorylation 1.242
photo-acid generators (PAGs) 1.330
photo-active gold

nanoparticles 2.10–14, 2.13.
see also light-responsive DDS

photochemical internalization
(PCI) 1.100–1, 1.101

photocross-linking, polymeric
capsules 1.307, 1.328–9, 1.329

photodegradable moieties 1.101–2
photodynamic therapy (PDT)

dendrimers, smart 1.100, 1.101
gold nanoparticles 2.13, 2.14, 2.15
oxidative 1.100. see also reactive

oxygen species
polymeric micelles 1.135

photo-excitation 1.307–8
photo-isomerization 1.307, 1.310, 1.312
photolithography technique 2.304,

2.305

photoluminescence 2.92
photo responsive DDS. see light

responsive DDS
photosensitization 1.100–2, 1.307, 2.14
photothermal therapy (PTT) 1.100

carbon nanotubes 2.92
gold nanoparticles 2.14–20, 2.16,

2.17, 2.18, 2.19
layer-by-layer assemblies 2.138

pHPMA
(2-hydroxypropylacrylamide)
1.133, 1.264, 2.173

physical hydrogels 1.238, 2.184,
2.184, 2.188

physically cross-linked elastin-like
recombinamers 2.188

physics of ultrasound 1.149–5, 1.152
PIC (polyion complex)

micelles 1.258, 1.267, 1.268
pilocarpine 2.203, 2.211, 2.217–21,

2.218, 2.219, 2.220
pinocytosis 1.167, 1.191
PLA (poly(lactic acid) 1.127, 1.128,

1.158, 1.245, 2.128
placental growth factor (PlGF) 2.301
plasma polymerization 2.325

polymer grafting 2.322, 2.324,
2.324–5

surface modification 2.339–41
Plasmodium falciparum 1.264
plastic crystals, phase transitions 1.13
platinum 1.241
platinum-based anticancer drugs

2.97–8, 2.100–2. see also
carboplatin; cisplatin; oxaliplatin

PLGA (poly(lactide-co-glycolide)
1.299, 2.160, 2.291, 2.293

PLL (poly(L-lysine) 2.121, 2.121,
2.130, 2.134–5, 2.135, 1.259, 1.259

PLLA (poly(L-lactide) 1.299
Pluronic F-127 2.6, 2.96
pluronic polymers 1.157, 1.160,

1.161–3, 1.162, 1.164, 1.167, 1.169
PMAA. see poly(methacrylic acid)
PMOA. see primary mode of action

(PMOA)
PMOXA (poly(2-methyl-2-oxazoline)

1.190
PMPC (poly(2-methacryloyloxyethyl

phosphorylcholine)
1.190, 1.194, 1.200

PNH (poly(N-isopropylacrylamide-
co-2-hydroxyethyl methacrylate)
2.172

PNIPAAm. see
poly(isopropylacrylamide)

PNVCL (poly(N-vinylcaprolactam)
2.162, 2.166–7
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POs (polyoxazolines) 1.133
poloxamers/poloxamine 1.121,

1.121–6, 1.125
poly(AA-co-AM-co-NVP-co-

HEMA-co-PEG200DMA)
(PHEMA) 2.238, 2.239, 2.240

polyacrylamide (PAAm) 2.158,
2.164, 2.170, 2.199, 2.248
biomolecule-sensitive

hydrogels 2.271, 2.274
cell sheet engineering 2.303
dual responsive hydrogels 2.173
enzyme-responsive materials 1.235
layer-by-layer assemblies 2.141
upper critical solution

temperature 2.168–9
polyacrylic acid (PAA) 1.133, 1.239,

2.339, 2.340
a-amino acid based

hydrogels 2.208, 2.208
biomolecule-sensitive

hydrogels 2.277, 2.281
cell/tissue delivery systems 2.293
drug-loaded soft contact lenses 2.236
functional monomers 2.203, 2.231
imprinted hydrogels 2.237, 2.247
layer-by-layer assemblies 2.118
light responsive hydrogels 2.251
light-sensitive polymeric

micelles 1.318

mesoporous silica
nanoparticles 2.70

pH responsive hydrogels 2.155,
2.155, 2.156, 2.249

polymer grafting 2.329–30, 2.330,
2.331, 2.333, 2.338, 2.338

poly(acryloylmorpholine)
(PAcMo) 2.305

poly(acryloxysuccinimide) 2.78
poly(ADP-ribose) polymerase

(PARP) 2.216, 2.217
poly(allylamine hydrochloride)

(PAH) 2.120, 2.138, 2.141–2
polyamidoamine (PAMAM)

dendrimers 1.94, 1.95, 1.98, 1.101,
1.102, 1.103–4, 1.257

poly(aminoethyl)methacrylamide)
1.216

polyaminoacids 1.134, 1.235
poly(ampholyte) hydrogels 2.208–9,

2.211, 2.212
polyanaline (PANI) 1.25, 1.294
poly(b-amino esters) 2.125–6
poly(g-benzyl l-glutamate)-hyaluronan

(PBLG-HYA) 1.199–200
polybutadiene 1.313
poly-butadiene (PBD) 1.184, 1.200
poly(butyl methacrylate)

(PBMA) 2.302, 2.302
poly(butylene oxide) (PBO) 1.126–7
poly(caprolactone (PCL) 1.120,

