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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 Tecnologia 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.>? 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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2 Chapter 1

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.> 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 e ects.* 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.°

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.®® 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, di usion, 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.® 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 e ects 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.” 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.® 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, and both first and second generations of controlled release
systems are already well implanted in the current therapeutic arsenal.® Third-
generation controlled release systems (feedback-regulated drug release) are
envisioned as e cient 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.**=** The mechanisms behind the three generations of controlled release
systems are schematically depicted in Figure 1.1.
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6 Chapter 1

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.*®

Polymers have played a pivotal role in this evolution process.*® Since
Hermann Staundinger set the basis of their structure at the beginning of the
twentieth century,®’ there has been an intense breakthrough in the development
of polymeric materials destined for a great variety of sanitary applications.®3°
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.>*®** 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 di cult to
imagine.**?=* 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.®® 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.*®> 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 ”’.3* 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.*® 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.*® 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.*® Excipients able to perform at least two of these functions are
designed as high-functionality or multi-functional ones.*” 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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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 di erent states of conformation and
association. Historically, the elucidation of the transitions began in 1940 when
Flory’ and Huggins’® 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.”® 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.”*"®

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

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, di erently 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 di use 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 di use, 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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Figure 1.6 Schematic view of the conformational imprinting e ect.
Reproduced from reference 92. Copyright 2001 American Chemical
Society.

technology has been applied.?*-°* 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).3%°2 This revolutionary idea is the basis of new
approaches to design imprinted hydrogels and has been developed at di erent
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 a nity between the drug and the network.%¢
Moreover, stimuli-responsive imprinted DDSs can display di erent a nities
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
a nity-controlled release.””~%°

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
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and o 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.*®

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.”191:192 | 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.®**%® 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.*®*
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).2%° Inside cells, the di erences of pH among the cytosol (7.4), Golgi
apparatus (6.4), endosome (5.5-6.0) and lysosome (5.0) are considerable.'®
Inflamed tissues and wounds are also characterized by a decrease in pH t0 5.4-7.2,
and non-healing wounds can achieve relevant alkaline pH values, up t0 8.9.2%" The
growth of microorganisms can itself notably alter the pH of the a ected tissue, but
also can induce the release of body enzymes (e.g. metalloenzymes) that cause


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



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



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



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



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

From Drug Dosage Forms to Intelligent Drug-delivery Systems 21

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.*** 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.%

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.**” 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 1M).**® Furthermore, tumor tissues
may achieve 4-fold greater concentrations of GSH over normal tissues.**°
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.**” 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.****°

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.’®® 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.™* 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.**>™**" 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.'®® 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.?

Chapter
Stimulus Mechanism Material Application in DDSs  number
Ultrasound ~ Temperature Self-assembled polymers Tumor therapy 6, 17
increase or lipids
Cavitation
Enhanced cell
permeability
UV/Vis light, Changes in the Photoresponsive groups Ocular/subcutaneous 12, 13,
NIR conformation of like azobenzene, triggered release 17
chemical groups cinnamoyl and Tumor therapy
Heating of gold spirobenzopyran
nanoparticles Gold-nanorods
embedded in
temperature-
responsive materials
Magnetic Movement and Particles containing Guided targeting 14
field heating of magnetic cores Externally triggered
superparamagnetic ~ (FezOy) drug release
particles under the Thermo-ablation of
magnetic field tumor cells
Electric field Changes in charge Polyelectrolytes Local release of 11
distribution Intrinsically conducting  growth factors,
polymers (ICPs), like anti-inflammatory
polypyrrole (PPy), drugs and
polyanaline (PANI) antiproliferative
and poly(3,4- substances
ethylenedioxy incorporated in

thiophene) (PEDOT) electrodes or
microchips
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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.>* 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,* 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.®> As reviewed by Waterhouse et al.,® 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, Doxil® and
Mpyocett, 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.,” such a self-assembled nanocapsule is made up of
just 95,000 molecules of lipid and has an encapsulated volume of 3.8 107%°
liters. If a drug is encapsulated at 100 mM, there will be 2.4 10* molecules of
drug per nanocapsule. While keeping the drug inside the liposome is a favorable
consequence that reduces toxicity®® (and references therein), one major
obstacle to amore e ective 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 (5nm), 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 C,4HggNOgP. Structurally, it is
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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 uM); C) re-establish bathing solution flow and wash out the lysolipid
from the membrane.

projection length in the micropipet.®2® The maximum area change under
lysolipid flow (1uM) 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%o lysolipid,
from the known areas per molecule of MOPC (35 A?) and SOPC (67 A%), this
experiment shows that lysolipid saturates the outer monolayer at B6 mol%
MOPC. At higher lysolipid solution concentration, the membrane rapidly takes
up the lysolipid and fails at B16 mol% MOPC largely accumulated in the outer
monolayer of the bilayer.8? Having seen these data, the idea was that if lysolipid
could be incorporated in a solid phase bilayer, at, say, 10 mol%, 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
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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.*’

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
¢) 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 20s 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).*® When
entrapped in a liposome at high concentration (50 mM), 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 4 mol% 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, 381C, 391C,
39.51C and 401C). 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 41.31C), 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%-20 mol% as a function of temperature (at the 5min. incubation time
point) into saline phosphate bu er. The “DPPC alone” composition
(containing B4 mol% DSPE-PEG) became permeable to CF at the lower onset
of the transition enthalpy, that is B1-21C lower than the mid point of the
bilayer transition temperature (of 41.51C) (Figure 2.12B).® As expected from
earlier studies and theory,**=*" the rate and amounts released at 5 min. 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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Thus, compared to DPPC, the inclusion in the bilayer of a lysolipid at 10 mol%
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 401C and 411C, 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,® 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 e ect 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.*® Figure 2.15A shows just how fast doxorubicin is
released from the LTSL when the MSPC bilayer concentration is at B10 mol%
or higher. Over 80% of the drug is released in the first minute and, for the
slightly higher MSPC of 12-15mol%b, the drug comes out as fast as it can be
measured, with B90% released in the first 20s (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 di use 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 41.31C from LTSL with increasing membrane fractions of
MSPC in the DPPC : MSPC : DSPE-PEG?*® 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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release than the LTSL formulation was observed (Figure 2.16B). It is only with
the inclusion of just 1.3 mol% DSPEG-PEG?*® that the rate of drug release is
increased at the transition temperature.

