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Preface

Advanced healthcare materials are attracting strong interest in fundamen-
tal as well as applied medical science and technology. Advanced Healthcare
Materials summarizes the current state of knowledge in the field of
Advanced Materials for functional therapeutics, point-of-care diagnostics,
translational materials and up-and-coming bioengineering devices. In this
book we have highlighted the key features which enable the design of stim-
uli-responsive smart nanoparticles, novel biomaterials, and nano/micro
devices for either diagnosis or therapy, or both, called theranostics. The
latest advancements in healthcare materials and medical technology are
also presented. In narrative outline, this volume of the Advanced Materials
series includes fourteen chapters divided into four main areas: “Functional
Therapeutics,” “Point-of-Care Diagnostics,” “Translational Materials” and
“Up-and-Coming Bioengineering Devices.”

The chapter “Stimuli-Responsive Smart Nanoparticles for Biomedical
Application,” describes the synthesis and engineering of stimuli-responsive
polymeric nanosystems and their use in sensors, logic operations, biomed-
icine, tissue engineering and regenerative medicine, synthetic muscles,
“smart” optical or microelectromechanical systems, membranes, electronics
and self-cleaning surfaces. The chapter entitled “Diagnosis and Treatment
of Cancer - Where We Are and Where We Have to Go!” is an overview
of new methods and technology such as functional nanoparticles-based
drug delivery and diagnostics systems for overcoming obstacles in cancer
diagnosis and treatment. Also, exploratory fundamental and cutting-edge
accounts of advanced materials including nanoparticles, nanopolymers,
metal-organic frameworks and zeolites in drug delivery and diagnostics are
presented in the chapter, “Advanced Materials for Biomedical Application
and Drug Delivery.” Another chapter, “Nanoparticles for Diagnosis and/
or Treatment of Alzheimer’s Disease,” focuses on the nanotheranostic
approach to Alzheimer’s treatment.

The chapters “Novel Biomaterials for Human Health: Hemocompatible
Polymeric Micro- and Nanoparticles and Their Application in Biosensor”

Xvii



xviii PREFACE

and “The Contribution of Smart Materials and Advanced Clinical
Diagnostic Micro-Devices on the Progress and Improvement of Human
Health Care,” cover the application of advanced healthcare materials for
point-of-care diagnostics. The notable advantages and limitations of trans-
lational biomaterials are described in the chapters “Hierarchical Modeling
of Elastic Behavior of Human Dental Tissue Based on Synchrotron
Diffraction Characterization,” “Biodegradable Porous Hydrogels,” and
“Hydrogels: Properties, Preparation, Characterization and Biomedical
Applications in Tissue Engineering, Drug Delivery and Wound Care”
Up-and-coming bioengineering devices are covered in the chapters
entitled “Modified Natural Zeolites - Functional Characterization and
Biomedical Application,” “Supramolecular Hydrogels Based on
Cyclodextrin Poly(Pseudo)Rotaxane for New and Emerging Biomedical
Applications,” “Polyhydroxyalkanoate-Based Biomaterials for Applications
in Biomedical Engineering,” “Biomimetic Molecularly Imprinted Polymers
as Smart Materials and Future Perspective in Health Care,” and “The Role
of Immunoassays in Urine Drug Screening.”

This book has been written for a large readership including university
students and researchers from diverse backgrounds such as chemistry,
materials science, physics, pharmacy, medical science, and biomedical
engineering. It can be used not only as a textbook for both undergraduate
and graduate students, but also as a review and reference book for research-
ers in materials science, bioengineering, medical, pharmacy, biotechnology
and nanotechnology. We hope the chapters of this book will provide read-
ers with valuable insight into the important area of advanced healthcare
materials, especially the cutting-edge technology in functional therapeu-
tics, point-of-care diagnostics, translational materials and up-and-coming
bioengineering devices. The interdisciplinary nature of the topics in this
book will help young researchers and senior academicians. The main credit
for this book goes to the contributors who have comprehensively written
their updated chapters in the field of Advanced Healthcare Materials.

Ashutosh Tiwari, PhD, DSc
Linképing, Sweden
March 6, 2014
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Abstract