1.160, 1.212, 1.128, 1.318, 2.6
poly(carboxylic acids) 2.129
poly(carboxymethyl-

b-cyclodextrin) 2.127

polycarboxy-4-hydroxyphenyl-
azobenzenesulfonamidoethanedyil
(PAZO) 1.329–30

poly(diallyldimethylammonium
chloride) (PDADMAC) 2.124

poly(2-(diethylamino)ethyl
methacrylate) (PDEAEMA)
1.225, 2.70, 2.155, 2.155, 2.195

poly(dimethylacrylamyde)
(PDMA) 2.326

poly(N,N-dimethyl aminoethyl
methacrylate)
(PDMAEMA) 1.257, 1.320, 2.155,
2.155, 2.156

polydimethylsiloxane (PDMS) 2.303,
2.319

polyelectrolyte complexes
(polyplexes) 1.256–8, 1.275
charge-conversion ternary 1.260

dual-responsive 1.274–5
light-responsive 1.273, 1.273–4
pH-responsive 1.258, 1.258–61,

1.259, 1.260, 1.274, 1.275
reducible 1.261–9, 1.263, 1.264,

1.266, 1.268, 1.274
temperature-responsive 1.269,

1.269–73, 1.272
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polyelectrolyte multilayers
(PEMs) 2.118–29, 2.120,
2.121, 2.133–5, 2.137–41, 2.143–4

poly(ethyl ethylene phosphate)
(PCL-SS-PEEP) 1.212

poly(3,4-ethylenedioxythiophene)
(PEDOT) 1.25, 1.284, 1.299

polyethylene glycol. see PEGylation
poly(ethylene imine) (PEI) 1.257,

1.261, 1.265, 1.266, 2.70, 2.71,
2.75–6, 2.118

poly(ethylene oxide). see PEGylation
polyethylene terephthalate

(PET) 2.56, 2.57
poly(l-glutamic acid) (PGA) ) 2.172,

2.247
poly(L-glutamic acid) (PG)-

paclitaxel 1.158, 2.130
poly(glycerol

monomethacrylate)–poly(2-
hydroxypropyl methacrylate)
(PGMA-PHPMA) 1.184

poly(hydroxyethyl methacrylate)
(PHMA) 1.190, 1.238

poly(hydroxyethylaspartamide)
1.134

poly(hydroxypropyl methacrylate)
(PHPMA) 1.133, 1.264, 2.173

polyion complex (PIC)
micelles 1.258, 1.267, 1.268

poly(isopropylacrylamide)
(PNIPAAm) 1.200, 1.269, 1.269,
2.171, 2.171. see also temperature-
responsive DDS
a-amino acid based hydrogels

2.199
biomolecule-sensitive

hydrogels 2.262–3, 2.275, 2.277
cell/tissue delivery systems 2.291
cell sheet engineering 2.295,

2.295–6, 2.303, 2.304, 2.305
cell/tissue delivery systems 2.294–5
combination products 2.323
dendrimers, smart 1.96–7, 1.98
dual-responsive hydrogels 2.172,

2.172, 2.173

glucose-sensitive hydrogels 2.266,
2.267, 2.267

imprinted hydrogels 2.246, 2.248
layer-by-layer assemblies 2.120,

2.129–30, 2.130, 2.136, 2.137
magnetic nanoparticles 2.45, 2.58,

2.59

mesoporous silica
nanoparticles 2.69, 2.70

plasma polymerization 2.339
polymer grafting 2.325–6, 2.326,

2.330, 2.330, 2.331, 2.332, 2.333,
2.334

polymeric micelles 1.128–32,
1.130, 1.132

shell-sheddable micelles 1.213
temperature-responsive

hydrogels 2.163–5
temperature-responsive

nanogels 2.166, 2.167
tissue-mimicking cell sheets 2.302,

2.302
poly(lactic acid) (PLA) 1.127, 1.128,

1.158, 1.245, 2.128
poly(L-lactide) (PLLA) 1.299
poly(L-lactide)-co-NIPAAm 1.98
poly(lactide-co-glycolide)

(PLGA) 1.299, 2.160, 2.291, 2.293
poly(lactone)-PEG-poly(lactone)

block copolymers 1.127
poly(L-lysine (PLL) 2.121, 2.121,

2.130, 2.134–5, 2.135, 1.259, 1.259
polymer backbone

photodegradation 1.307
polymer blends 1.13
polymer brushes 2.296, 2.297,

2.304, 2.305, 2.320, 2.322, 2.323,
2.325–38, 2.327

polymer capsules. see capsules
polymer coatings

combination products, drug/
medical devices 2.320

mesoporous silica
nanoparticles 2.68–72

polymer combination products
2.317
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polymer grafting
cell sheet engineering 2.295,