Even though the DSPE-PEG?°® 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 1pl.%° It could, in principle, support positive curvature in lipid
membranes. We therefore hypothesized that the molecular shape of DSPE-
PEG?*® 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-
PEG**® 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 1.3 mol% 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-PEG?°®, 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 detail*® 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 371C. As
modeled by Mouritsen et al.**% 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 351C, at
which point the bilayer, although still solid, enters a slightly less compressible
phase (PRY). 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 H*
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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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 2.19.1” 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 um 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 um (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 pm vs. 34 um). 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.!” The average intervascular distance in human

Figure 2.19 Histological assessment of drug concentration-penetration from vessels
in flank tumors for Dox-LTSL p HT, Doxil p HT and free Dox HT.
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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 | study and the criteria for this Phase II1I.
As mentioned above, the PFS in the Phase 111 study is required to show only
a 33% improvement compared to RFA alone. This compares very favorably
with the increase in PFS in Phase | seen for the dose escalation (from
20 mg/m?-50 mg/m?) 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 | trial, median tumor size
was 3.7 cm (range 1.7-6.5 cm), which although not the same, is not substantially
di erent, compared to the criteria for the Phase I1I: *“No more than 4 HCC
lesions with at least one Z3.0 cm and none >7.0 cm in maximum diameter.”

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

A second human Phase I/11 trial, this time in breast cancer,*'® was designed to
evaluate the maximum tolerated dose, pharmacokinetics, safety and e cacy of
approved hyperthermia and ThermoDox= in patients with breast cancer
recurrence at the chest wall (DIGNITY study). The purpose of this study is to
evaluate the bioequivalence of ThermoDox= and measure e cacy in recurrent
chest wall patients. In the initial Phase | (which was actually started in 2001, but
later became non-recruiting**’), there were several instances of stable disease,
partial response and two of complete responses for a dose escalation of
20 mg/m>-30 mg/m?. As reported by Vujaskovic,™® several patients in this trial
achieved either partial or complete responses. As shown in Figure 2.22, for one

Baseline Precycle 5

A B

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 (30 mg/m?) was only 60% of the expected maximally tolerated
dose, and so there were no side e ects of the drug. A second patient had a
similar complete response at 30 mg/m?.**®

The Phase I/1l DIGNITY trial studying ThermoDox= for breast cancer™®
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,° the clinical utility of ThermoDox= 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 ThermoDox= has been very encouraging and provides
initial safety and early e cacy 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 ThermoDox= trial will provide
more e cacy data to potentially advance treatment for this patient population.

2.4.3.5 Phase Il Colorectal Liver Metastases ABLATE

The third and final on-going human trial is a randomized, double blind,
Phase Il trial of RFA /- ThermoDox= for Colorectal Liver Metastases
Z2cm maximum in diameter.*?® Again, the purpose of this study is to
determine the safety and e cacy of ThermoDox<, 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 1cm of the ablation site.

2.5 Future Prospects

If ThermoDox= and RFA proves to be curative and its synergistic potential is
borne out in the Phase 111 HEAT study, a rational future strategy for HCC
lesions >3cm is to employ RFA plus ThermoDox= 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 ThermoDox=. 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= Trials and Preclinical Studies

As shown in Table 2.2, a full clinical program is underway for ThermoDox=.
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 ThermoDox= in metastatic bone cancer,'? that have now (August 2012)
just received clearance to initiate a clinical study. This is a joint development
program for Celsion’s ThermoDox= 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 11 study will be initiated in this indication, as
well as looking into the treatment of pancreatic cancer with ThermoDox=.

2.5.2 Other Drugs

While ThermoDox= 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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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
411C-421C.
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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.”> Thayumanavan’s group also reported
photodegradable dendritic amphiphilic micelles, having a molecular design
similar to the temperature-sensitive dendrimers except for the photodegradable
linkers.**"® Following photo-irradiation, alkyl chains were cleaved to
disassemble the micelle structure. Nile red was rapidly released under
photo-irradiation.”®

4.4 pH-responsive Dendrimers

Although 7.4 is considered as the physiological pH, the human body shows
regions of di erent pH and this variation can be utilized for pH-responsive
DDSs. Regarding the gastrointestinal tract, there isa pH di erence 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.®
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.~*10.20
Because PAMAM and PPl dendrimers possess many tertiary amines at the
branch points, they can respond to pH. Pistolis et al.”” 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.”
reported that PEGylated PPl dendrimer could encapsulate the anti-
inflammatory drug, aceclofenac, and release it in a pH-dependent manner.
They also reported that PEGylated PPl dendrimer could rapidly release
encapsulated famotidine, an H, receptor antagonist, at low pH.”* PAMAM
dendrimers also solubilized 2-naphthol, nifedipine and nicotinic acid in a pH-
dependent manner; and greater solubilities were observed at high pH.8%2
Tekade et al.®® reported that PEGylated PAMAM dendrimers could encap-
sulate MTX and all-trans retinoic acid (ATRA), and release them depending on
pH. Kannaiyan et al.* prepared PPI-core PAMAMS-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.8® Aspartate-based dendrimers could also solubilize certain drugs, such as
naproxen, MTX and histidine, depending on pH.® These examples illustrate
some pH-sensitive dendrimer candidates.


http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094



http://dx.doi.org/10.1039/9781849736800-00094

114
111

112.
113.