2.295–6, 2.297
combination products 2.320–5,

2.322, 2.323, 2.324
responsive surfaces 2.325–38,

2.326–32, 2.334–5, 2.337–8
polymer membranes 2.290. see also

cell/tissue delivery systems
polymer micelles 1.115–20

clinical applications 1.135, 1.136
comparison with

polymersomes 1.198
light-sensitive 1.308–20, 1.309,

1.311, 1.312, 1.314–19
pH-responsive 1.122, 1.133–5
preparation

methodology 1.118–19
reduction-sensitive 1.210–19,

1.211, 1.213, 1.215, 1.217
temperature-responsive 1.120–33,

1.121, 1.125, 1.129, 1.130, 1.132
ultrasound-responsive 1.157–8

polymer nano-/microparticles 1.188,
1.327–37, 1.328–30, 1.332–3,
1.335–7. see also dendrimers;
micelles; polymersomes

polymer threading, membrane phase
transitions 1.11

polymer vesicles. see polymersomes
polymerisation process 1.284,

1.284–5
polymer–polymer interactions 1.12
polymers, general information 1.2,

1.94
as drug delivery systems 1.7,

1.15–25, 1.17, 1.22
evolution 1.6
phase transitions 1.11–14
temperature-responsive DDS 1.72
therapeutic functionality 1.9
thermosensitive 1.97, 1.97–8

polymer–solvent interactions 1.12
polymersomes 1.117

cellular uptake 1.190, 1.191–2,
1.194, 1.195

characterization 1.185–7, 1.187,
1.188

comparison with liposomes 1.190
comparison with polymer

micelles 1.198
as delivery vectors 1.188–96, 1.195
formation 1.179–85, 1.181, 1.182
light-sensitive 1.320–7, 1.321,

1.324–6

medical applications 1.196,
1.196–201

reduction-sensitive
nanosystems 1.219–21, 1.220

polymethacrylate bearing spiropyran
moieties (PSPMA) 1.313, 1.314

poly(methacrylic acid)
(PMAA) 1.224, 2.130, 2.131
light-sensitive polymeric

micelles 1.314
pH responsive hydrogels 2.155,

2.155–7, 2.159
polymer grafting 2.326

poly(methacryloyloxyethyl
phosphorylcholine) (PMPC)
1.190, 1.194, 1.200

poly(methyl-2-oxazoline)
(PMOXA) 1.190

polymorphic liposomes 1.82–3
poly(N,N-diethylacrylamide)

(NNDEA) 1.157
poly(N-isopropylacrylamide). see

poly(isopropylacrylamide
poly(N-isopropylacrylamide- co-2-

hydroxyethyl methacrylate)
(PNH) 2.172

poly(2-nitrobenzylmethylmethacrylate)
(PNBMA) 1.314, 1.315

poly(N-tertbutylacrylamide-co-
acrylamide/maleic acid) 2.249

poly(N-vinyl pyrrolidone)
(PVP) 1.190

poly(N-vinylcaprolactam)
(PNVCL) 2.162, 2.166–7

poly(N-vinylisobutyramide) 1.98
poloxamines 1.193
polyoxazolines (POs) 1.133
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polypeptides, phase transitions 1.11
poly(phenyl glycidyl ether)

(PGO) 1.126–7
poly(4-phenylazomaleinanil-co-4-

vinylpyridine) (AzoMI-VPy) 1.313
polyplexes. see polyelectrolyte

complexes
polypropylene (PP)

plasma polymerization 2.339
polymer grafting 2.317, 2.329–33,

2.330, 2.331–2, 2.334–5, 2.335
poly(propylene glycol) 1.120
poly(propylene oxide) (PPO) 1.157–8
polypropyleneimine (PPI)

dendrimer 1.97, 1.198, 1.102
polypyrrole (PPy) 1.283. see also

intrinsically conducting polymers
actuating devices 1.293, 1.293–4,

1.294, 1.295
cyclic voltammetry 1.287, 1.288
electro-conductive hydrogels 1.296
electrostatic forces 1.288–9
implantable electrodes 1.297
microchips 1.292
nanostructured conducting

polymers 1.297–9
polymerization 1.284, 1.284–5
reservoir systems 1.290–2, 1.290,

1.291

solubility 1.286
stability 1.285–6
volume changes 1.289

poly(1-pyrenylmethyl methacrylate)
(PPyMA) 1.314

polysaccharide-based nanogels 2.160
polysaccharides 2.41
polystyrene (PS) 2.326
polystyrene beads 2.195
poly(styrene oxide) (PSO) 1.126–7
polystyrene sulfonate (PSS) 2.120,

2.124, 2.125, 2.126
polystyrene-poly(acrylic acid)

(PS-PAA) 1.183
poly(sulfonamide) (PSD) 1.260
poly(trimethylene carbonate)- b-

poly(L-glutamic acid)
(PTMC-PGA) polymersomes 1.201

polyurethane catheters 2.319
poly(vinyl alcohol) (PVA) 2.141,

2.173, 2.266
poly(vinyl) sulfonate 1.329–30
poly(vinylidene difluoride)

(PVDF) 2.292, 2.297, 2.299, 2.307
poly(4-vinylpyridine) 1.133, 2.70
poly(vinylpyrrolidone) (PVPON) 1.224
poly(VPGVG) (poly(Val-Pro-Gly-

Val-Gly) 2.181, 2.191, 2.192. see
also elastin-like recombinamers

POPC (palmitoyloleoylphos-
phatidylcholine) 1.55, 1.55–6

pores, capped. see capped pores
posterior capsule opacification 2.316
PP. see polypropylene
PPI (polypropyleneimine ) 1.97,

1.198, 1.102
PPO (poly(propylene oxide) 1.157–8
PPy. see polypyrrole
PPyMA (poly(1-pyrenylmethyl

methacrylate) 1.314
precipitation, magnetic

nanoparticles 2.37–8
prednisone 2.100
presoaking, combination

products 2.318, 2.319, 2.319
pressure waves, ultrasound 1.149,

1.154
primary mode of action (PMOA),

combination products 2.314–15,
2.315, 2.318, 2.341

principle of precaution, carbon
nanotubes 2.105, 2.110

processing–structure–function
relationships 1.8

processing–structure–property
relationships 1.4, 1.5–6

prodrugs 1.234–5
promyelocytic leukemia, ultrasound

triggered 1.164
proof-of-principle experiments 2.102
property-composition-structure

relationships 1.34, 1.35, 1.36,
1.40–51, 1.40–1, 1.44–6, 1.48–9

propyl 1.134
prostate cancer 1.64–5, 1.233
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protease inhibitors 1.234
proteases 1.19
protein-based materials,

biomimetics 2.181. see also elastin-
like recombinamers

proteins
folding, biomolecule-sensitive

hydrogels 2.284
nanoparticle interactions 1.194
reduction-sensitive

nanosystems 1.219
therapeutic 1.256, 2.189

protein-sensitive hydrogels 2.270–6,
2.272, 2.273, 2.275–6

proteoglycans 1.193
proton gradients, layer-by-layer

assemblies 2.134
proton-sponge effect 1.257, 2.81
PS. see polystyrene
PSD (poly(sulfonamide)) 1.260
PSO (poly(styrene oxide)) 1.126–7
PSPMA (polymethacrylate bearing

spiropyran moieties) 1.313, 1.314
PSS (polystyrene sulfonate) 2.120,

2.124, 2.125, 2.126
PTMC-PGA (poly(trimethylene

carbonate)-b-poly(L-glutamic acid)
polymersomes 1.201

PTT. see photothermal therapy
pulmonary toxicology, fiber

paradigm 2.107
PVA (poly(vinyl alcohol) 2.141,

2.173, 2.266
PVP (poly(N-vinyl pyrrolidone) 1.190
PVDF (poly(vinylidene difluoride))

2.292, 2.297, 2.299 , 2.307
PVPON

(poly(vinylpyrrolidone) 1.224
PVS (poly(vinyl) sulfonate) 1.329–30
pyrene 1.108, 2.130–1
pyroglutamic acid (Pga) 2.247

quantum dots (QDs) 2.38

radical polymerization 2.185
radio frequency ablation

(RFA) 1.65–8, 1.66, 1.96

radioactive substances 1.85

RAFT. see reversible addition
fragmentation transfer

Raman spectroscopy 1.286, 2.92
rapamycin 2.215
rate-programmed drug release.

see release rate
reactive oxygen species (ROS).

see also oxidation
carbon nanotubes 2.106, 2.109
photodynamic therapy 2.14
photothermal therapy 1.100

receptor-mediated endocytosis 1.167
receptor specific ligands 1.82
recognition, responsive

polymers 1.14–15
redox cycling, intrinsically conducting

polymers 1.290

redox-responsive drug release 1.17,
1.21, 1.210, 1.223, 1.288
dendrimers, smart 1.105
gold nanoparticles 2.10, 2.12
intrinsically conducting

polymers 1.283, 1.291, 1.295
layer-by-layer assemblies 2.134–5
mesoporous silica

nanoparticles 2.78–9
nanovehicles 1.209, 1.210, 1.214

reducible cleavable polycation (RPC
vectors) 1.264, 1.265

reducible polyelectrolyte complexes
(polyplexes) 1.261–9, 1.263, 1.264,
1.266, 1.268, 1.274

reducing agents, layer-by-layer
assemblies 2.135

reduction-sensitive nanosystems
1.208–10, 1.209, 1.227
hollow capsules 1.223–6, 1.225
nanogels 1.226, 1.226–7
nanoparticles 1.221–3, 1.222
polymeric micelles 1.210–19,

1.211, 1.213, 1.215, 1.217
polymersomes 1.219–21, 1.220

regenerative medicine 2.295, 2.296–8.
see also cell/tissue delivery systems

relative exposure index (REI),
polymeric micelles 1.125
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release rate, drug 1.2
enzyme-responsive DDS 1.240
evolution 1.3

layer-by-layer assemblies 2.122,
2.125, 2.126

supramolecular hydrogels 1.242
renal clearance, drug delivery

systems 1.188–9
renal thresholds, particle size 1.236
reservoir systems, intrinsically

conducting polymers 1.290,
1.290–2, 1.291

residual catalysts, toxicity 2.105–6,
2.108

resistance. see multi-drug resistance
responsive imprinted networks 2.229.

see also molecular imprinting
restenosis 2.316
reticulo-endothelial (RES)

system 1.81, 2.41
gold nanoparticles 2.3–4
mesoporous silica

nanoparticles 2.68
opsonin recognition 1.189

reverse engineering, low temperature
sensitive liposomes 1.36–51,
1.38–41, 1.44–6, 1.48–9

reversible addition fragmentation
transfer (RAFT)
cell sheet engineering 2.296, 2.297,

2.304
polymerization 1.216, 2.321

reversible cross-linking, light-sensitive
polymeric micelles 1.318–20,
1.319

reversible-deactivation radical
polymerization 2.321

reversible photoswitching 1.314,
1.315. see also switching
polymeric micelles 1.312, 1.313,