114.

115.

116.

117.
118.

119.
120.

121.

122.

123.
124.

125.

126.
127.

128.

129.

130.

131.

Chapter 4

A. Sagi, E. Segal, R. Satchi-Fainaro and D. Shabat, Bioorg. Med. Chem.,
2007, 15, 3720.

R. J. Amir and D. Shabat, Chem. Commun., 2004, 2004, 1614.

R. J. Amir, M. Popkov, R. A. Lerner, C. F. Barbas, 3rd and D. Shabat,
Angew. Chem. Int. Ed., 2005, 44, 4378.

M. A. Azagarsamy, P. Sokkalingam and S. Thayumanavan, J. Am. Chem.
Soc., 2009, 131, 14184.

M. A. Azagarsamy, V. Yesilyurt and S. Thayumanavan, J. Am. Chem.
Soc., 2010, 132, 4550.

L. M. Kaminskas, B. D. Kelly, V. M. McLeod, G. Sberna, B. J. Boyd,
D. J. Owen and C. J. Porter, Mol. Pharmaceut., 2011, 8, 338.

Y. Cheng, L. Zhao, Y. Li and T. Xu, Chem. Soc. Rev., 2011, 40, 2673.
T. Lammers, F. Kiessling, W. E. Hennink and G. Storm, Mol.
Pharmaceut., 2010, 7, 1899.

J. Xie, S. Lee and X. Chen, Adv. Drug Deliver. Rev., 2010, 62, 1064.

I. J. Majoros, T. P. Thomas, C. B. Mehta and J. R. Baker Jr., J. Med.
Chem., 2005, 48, 5892.

I. J. Majoros, A. Myc, T. P. Thomas, C. B. Mehta and J. R. Baker Jr.,
Biomacromolecules, 2006, 7, 572.

T. P. Thomas, S. K. Choi, M. H. Li, A. Kotlyar and J. R. Baker Jr.,
Bioorg. Med. Chem. Lett., 2010, 20, 5191.

E. Boisselier and D. Astruc, Chem. Soc. Rev., 2009, 38, 1759.

C. Kojima, Y. Umeda, M. Ogawa, A. Harada, Y. Magata and K. Kono,
Nanotechnology, 2010, 21, 245104.

Y. Chang, X. Meng, Y. Zhao, K. Li, B. Zhao, M. Zhu, Y. Li, X. Chen and
J. Wang, J. Colloid Interface Sci., 2011, 363, 403.

H. Frey and R. Haag, Rev. Mol. Biotechnol., 2002, 90, 257.

M. Calderon, M. A. Quadir, S. K. Sharma and R. Haag, Adv. Mater.,
2010, 22, 190.

H. Liu, Y. Chen and Z. Shen, J. Polym. Sci. A Polym. Chem., 2007,
45, 1177.

Y. Shen, M. Kuang, Z. Shen, J. Nieberle, J. Duan and H. Frey, Angew.
Chem. Int. Ed., 2008, 47, 2227.

C. Kojima, K. Yoshimura, A. Harada, Y. Sakanishi and K. Kono,
Bioconjugate Chem., 2009, 20, 1054.

C. Kojima, K. Yoshimura, A. Harada, Y. Sakanishi and K. Kono,
J. Polym. Sci. A Polym. Chem., 2010, 48, 4047.


http://dx.doi.org/10.1039/9781849736800-00094






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



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



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



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

"8%7:G¢ 0T €T0OZ/60/T0 U0


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



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



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

Temperature- and pH-sensitive Polymeric Micelles for Drug Encapsulation 123

temperature, the micellization tendency increases, leading to a smaller CMC
and a greater fraction of molecules in micellar form.®**® 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 a ected by the presence of salts and di erent
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.¥7% |n 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 di erent salts suggested that the behavior is not
predictable based on the prior art.}°*%

Most of the research at the interface of PEO-PPOs and drug encapsulation
focused on poloxamers.®* 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 Pluronic® 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.®

Drug-loaded poloxamer micelles were also combined with physical means
such as ultrasound to target the release of doxorubicin to tumors.'%3-20°
Systems accumulated preferentially in the tumor by the EPR e ect and then
irradiation improved the cellular uptake of the drug. Pitt et al.'% 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 di erent drugs.332396484110-112 " A|yarez-Lorenzo
et al.™® assessed the encapsulation of the antifungal griseofulvin in 10%
solutions of poloxamine T904 under di erent 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 ug/mL to up to 30 mg/mL (more
than 15,000 times).** However, this system was more complex owing to the
ionization of the drug at pH > 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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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,*’®*"" norfloxacin,*"
rifampicin*®*%° and tacrolimus.*® 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.’® reported on the development of PCL-
PEG-PCL micelles with concentrations as high as 6%. Rifampicin was
e ciently encapsulated and the aqueous solubility was increased up to five
times.'”® 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.*®® 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.!’9182183

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).®% This strategy known as
theranostics (therapeutics p diagnostics) could be useful for intra-operative
surgical guidance in oncology.

5.3.3 Poly(N-isopropylacrylamide)

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

PNIPAAmM displays a LCST around 32-331C 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 di erent hydrophobic ones.*® The most
common hydrophobic blocks were polystyrene,*® dimethylacrylamide,**° alkyl
residues,*® PLA, butylmethacrylate,'®® poly(N-vinylimidazole),*** acryl-
amide'®™ and methylmethacrylate.’®® In addition, pNIPAAm has been
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reacted via an atom transfer radical polymerization instead of ring opening
polymerization, copolymers having a pNIPAAmM-PCL-pNIPAAmM structure
that self-assembled into regular polymeric micelles.?®® Other groups designed
copolymers having more complex molecular arrangements such as graft?°®2*°
and Y-?1212 and star-shaped micelles, each system displaying advantages and
drawbacks.?**?'* For example, Liu et al.?*® 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. PNIPAAmM
copolymers were also co-micellized with other types of amphiphiles to produce
mixed micelles combining improved physical stability, targeting properties and
imaging features.?!*?'® Findings suggest that when engineered well, these
micelles could be used in diagnosis, targeting and therapy.

As mentioned above, di erent hydrophobic blocks have been combined with
PEG to produce self-assembly amphiphiles. Since pNIPAAmM turns from
hydrophilic at low temperature to hydrophobic above the LCST, the potential
application of PEG-pNIPAAmM copolymers has also been explored.?*%?? |n
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 pNIPAAmM and other
non-biodegradable polymers by the parenteral route (e.g. intravenous) should
be appropriately pondered, because in vitro cytotoxicity studies are certainly
insu cient 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."*~"

Recently, Bertrand et al.?*® investigated for the first time the fate of
pPNIPAAM polymers in vivo after intravenous administration. The e ect 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 40kDa was in the systemic circulation after 48h
(Figure 5.4).> Conversely, the fastest clearance from the bloodstream was
observed for copolymers of (i) very low molecular weight (P-5k-NA, 5kDa)
that did not aggregate or (ii) high molecular weight that were insoluble in water
(P-40k-L) at 371C, 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-o  of pNIPAAmM molecules would be approximately 32kDa; this value
being slightly greater than that established for PEG.”*~"* LCST and HLB also
a ected the process. Nevertheless, data were not always consistent and
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Table 5.2 Micellar delivery systems under clinical evaluation.
Encapsulated
Product Amphiphile drug Goal Phase (Country) Company
NK911 Doxorubicin Targeting by EPR e ect | for pancreatic, Nippon Kayaku
colorectal, Co., Japan
leiomyosarcoma, gastric,
esophageal and gall
bladder
NKO012 SN-38 (active 11 for breast cancer (USA)
metabolite of
irinotecan)
NK105 PEG-pAsp Paclitaxel 11 for stomach cancer NanoCarrier Co.,
(Japan) Japan
| for breast cancer (Japan)

NC-6004 Coordination bonds of  Cisplatin Targeting by EPR e ect Il for pancreatic cancer
(Nanoplatin=) drug with PEG- and reduced nephro-and  (Asia)

polyaminoacid neurotoxicity
copolymer
NC-4016 Coordination bonds of  Oxaliplatin Targeting by EPR e ect I for solid cancer (EU)
drug with PEG- and reduced neuropathy
polyaminoacid
copolymer
Genexol-PM PEG-PLA Paclitaxel Solubilization and 11 for breast and lung Samyang Co.,
reduction of Cremophor  cancer (USA, Korea) Korea
EL toxicity lla for pancreatic cancer
Targeting by EPR e ect (USA)
SP-1049C? Mixed poloxamer Doxorubicin Functional inhibition of 1l for esophageal and Supratek Pharma
micelles Pgp e ux pump gastroesophageal cancer Inc., Canada
(USA)

Efavirenz Poloxamer micelles Efavirenz Bioavailability Comparative Faculty of
pediatric improvement bioavailability study Pharmacy and
aqueous Easy dose adjustment and  with standard capsule Biochemistry,
solution greater patient University of

compliance
Reduced inter- and intra-
individual variability

Buenos Aires

2SP-1049C was granted orphan drug designation for the treatment of gastric cancer in 2008.
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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.%®%°

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 su ered
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).”° 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.”* The ability of PEG-coated particles
to inhibit adsorption of proteins depends on the surface density of PEO chains,
their length and dynamics.”* Prolonged circulation resulted in substantial
increase of the area under the curve (AUC) of the blood concentration of the
therapeutic agent over time."?

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).” The charge and chemistry of the hydrophilic head-
group has a large e ect 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.”* 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)”>"® and ABA-type block copolymers, such as the
Pluronics.”*®* 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.®?> 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) (PEQO). They are mostly
water-soluble, and form micelles at various CMC values, depending on the
ratio of PPO to PEO segments.®® 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.®#% 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.®® To
overcome this problem, the micelles were stabilized by polymerizing an inter-
penetrating network (IPN) of poly(N,N-diethylacrylamide) (NNDEA).%’
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.®® Tests were conducted in order to determine whether
such stabilization would a ect 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 di erent from the behavior
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drug.2+145.167.168 £qr axample, our research group used a tumor-bearing rat
model to investigate the e ect 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 a ect the growth rate, as 20- and 478-kHz
treatments yielded the same results.**®

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.*®® 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 8 mg/kg was lethal within two weeks, while 5.33 and 4.0 mg/kg were
lethal within six weeks. Concentrations of 1.33 and 2.67 mg/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 e ect with a maximum in concentration at about 12
hours.*®°

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.’® 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 e ectiveness of 5-fluorouracil (5FU) was also studied in a
mouse model of colon cancer.™*> Tumor reduction was significant when the
micellar delivery was combined with 20-kHz ultrasound at 3.16 W/cm? for 30
minutes.