1.317, 1.318
polymeric vesicles 1.321, 1.322

RFA (radio frequency ablation)
1.65–8, 1.66, 1.96

RGD (arginine–glycine–aspartic acid)
peptides 1.262, 2.96

rhodamine 6G 1.99, 1.107, 1.107
rhodamine B 1.102, 1.161, 1.223,

1.249, 1.332, 2.48
rifampicin

combination products 2.319
enzyme-responsive DDS 1.246
polymeric micelles 1.128

ring opening polymerization (ROP)
reactions 1.127

risk–benefit ratios, chemotherapy
drugs 2.63

RNA. see also gene delivery
cell/tissue delivery systems

2.300
gene delivery 1.265
gold nanoparticles 2.6
mesoporous silica

nanoparticles 2.71–2
polyplexes 1.268

rod-shaped
nanoparticles 1.192
polymersomes 1.193

ROP (ring opening polymerization)
reactions 1.127

ROS. see reactive oxygen species
RPC (reducible cleavable polycation)

vectors 1.264, 1.265
ruboxyl 1.162–3
ruthenium 2.200

saccharide-sensitive polymer
brushes 2.327, 2.328

safety assessments, drug delivery
systems 1.25
molecularly imprinted

polymers 2.234
new excipients 1.7, 1.8
phototriggered micelles/

nanoparticles 1.338
ultrasound 1.155

safranin 1.296
salt-triggered release, layer-by-layer

assemblies 2.132, 2.132, 2.133,
2.133–4

saporin-conjugated dendrimers
1.100
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SAXS (small angle X-Ray
scattering) 1.183

scaffold-based cell/tissue delivery
systems 2.293–4

scanning electron microscopy
(SEM) 1.44, 1.44, 1.291, 1.291

scattering techniques 1.186–7
scCO2 (supercritical CO2) 2.319
SCID (severe combined

immunodeficiency) mice 1.258–9
SCL (shell cross-linked) micelles

1.218
SCRM (shell-cross-linked reverse

micelles) 1.319–20
SDF-1. see stromal-derived factor-1
second generation

biomaterials 1.5
excipients 1.2

second order phase
transitions 1.11–12

self-assembly
elastin-like recombinamers

2.188, 2.191, 2.192, 2.194,
2.195, 2.199–200

hydrogels 1.238
light-sensitive polymeric

vesicles 1.322–3
lipids 1.33, 1.34
liposomes/micelles 1.94
magnetic nanoparticles 2.40, 2.43
micelles 1.169
molecularly imprinted

polymers 2.230, 2.232
polymeric micelles 1.116
polymersomes 1.179–85, 1.182
polysaccharide-based

nanogels 2.160
shell cross-linked micelles 1.218
solid polymeric nanoparticles

1.334
supramolecular hydrogels 1.242,

1.243
self-regulated DDS 1.96, 1.305, 2.154

layer-by-layer assemblies 2.141–2
mesoporous silica

nanoparticles 2.76

SEM (scanning electron microscopy)
1.44, 1.44, 1.291, 1.291

sequestering agents, polymers 1.9
sequestration, micelles 1.169–70
severe combined immunodeficiency

(SCID) mice 1.258–9
SGNs (spiral ganglionic

neurons) 1.297, 1.300
shape

carbon nanotubes 2.92, 2.110
nanoparticles 1.192–3
polymersomes 1.193

shear-stress induced release,
micelles 1.170

shell cross-linked (SCL)
micelles 1.218

shell-cross-linked reverse micelles
(SCRM) 1.319–20

shell-sheddable micelles, reduction-
sensitive 1.210–13, 1.211, 1.213

signal amplification, enzyme-
responsive materials 1.232

signal-to-noise ratio, polymersome
imaging compounds 1.196

silane coupling chemistry 2.69
silane monolayers 2.322

silica nanocontainers (SN) 1.248,
1.248–51, 1.249. see
also mesoporous silica
nanoparticles

silicon brushes, polymer 2.327
simvastatin 1.124
single-crystal shell drug

nanocarriers 2.54–6, 2.55, 2.56
single-walled carbon nanotubes

(SWCNTs) 2.90, 2.92, 2.100
encapsulation properties 2.101
environmental impacts 2.110
external attachment of drugs 2.96–7
layer-by-layer assemblies 2.119
toxicity/environmental impacts

2.104, 2.106, 2.107, 2.108
size factors

carbon nanotubes 2.105
enzyme-responsive

materials 1.236–7
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size factors (continued)
mesoporous silica

nanoparticles 2.65
nanoparticles 1.191–2
proteins, therapeutic 1.256
switching 2.154

skeletal myoblast sheets 2.297, 2.300,
2.301

skin contact, carbon
nanotubes 2.105, 2.108

small angle X-Ray scattering
(SAXS) 1.183

small interfering ribonucleic acid
(siRNA) 1.257

small unilamellar vesicles
(SUVs) 1.34

smart membranes, intrinsically
conducting polymers 1.294, 1.295.
see also stimuli responsive DDS

snap-top systems 2.78
sodium alginate (NaAlg) 2.158. see

also alginates
soft contact lenses 2.235–40, 2.236,

2.237, 2.239
soft coronal cross-linking 1.327
sol–gel phase transitions 1.13
sol–gel technology 1.130
solid polymeric nanoparticles

1.334–7, 1.335, 1.336, 1.337
solid tumor targeting 1.198
solubility, drugs 1.115
solvents. see also organic solvents

combination products 2.319
dimethylformamide 2.215, 2.216
imprinted hydrogels 2.242, 2.242,