In another mouse model, this time of breast cancer, ultrasonic frequencies of
28 kHz and 3 MHz were applied simultaneously to the tumor after intravenous
administration of Dox in stabilized P105 micelles.**” 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, 0’172
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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 She eld, Firth Court, Western Bank, She eld, South Yorkshire,

S$10 2TN, UK

*Email: g.battaglia@she eld.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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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 bu er 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 su ciently 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.?**°** 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.**** 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.**=*® 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.*® 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-o 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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a ecting drug-delivery system uptake e ciency we direct readers to a recently
published review.®®

In recent years, studies have shown that nanoparticle size is associated with
di erent rates and mechanisms of internalisation. Generally, nanoparticles
ol00nm are internalised faster than particles >100nm.%®®" In the case of
receptor-mediated endocytosis the optimal nanoparticle diameter for cellular
uptake has been identified as between 50 and 60 nm.®®°% Nevertheless these
guidelines are strongly a ected by other physico-chemical properties of the
nanoparticle and hence should be altered for each formulation. When inves-
tigating studies on the e ects 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 e cient 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 e ciently internalised than their rod-shaped or cylindrical
counterparts across a variety of cell types.349091:9495 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 e ect on the physical membrane
interactions. Ferrari and Decuzzi®* 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 Mitragotri®® arrived at an inter-
esting conclusion when studying the e ect 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 e ciency of internalisation. Spherical particles are characterised
by a cellular contact angle of 45degrees. 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.®® However, studies by DeSimone et al.®
contradict this trend of less e cient 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
e ects of shape on the cellular internalisation of polymersomes. However,


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



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



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



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

196 Chapter 7

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 e ects 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.*®® 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(ll) (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.*?
System Penetration depth  Resolution  Probes
Optical imaging o©10cm 1-3mm Fluorochromes, photoproteins
MRI No limit 10-100pum  Gadolinium, iron oxide particles
PET/SPECT No limit 1-2mm 18p, ¢, 150, #mTC, Mn

Ultrasound 020cm 50 um 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.*** 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.*?®

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 di erent 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.*®
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 su cient circulation times (B3.5h) and afterwards
degradation of the vesicles resulted in gadolinium being removed via the
kidneys.'?7128

In medical ultrasound imaging, a sound wave with a frequency range of
2-18 MIHz 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 di erent 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-pL-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.*?

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
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was successfully encapsulated in (PEO-PLA) vesicles by Discher and
coworkers, who proved the system to be as e cient as Lipofectamine 2000
in vitro.**’

In order to study the biodistribution and the e ect 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,
USPI0O provided contrast for MR1.%®

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 reactions within
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 di uses out of the polymersomes. An example of such a system was
recently reported by van Hest and coworkers.**® 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 e cient than surface-anchored
reactions.**® Using the same copolymer (PS-PIAT) Arends et al.**® encapsulated
chloroperoxidase within polymersomes, and showed how the Kinetics of substrate
conversion di ered, according to their membrane di usion 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.*>* One example of producing an artificial organelle was
conducted by van Hest and coworkers.'*? 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.*®? 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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quantitatively within 12 h in a reductive environment (10 mM dithiothreitol, DTT)
analogous to that of the intra-cellular compartments such as the cytosol and
the cell nucleus (Figure 8.2A).2% Low drug release (©20%) was observed within
24 h 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 su ciently 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,
50 mM); 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 25 pg/mL. The cells were incubated for 24 h or 48 h. Data are
presented as the average standard deviation (n¥%.6).
Reprinted from Ref. 24 with permission. Copyright (2010) American
Chemical Society.
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aggregation in the presence of 10 mM dithiothreitol (DTT), due to shedding of
the PEG shells through reductive cleavage of the intermediate disulfide bonds.
Experiments using a mouse leukemic monocyte macrophage cell line (RAW 264.7)
revealed that these shell-sheddable micelles release Dox much faster inside the
cells and show a higher antitumor e cacy, 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).%*

The e ect 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.? 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
e ective 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 o as much as 90% PEG shells. The enhanced drug release upon
shedding o shells is likely attributed to formation of drug tra cking channels
in the corona, facilitating drug di usion from the micellar core.

Wang et al.?® 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 e ectively to overcome the multi-drug resistance (MDR) of cancer
cells.?” In the last few years, many di erent types of reduction-sensitive shell-
sheddable micelles have been designed and explored for controlled drug release.
Yoo and Park®® reported GSH-triggered drug release from camptothecin
(CPT)-loaded PEG-SS-poly(y-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.*® and Shi et al.*
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.*! 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 e ect to MCF-7 cells. Huang and Yan*
constructed shell-sheddable micelles based on the amphiphilic hyperbranched
multi-arm star-PLA-SS-poly(2-ethoxy-2-0x0-1,3,2-dioxaphospholane) (PEP)
copolymer, and Oh et al.*® reported the synthesis and reduction-triggered
shell-shedding of PEG-SS-PLA micelles.
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Figure 8.3 In vivo imaging of tumor-bearing mice administrated with Cy7-loaded
micelles (A). Images taken after administration of HA-DOCA, micelles
at 6 hours (al) and 24 hours (a3) and HA-SS-DOCA o 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 per mm? of tumor. Results
were expressed as the mean SD from three independent experiments.
***n00.001. Ex vivo fluorescence images of tumors collected at 24 h post-
injection of HA-DOCA o micelles and HA-SS-DOCA 4 micelles (C).
Reprinted from Ref. 35 with permission of Elsevier.