2.248
molecularly imprinted

polymers 2.232
polymer–solvent interactions 1.12

sonoporation 1.153, 1.165, 1.167,
1.168. see also ultrasound

SOPC (stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine) 1.34–5, 1.35,
1.43, 1.46, 1.47

spatial conformation, polymer
chains 2.229

spherical
nanoparticles 1.192
polymersomes 1.193

spike-wave discharges (SWD) 2.57,
2.58

spiral ganglionic neurons
(SGNs) 1.297, 1.300

spiropyran 1.307, 1.310, 1.311, 1.313,
1.314, 1.324, 1.333–4, 1.338

spongy phases, polymersomes 1.183
SPR (surface plasmon resonance)

effects 2.14
spray-drying 2.65, 2.72
stability, intrinsically conducting

polymers 1.285–6
stacking devices, cell sheet

engineering 2.306

Staphylococcus aureus. see alsoMRSA
combination products 2.340, 2.341
layer-by-layer assemblies 2.130
polymer grafting 2.336
polymeric micelles 1.123–4
wounds 1.19

star-shaped micelles 1.131
Staundinger, Hermann 1.6
stealth systems 1.38, 1.50. see also

PEGylation; PHMA; PMOXA;
PMPC; PVP
lipid membrane components 1.42
mesoporous silica

nanoparticles 2.68–9
pH-sensitive liposomes 1.84, 1.85,

1.90
polymersomes 1.197
switchable micelles 1.247

stents 1.296–7, 2.316
stearoyl-2-oleoyl-sn-glycero-

3-phosphocholine (SOPC) 1.34–5,
1.35, 1.43, 1.46, 1.47

stimulated emission depletion (STED)
microscopy 1.185

stimuli responsive DDS 2.229. see
also specific DDS
combination products 2.321
general information 1.9–25, 1.10,

1.17, 1.22
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stress and strain parameters, cell
membranes 1.43

stromal-derived factor-1 (SDF-1)
cytokines 2.297–8
regenerative medicine 2.300

structure-property-composition
relationships 1.34–6,
1.40–51, 1.40, 1.41, 1.44–6,
1.48, 1.49

substrates, layer-by-layer
assemblies 2.117–18, 2.119

sugar-induced release. see glucose-
responsive DDS

supercritical CO2 (scCO2) 2.319
superparamagnetism 2.34
supramolecular hydrogels 1.241–4,

1.242

surface area-to-volume ratios
mesoporous silica

nanoparticles 2.65
nanoparticles 1.193

surface chemistry, carbon
nanotubes 2.106, 2.109

surface functionalization. see
functionalization

surface modification
magnetic nanoparticles 2.38,

2.38–40, 2.39
plasma polymerization 2.339–41

surface plasmon resonance (SPR)
effects 2.14

surface topologies,
polymersomes 1.194, 1.195

surfactant micelles 1.156–7
surfactants 2.171
SUVs (small unilamellar vesicles)

1.34
SWCNTs. see single-walled carbon

nanotubes
SWD (spike-wave discharges) 2.57,

2.58

swelling–collapse phenomenon 1.12.
see also equilibrium degree of
swelling; phase transitions

swelling solvents, combination
products 2.319, 2.319

switching. see also magnetic
nanoparticles; reversible
photoswitching
a-amino acid based

hydrogels 2.200
enzyme-responsive DDS 1.243
hydrophilic/hydrophobic

state 2.154
imprinted hydrogels 2.245
mesoporous silica

nanoparticles 2.75, 2.79,
2.79–80

micelles 1.246–8
size/shape 2.154
solid polymeric

nanoparticles 1.335
temperature-responsive

DDS 2.136
synergistic effects. see also

dual-responsive DDS
chemotherapy drugs/

ultrasound 1.165–6
cisplatin/temsirolimus 2.216,

2.216–17
combination products 2.316
gold nanoparticles 2.20, 2.20
magnetic nanoparticles 2.42
mesoporous silica

nanoparticles 2.71, 2.72, 2.73
pH/redox-stimulated DDS 1.213

synthetic glycosylated insulin
(G-insulin) 2.291

synthetic metals, electric field
responsive DDS 1.25

tamoxifen 2.118, 2.159
Tanaka equation 2.244–5
targeted drug delivery 2.1. see also

active targeting; specific DDS
cancer chemotherapeutics 2.3
cell sheet engineering 2.298–301
mesoporous silica

nanoparticles 2.66–8
nanogels 1.18
ultrasound-responsive

DDSs 1.159–61
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Tarzan-swing mechanism 2.234
TAT (transactivator of

transcription) 1.88, 1.265
taxol. see paclitaxel
TCEP (tri(2-carboxyethyl)phosphine

hydrochloride) 1.218
TCPS (tissue culture polystyrene)

dishes 2.295–6
TEM. see transmission electron

microscopy
temperature-responsive DDS 1.17,

1.21–4, 1.22. see also hyperthermia;
low temperature-sensitive
liposomes; photothermal therapy;
poly(isopropylacrylamide)
a-amino acid based

hydrogels 2.202, 2.209–11,
2.213, 2.214, 2.221

biomolecule-sensitive
hydrogels 2.261–2, 2.277

cell/tissue delivery
systems 2.294–5, 2.295,
2.297–302, 2.304–6

dendrimers, smart 1.96–9, 1.97
dual responsive hydrogels 2.170–3
elastin-like

recombinamers 2.193–4
glucose-sensitive hydrogels 2.267

hydrogels 2.154, 2.161, 2.161–9,
2.162–3, 2.166, 2.169

hydrolytically induced drug
release 2.243

imprinted hydrogels 2.245–9,
2.246–8

layer-by-layer assemblies 2.136–7,
2.136–7

liposomes 2.46, 2.47
magnetic nanoparticles 2.44,

2.44–50, 2.45–7
mesoporous silica

nanoparticles 2.69, 2.70
micelles, polymeric 1.120–33,

1.121, 1.125, 1.129, 1.130, 1.132
moieties 1.98–9
polyelectrolyte complexes 1.269,

1.269–73, 1.272

polymer grafting 2.331, 2.334
polymersomes 1.200
upper critical solution

temperature 2.168–9, 2.169
template extraction, molecularly

imprinted polymers 2.233, 2.234
templates, layer-by-layer

assemblies 2.117–18, 2.119
temsirolimus 2.202, 2.203, 2.215,

2.216, 2.216, 2.217, 2.224
tetrahydropyran (THP)-protected

2-hydroxyethyl methacrylate)
1.213

tetramethylpiperidinyl-1-oxy
(TEMPO) 2.323

TGF-b1 (transforming growth factor
beta 1) 2.125

theophylline 2.100, 2.240, 2.251
theranostics

carbon nanotubes 2.91
dendrimers, smart 1.108–9
enzymes in 1.232
gold nanoparticles 2.21–3, 2.22,

2.23

magnetic nanoparticles 2.41

pH-sensitive liposomes 1.90
polymeric micelles 1.128
polymersomes 1.196

therapeutic index, drug 1.120
therapeutic neutrophins 1.297
therapeutic proteins 1.256, 2.189
thermal decomposition, magnetic

nanoparticles 2.38, 2.38
thermal index (TI) 1.150, 1.155
thermal responsiveness. see

temperature-responsive DDS
ThermoDox. see doxorubicin
thermodynamic characterization,

ultrasound-responsive
DDSs 1.163–4

thermodynamic phase
transitions 1.14

thermoseeds 2.73
thiolated poly(methacrylic acid)

(PMASH) 1.224
thiolates 2.5
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thiol-disulfide exchange
reactions 1.209

thiophene fluorophore 2.160
thioundecyl-tetraethyleneglycoestero-

nitrobenzylethyldimethylam-
monium bromide (TUNA) 2.77–8

thioundecyltetraethyleneglyco-
lcarboxylate (TUEC) 2.77–8

third generation
biomaterials 1.6–7, 1.8
excipients 1.2

THP (tetrahydropyran-protected 2-
hydroxyethyl methacrylate) 1.213

three dimensional networks
a-amino acid based

hydrogels 2.200
layer-by-layer assemblies 2.143–4

three dimensional (3D) tissues 2.291,
2.293, 2.303, 2.304. see also cell/
tissue delivery systems

thrombin-sensitive peptide
linkers 1.19

time-controlled release. see release
rate

time-dependent tumor cell
death 2.167

timolol 2.236, 2.237, 2.237
TIRF (total internal reflectance

fluorescence) 1.185
tissue culture polystyrene (TCPS)

dishes 2.295–6
tissue engineering 2.293–4. see also

cell/tissue delivery systems
tissue-mimicking cell sheets. see cell

sheet engineering
TNF (tumor necrosis factor)

1.199, 2.5
topoisomerase inhibitors 1.169.

see also doxorubicin
total internal reflectance fluorescence

(TIRF) 1.185
toxicology 2.1

capsules, polymeric 1.328
carbon nanotubes 2.92, 2.97–8,

2.104–10
cisplatin hydrogels 2.214–17, 2.200

cross-linked micelles 1.216
enzyme inhibitors 1.234
fiber paradigm 2.107
layer-by-layer assemblies 2.140
light-sensitive polymeric

micelles 1.310
lipofectamine 1.200
nanoparticles 1.193–4
new excipients 1.9
pH-responsive nanogels 2.160
pilocarpine 2.220–1
polyelectrolyte complexes 1.270
reduction-sensitive

nanosystems 1.218
switchable micelles 1.247
see also toxicology

transactivator of transcription
(TAT) 1.88, 1.265

trans–cis isomerization
light-responsive hydrogels 2.251,

2.252
light-sensitive polymeric

micelles 1.310, 1.313, 1.314,
1.317, 1.318

light-sensitive polymeric
vesicles 1.323

phototriggered micelles/
nanoparticles 1.332

transdermal drug delivery, layer-by-
layer assemblies 2.144

transferrin receptors, tumor
cells 1.191

transforming growth factor beta 1
(TGF-b1) 2.125

transglutaminase 2.271, 2.187
transition temperature,

liposomes 1.47
translocation, carbon nanotubes 2.108
transmissionelectronmicroscopy(TEM)

elastin-like recombinamers 2.192
lipid bilayers 1.44, 1.44
polymersomes 1.182, 1.184, 1.185,

1.187, 1.190
trans-to-cis photoisomerization

light-sensitive polymeric
vesicles 1.322
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tri(2-carboxyethyl)phosphine
hydrochloride (TCEP) 1.218

triclocarban 1.118, 1.124
triclosan 1.118, 1.123
trimethyloylpropane ethoxylate

triacrylate 1.194
tumor cells

biochemical-responsive DDS
1.20, 1.21

enzyme-responsive DDS 1.19
enzyme disregulation 1.233

low temperature-sensitive
liposomes 1.34, 1.37, 1.38, 1.39

magnetic-responsive DDSs 1.24
nanogels 1.18
passive accumulation 1.81, 1.82
pH 1.16, 1.83, 1.134, 2.70, 2.129,