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.** 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.** 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.*® 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
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poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-PMA) micelles using
divalent metal cations (Ca’t) as templates and cross-linking the ionic cores
with cystamine. Interestingly, these micelles showed a high level of Dox loading
(50% wi/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 1Csq
value at least six times lower as compared to the stably cross-linked control.
Stenzel et al.*” obtained stable nucleosides-containing block copolymer micelles
by sequential reversible addition-fragmentation chain transfer (RAFT) copoly-
merization of polyethylene glycol methyl ether methacrylate, 5'-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.*®*° 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.*® 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.*® 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).%° 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 e ective 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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Figure 8.5
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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 di erent 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 72h after
injection. In vivo antitumor e cacy after intravenous treatment of
di erent PTX formulations in the subcutaneous mouse model of SKOV-3
ovarian cancer (B). Tumor-bearing mice were i.v. treated with PBS
(control) and di erent PTX formulations on days 0, 3, 6, 9, 12 and 15
when tumor volume reached about 100-200 mm?® (n%8-10).

Reprinted from Ref. 50 with permission of Elsevier.
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The micelles were decorated with streptavidin, yielding polymer—protein hybrid
particles with tunable dimensions in the 350 nm-2 um 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 0.8 M NaCl.”® In contrast, particles made from
non-thiolated polymers dissociated under the same conditions.

Feng et al.”” 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 2nm thick. The release
studies demonstrated that loaded rhodamine B was rapidly released in response
to 21.6 mM DTT, in contrast with the slow release in 0.216 mM 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 f-CD to PNAS coated
MSN via disulfide bonds and then cross-linking with diazo-linker.”® In the
absence of stimuli, no release of entrapped calcein from nanogated MSN was
observed, while application of UV, DTT or «-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.”® 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
e ective in delivering cysteine into HelLa 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 e ect on the cell growth inhibition. Intra-cellular
cysteine release has also been achieved with ATTOG633-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 HuH?7 cells of disulfide-bound cysteine from MSN.#°
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
su cient 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.>® Usually, hollow capsules are
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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.*® 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 di erent 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
di erent levels of accessibility to three proteases that di er in substrate selec-
tivity.*® The hydrogels were functionalized with peptidic sequences, made of
zwitterionic peptides flanked by oppositely charged amino acids that have a
high a nity 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 di usion 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 di erent overall
charge.** 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.*? 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 a ected 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.** 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 Lys’-containing
peptide. The release of platinum was influenced by the peptide sequence chosen
as substrate of MMP; the higher the peptide-MMP a nity, 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. Di erently 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, n-stacking,
van der Waals forces, hydrophobic interactions or combinations thereof, in
aqueous or organic media.** 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.*> 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.*® 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.*’ 6-Aminoquinoline (AQ) was incorporated through an
enzyme cleavable linker, Phe, into a cyclohexane trisamide sca old 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

YAIl 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 (lle); Leucine (Leu); Lysine (Lys); Methionine (Met);
Phenylalanine (Phe); Proline (Pro); Serine (Ser); Threonine (Thr); Tyrosine (Tyr); Valine (Val).


http://dx.doi.org/10.1039/9781849736800-00232



http://dx.doi.org/10.1039/9781849736800-00232



http://dx.doi.org/10.1039/9781849736800-00232



http://dx.doi.org/10.1039/9781849736800-00232

Enzyme-responsive Drug-delivery Systems 245

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.

Enzyme Released
Polymer substrate Enzyme molecule Ref.
1 PEG-[C1,](Mucic acid), Hydrazone Pancreatic Doxorubicin 58
linker lipase
2 PLA-b- PEG/PLA-b-PNIPAM PLA Lipase Ibuprofen 59
3 (Ala),-Lys-Leu-Val-(Phe),-PEG ~ PheBPhe  a-chymotrypsin Amyloid 60
peptide
fragments
4 co-poly(n butyl acrylate) AlaBAla Elastase, Amino acid 61
-polystyrene-b-poly(Glu-co-Ala) thermolysin fragments
5 OEG-polyester Ester Proteinase K Doxorubicin 62
chains and
rifampin
6 Dendrons Ester linker Porcine liver Pyrene 63
esterase

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.>® 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.
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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
coworkers® 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. Kuhnle and Borner® 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)s), which have a strong tendency to form B-sheets aggregates in
water. This behavior was suppressed by introducing three phosphothreonines
into the (Thr-Val)s 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.®®®” 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.®® 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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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.®*°
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;** 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
e ciency or cell targeting without loss in activity.?