2.155, 2.158–61
reduction-sensitive

nanosystems 1.210
stress and strain parameters 1.43
temperature-responsive

nanogels 2.166
ultrasound-responsive DDSs 1.23,

1.159–61
vascularisation 1.37, 1.38, 1.61,

1.63–4, 1.198
tumor diagnosis. see theranostics
tumor markers 2.262, 2.277–9, 2.279
tumor necrosis factor (TNF) 1.199, 2.5
TUEC (thioundecyltetraethyl-

eneglycolcarboxylate) 2.77–8
TUNA (thioundecyl-

tetraethyleneglycoestero-
nitrobenzylethyldimethylam-
monium bromide) 2.77–8

TUNEL assay, gold
nanoparticles 2.8

two photon near-IR absorption 1.316
two-step model 1.183

UCST. see upper critical solution
temperature

Ugi condensation 2.186
ultra-small superparamagnetic iron

oxide (USPIO) 1.201

ultrasonication 2.95
ultrasound imaging

compounds 1.196, 1.196, 1.197
ultrasound-responsive DDSs 1.22,

1.23, 1.148–9
future perspectives 1.169–70
layer-by-layer assemblies

2.140–1
micelles 1.155–9
physics of ultrasound

1.149–5, 1.152
polymeric micelles 1.123,

1.157–8
targeting tumor cells 1.159–61
triggered release from

micelles 1.161–9, 1.162
ultraviolet light-responsive

DDSs 1.23, 1.305–7
gold nanoparticles 2.14
imprinted hydrogels 2.251, 2.252
layer-by-layer assemblies 2.139
mesoporous silica

nanoparticles 2.70, 2.77–8
micelles/nanoparticles

1.330, 1.338
nanogels 1.331
polymer grafting 2.322, 2.323
polymeric micelles 1.313, 1.314,

1.315
polymeric vesicles 1.322, 1.323–4
solid polymeric

nanoparticles 1.334, 1.336
United States Pharmacopoeia (USP),

21-National Formulary 1.2
upper critical solution temperature

(UCST)
dual responsive hydrogels 2.173
magnetic nanoparticles 2.44
polymeric micelles 1.121
temperature-responsive hydrogels

2.161, 2.161, 2.168–9, 2.169
temperature-sensitive

polymers 1.21–2
Urry’s model 2.181
USPIO (ultra-small superparamagnetic

iron oxide) 1.201
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vaginal pH 1.18
valine residues 2.200–1, 2.203, 2.205,

2.206, 2.207, 2.210, 2.211, 2.213,
2.213, 2.214, 2.219–21, 2.219, 2.220

Val-Pro-Gly-Xaa-Gly
(VPGXG) 2.181, 2.182. see also
elastin-like recombinamers

valproic acid 2.224
van der Waals interactions 1.12

carbon nanotubes 2.95
enzyme-responsive DDS 1.19
lipid bilayers 1.43

vancomycin
elastin-like recombinamers 2.189
polymer grafting 2.329–33, 2.331,

2.332, 2.334
polymeric micelles 1.123–4

vascular cell adhesion molecule 1
(VCAM-1) 1.191

vascular diseases, enzyme
disregulation 1.233

vascular endothelial growth factor
(VEGF)
biomolecule-sensitive

hydrogels 2.284, 2.285
cell sheet engineering 2.306
polyelectrolyte complexes 1.268
regenerative medicine 2.298,

2.300, 2.301
vascularization

tissue-mimicking cell sheets 2.303,
2.306

tumor cells 1.37, 1.38, 1.61,
1.63–4, 1.198

VCAM-1 (vascular cell adhesion
molecule) 1.191

VEGF. see vascular endothelial
growth factor

vesicle area dilation experiment 1.45

vesicles
elastin-like recombinamers 2.194,

2.195

fenestrations. see enhanced
permeability and retention effect

hollow 2.194–5, 2.195
light-sensitive polymeric

1.320–7, 1.321, 1.324–6
lipid bilayers 1.43
phase transitions 1.14

vesicle-to-micelle transitions
1.184

vinyl hydrogels 2.200–3, 2.201–2
viscoelasticity, biomaterials 1.6
VPGXG (Val-Pro-Gly-Xaa-Gly)

2.181, 2.182. see also elastin-like
recombinamers

volume changes, intrinsically
conducting polymers 1.289.
see also swelling–collapse
phenomenon

water solubility, drugs 1.115
wave nature, ultrasound 1.149–50
wet chemical polymer grafting

2.322

wet-chemical synthesis,
mesoporous silica nanoparticles
2.65

wild-type myoblast sheets 2.301

window chambers, optical
imaging 1.196

Wolf rearrangement
reaction 1.315–16

Wolman disease 1.233

worm-like micelles 1.193
wounds

enzyme-responsive DDS 1.19
pH 1.16–18, 2.155

X-ray contrast agents. see contrast
agents

zero premature release, chemotherapy
drugs 2.64, 2.65

zinc porphyrin 1.135
zwitterionic ligands 2.10
zwitterionic peptide linkers 2.272,

2.273
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The progress of new functional materials plays a vital role in solving many of today’s global challenges, from 
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