Various synthetic polycations, e.g. poly(ethylene imine) (PEI),** and poly-
amidoamine (PAMAM) dendrimers,®** 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*
poly(dimethyl amino ethyl methacrylate) (\DMAEMA)***® or histidine-rich
peptides.’” This protonation is normally associated with a bu ering 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” e ect.*® 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.> In addition to pH, the change
in glutathione concentration inside cells (approx 100-fold compared to that in
the plasma),’® or the local increase of the temperature in a target tissue,?*?* have
also been considered as biostimuli to enhance gene delivery.
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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.?® 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 (pK, B5) 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.*° 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.! In this case, preparing an acid labile
PEGylated atom transfer radical polymerization (ATRP) initiator provides an
easy way to control pPDMAEMA chain length in the conjugates. In a similar
fashion, PEG-cholesterol conjugates were synthesized by Miller and coworkers,
using an oxime linker (Figure 10.2e).3? 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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pCMV-Luc molecules were cooperatively collapsed into small spherical poly-
plexes (20-30nm), 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 CI.2 murine hepatocytes, which lead to
marginal gene expression. Transfection e ciency for this type of stimuli-
responsive polyplexes could be improved increasing the N/P ratio to 3 at the
expense of producing larger particles (>500nm),*® which could be further
improved by tailoring the length of the hydrophobic chain of the detergent
(C10 o C14 o C16).%® Keeping the size of these polyplexes small, while main-
taining a negative or neutral charge, was considered advantageous in order to
overcome some of 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,*"*® or arginine-
glycine-aspartic acid (RGD) peptides,*® led to an increase in uptake that
did not correlate with an increase in transfection e ciency. On the other
hand, the introduction of a transfection helper such as 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE),*® and performing transfection experiments in
the presence of chloroquine led to an expression of pPCMV-Luc in endothelial cells
comparable to that of b-PEI control (Figure 10.4).*® A similar templating strategy
was developed by Hagstrom and coworkers for the condensation of pDNA into
particles of small size (0150 nm), which were able to induce luciferase expression
in NIH/3T3 cells, with a 100-fold increase in gene expression when compared with
similar complexes prepared from non-templated polymers.**

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-Lysio) that could condense pDNA and spontaneously
oxidize to yield stable polyplexes,®*® in a similar fashion to the cationic lipids
described by Behr and coworkers.*® Several factors such as the number of
cysteine (Cys),> length of the peptide,>® the presence of histidine as a bu ering
residue to promote endosomal escape,®® the strength of the S-S bond,>® the
presence of D-aminoacids® or the introduction of targeting ligands were
investigated.®® 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-Lys,-Cys was the smallest peptide able
to produce stable polyplexes with e cient 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 2h using a backbone
peptide composed of p-amino acids.*
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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 (NIPAAmM)-
co-2-(dimethylamino)ethyl methacrylate (DMAEMA)-co-butylmethacrylate
(BMA).1%%1%1 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,’®® but the e ect of changing the
temperature in transfection was not investigated at that point. In their work,
Yokoyama et al.'®® introduced BMA as a comonomer in order to decrease the
lower critical solution temperature (LCST) of the polymer to 211C, and to
improve transfection e ciency. Transfection with thermo-responsive poly-
plexes showed increased B-galactosidase activity, when a hypothermic shock
(3h at 201C) was introduced halfway through the incubation of cells under
normal conditions (37 1C) (Figure 10.8). Thise ect 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 E ect of incubation temperature and temperature cycle on gene
expression using p(NIPAAm-co-DMAEMA-co-BMA) as the gene
vector. *P ©0.01, **P © 0.001.
Reproduced from Ref. 100 with permission of Elsevier.
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described by Shi and coworkers for the delivery of pDNA to 293T cells
in vitro.*® Lys,s 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 e ciencies 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 be packaged and
released with high e ciency. At the same time, there have been advances in the
study of biological pathways and processing mechanisms and, although the details
of tra cking routes such as those leading from endosomal uptake through to
cytosolic release are still not completely understood, there is nevertheless much
new insight from which 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 e ciency,
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.
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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 Chansai’? 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.”® 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 e ectively. 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.” A similar device has been described by Jager et al.”
Medical devices such as catheters, guidewires, pacemakers and defibrillators
coated with conducting polymer doped with therapeutic molecule have proved
quite e ective.

Minteer and Ulyanova’ 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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Ppy/pTS-coated
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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.)

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.®>®" 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.
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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 1s. 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.*®

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.*°

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
-N¥%N- 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.>°

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.>* 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.>?

E) Photo-excitation. Photo-induced release can also be attained by exploiting
the ability of metal nanoparticles to absorb light e ciently 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).>® 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.®® Metal nanoparticles can reach
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reactive/sensitive to light.”® In line with the triggering mechanisms described in
Section 12.3, photoresponsive polymeric micelles can be grouped into four
di erent 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, ¢) a BCP chain degra-
dation process or d) a reversible cross-linking reaction (Figure 12.1).% The
release of the loaded guest molecules does not necessarily require complete
micelle disassembly, but a structural rearrangement to allow the di usion 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 di erent 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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drug di usion 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 di erent wavelength (Figure 12.9). To reach this goal,
the photodimerization reaction through the cyclo-addition of coumarin-based
groups under UV light at A>310nm, and the subsequent cleavage of cyclo-
butane bridges under UV light at A0260 nm has been exploited.**? Cinnamic
acid can be also used for this purpose.t**

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)).**> In aqueous medium, the dimer-
ization degree of the photoresponsive groups of PEO;1,-b-P(CMAg-co-MMA,)
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/CH,CI, (1/1v/v), shell-cross-linked,

(a)

(b) 100
__ 804 UV irradiation (> 310 nm)
)
S 601
T
N
g 401
£
20 z :
UV irradiation (<260 nm)
0 T T v v v
0 1 2 3 4 5

Number of Cycles

Figure 12.9 a) Schematic representation of block copolymer micelles that can be
reversibly cross-linked and de-cross-linked by light at two di erent
wavelengths. b) Changes in  photodimerization degree of
PEO;1,-b-P(CMAg-co-MMA,g) 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.™® 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),™”*® but they
need to be disrupted for releasing the drug once they reach the target.®*
Importantly, di erent from chemical cross-links that may impair the bio-
degradability, physical cross-links may be more friendly for cells and tissues.**°

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.*?%*2 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 180 min., the ONB
groups are cleaved and the LCST of the thermo-responsive block increases by
111C, causing micelle 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).°* Using a similar approach,
He et al.**® 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] (PMEO,MA) block, which
formed core-cross-linked micelles upon simultaneous heating of the solution
above the LCST of PMEO,MA and exposure to UV light at A> 310 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.*?°

12.4.2 Polymeric Vesicles

Self-assembly of amphiphilic BCPs can lead, under certain circumstances,'®* 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.”® in 1999 due to their resemblance to liposomes. The possibility of
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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.

polymersomes formation depends on the polymer composition, the mutual
a nity between the copolymer blocks and the solvent and the preparation
conditions (e.g. ionic strength of the medium or temperature).*?* Polymersomes
can be obtained through di erent methods, including electroformation, rehy-
dration and direct dissolution into water.*?%%’

The attractiveness of polymersomes for encapsulation lies in both the
availability of biodegradable polymers and the feasibility of tailoring the
bilayer properties.*?>2812° Compared to lipidic vesicles, polymersomes are
considered to be more rigid, stable and versatile,**>*3! and this can be further
enhanced by cross-linking of the polymer network.'*> Polymersomes may
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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-PMAZz0444 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 t¥ 0 corresponds to pore nucleation. The other
images show the same vesicle as the pore grows (Scale bar, 5pum).
Reproduced from Ref. 153 with permission of the National Academy of
Sciences.

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.*®” Employing spiropyran as
chromophore, Huang and coworkers prepared vinylpyridine-based BCP
vesicles.®™® 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 vyield
enhancement of the chromophore fluorescence.™®® 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. %9162
Harvesting of light energy to produce local heating and membrane budding in
polymersomes was performed by Robbins et al.’®® Polymersomes made of a
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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.

reaction of coumarin (Figure 12.18).*° Nanogels with a highly cross-linked
core released dipyridamole at a slower rate than after de-cross-linking.'?° In a
subsequent publication this research group reported both core- and shell-
cross-linked nanogels.*?® Reverse photocleavage of coumarin dimers under UV
light (. ©260 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.**
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.?%®

Photocontrollable nanogels have also been developed taking benefit from the
self-aggregation of an azo-dextran polymer through = stacking interactions.?*
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.?*° Alternatively, photocleavage of ONB groups has been shown
to be able to trigger the swelling and degradation of gel particles;**° for example,
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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).?**

The combination of light and other stimuli can be exploited for a fine tuning
of the release. Landfester’s group prepared dual stimuli-responsive hydroxyethy!l
methacrylate-co-methacrylic acid (poly(HEMA-co-MAA)) microgel particles
by inverse miniemulsion copolymerization, using two photodegradable cross-
linkers containing nitropheny! units.?*?> 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.?*?> The same approach has been implemented to create
dual enzyme and light-responsive nanogels composed of acrylamide and a
dextran-nitrobenzyl-acrylate cross-linker.?*® 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.?*®

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.?** 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.?**
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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(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

359

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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dynamic light scattering (DLYS)
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

e ux 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
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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) e ect 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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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 e ects 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
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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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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
PAAmM. 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
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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 e ect

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
I-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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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)
(PNIPAAmM) 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

Subject Index

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-NIPAAmM 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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SAXS (small angle X-Ray
scattering) 1.183
sca old-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
scCO, (supercritical CO,) 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

387

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
(SWCNTSs) 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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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 e ect
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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 vii

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 She eld. 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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Figure 13.2 Conjugation of methotrexate (MTX) to the surface of an AuNP.
Reproduced from Ref. 62 with permission of the American Chemical
Society.

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.

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:°9.65-68 pEGylated gold nanoparticles exhibit excellent stability
under physiological conditions, minimal interaction with biomacromolecules
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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 HSBDP mediated by
GSH. Samples of nanoparticles were incubated at 37 1C in pure water, in
tripeptide (L0mM) and in GSH (10 mM), 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)
andiii) anti-EGFR; andd) e ectof glutathione concentration on the release
of b-lapachone from AuNP-1/lap in HEPES bu er solution (pH 7.4).
Reproduced from Ref. 125 with permission of the Royal Society of
Chemistry.

solubility and prevented premature cellular uptake (Figure 13.10a)."*® Cell
viability studies showed an ICsq of 0.7mM 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).**® 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).** Furthermore, the Au-S and the S-S bonds can be cleaved
not only by an intra-cellular physiological thioldisulfide bond exchange
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Figure 13.12 The NIR window is ideally suited for in vivo imaging because of the
minimal light absorption by hemoglobin @650 nm) and water 900 nm).
Reproduced from Ref. 148 with permission of Nature Publishing
Groups.

Figure 13.13 a) Surface plasmon absorption spectra of gold nanorods of di erent
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.

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.2®134155156 Utilizing the Au nanorod shape change, two
distinct DNA oligonucleotides can be selectively released from gold nanorods
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Figure 13.15 Overview of selective release after laser irradiation of DNA-conjugated
nanocapsules (blue ovals) and nanobones (red bones). Exposure to
1 %2800 nm irradiation (left) melts the nanocapsules, which then selectively
release the DNA (labeled with FAM, green triangles). On the other hand,
exposure to 1%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.

interactions between hydrophobic segments of the polymer become
strengthened (Figure 13.16).2%°

Among many other temperature-responsive polymers, poly(N-isopropyl-
acrylamide) (pNIPAAmM) is the most extensively studied because its LCST is in
the 25-321C range, i.e. near physiological temperature, and can be shifted to
higher or lower temperatures by incorporating hydrophilic or hydrophobic
segments.**8162173 Gold nanocages can be modified with various phase-change
materials such as 1-tetradecanol or pNIPAAmM for controlling the release
applying NIR laser irradiation (Figure 13.17).1”® When these gold nanocages
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