Biological systems consist largely of regulation systems; these natural feedback reg-
ulation systems are very important to stabilize such non-equilibrium systems like a
living organism. One example is release of hormones from secretory cells, which is
regulated by physiological cycles or by specific input signals. It is not surprising that
regenerative medicine and drug delivery are also utilizing similar responsive strate-
gies in a biomimetic fashion. During the last two decades, scientists have been trying
to mimic nature in designing “smart” synthetic materials from various functional
molecular building blocks that respond to stimuli such as temperature, pH, ionic
strength, light, electric or magnetic field, chemical and biochemical stimuli in order
to mediate molecular transport, shape changes, tune adhesion and wettability, or to
induce signal transduction of (bio-)chemical or physical stimuli into mechanical,
optical or electrical responses. Biomimetic approaches have been employed in the
design, synthesis and engineering of stimuli-responsive polymeric systems, which
undergo reversible abrupt phase transitions upon variation of a variable around a
critical point and their use in a plethora of applications, including sensors, logic
operations, biomedicine, tissue engineering and regenerative medicine, synthetic
muscles, “smart” optical or microelectromechanical systems, membranes, electron-
ics and self-cleaning surfaces has been explored.
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1.1 A Brief Overview of Nanotechnology

Nanotechnology has emerged in the last decades of the 20th century with
the development of new enabling technologies for imaging, manipulating,
and simulating matter at the atomic scale. The frontier of nanotechnology
research and development encompasses a broad range of science and engi-
neering activities directed toward understanding and creating improved
materials, devices and systems that exploit the properties of matter that
emerge at the nanoscale. The results promise benefits that will shift par-
adigms in biomedicine (e.g., imaging, diagnosis, treatment, and preven-
tion); energy (e.g., conversion and storage); electronics (e.g., computing
and displays); manufacturing; environmental remediation; and many
other categories of products and applications.

Amongst leading scientists, there is growing awareness about the tre-
mendous impact this field will have on society and the economy. It is fore-
casted to become possibly even more important than, for example, the
invention of the steam engine or the discovery of penicillin.

The landmark lecture by eminent Nobel Laureate Richard Feynman in
1959 entitled “There’s plenty of room at the bottom,” brought life (to) the
concept of nanotechnology, which has been influencing all the different
fields of research involving hard core science such as chemistry, physics,
and other applied fields of science, such as electronics, materials science
and biomedical science, agrochemicals, medicine and pharmaceutical sci-
ences etc. [1].

Nanotechnology and nanoscience are widely seen as having a great
potential to bring benefits to many areas of research and applications. They
are attracting increasing investments from governments and private sector
businesses in many parts of the world. Concurrently, the application of
nanoscience is raising new challenges in the safety, regulatory, and ethical
domains that will require extensive debates on all levels.

The prefix nano is derived from the Greek word dwarf. One nanometer
(nm) is equal to one-billionth of a meter, that is, 10~° m. The term “nano-
technology” was first used in 1974, when Norio Taniguchi, a scientist at the
University of Tokyo, Japan, referred to materials in nanometers.

At the nanometer scale, the physical, chemical and biological proper-
ties of nanomaterials are fundamentally different from those of individual
atoms, molecules, and bulk materials. They differ significantly from other
materials due to two major principal factors: the increased surface area
and quantum effects. A larger surface area usually results in more reactive
chemical properties and also affects the mechanical or electrical properties
of the materials. At the nanoscale, quantum effects dominate the behaviors
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of a material, affecting its optical, electrical and magnetic properties. By
exploiting these novel properties, the main purpose of research and devel-
opment in nanotechnology is to understand and create materials, devices
and systems with improved characteristics and performances [2].

1.2 Nanoparticulate Delivery Systems

The nanoparticulate system comprises of particles or droplets in the sub-
micron range, i.e., below lum, in an aqueous suspension or emulsion,
respectively. This small size of the inner phase gives such a system unique
properties in terms of appearance and application. The particles are too
small for sedimentation; they are held in suspension by the Brownian
motion of the water molecules. They have a large overall surface area and
their dispersions provide a high solid content at low viscosity.

Historically, the first nanoparticles proposed as carriers for therapeu-
tic applications were made of gelatin and cross-linked albumin [3]. Use
of proteins may stimulate the immune system, and to limit the toxicity
of the cross-linking agents, nanoparticles made from synthetic polymers
were developed. At first, the nanoparticles were made by emulsion polym-
erization of acrylamide and by dispersion polymerization of methylmeth-
acrylate [4]. These nanoparticles were proposed as adjuvants for vaccines.
Couvreur et al. [5] proposed to make nanoparticles by polymerization of
monomers from the family of alkylcyanoacrylates already used in vivo as
surgical glue. During the same period of time, Gurny et al. [6] proposed
a method for nanoparticle synthesis from another biodegradable polymer
consisting of poly(lactic acid) used as surgical sutures in humans. Based
on these initial investigations, several groups improved and modified the
original processes mainly by reducing the amount of surfactant and organic
solvents. A breakthrough in the development of nanoparticles occurred in
1986 with the development of methods allowing the preparation of nano-
capsules corresponding to particles displaying a core-shell structure with a
liquid core surrounded by a polymer shell [7]. The nanoprecipitation tech-
nique was proposed as well as the first method of interfacial polymeriza-
tion in inverse microemulsion [8]. In the succeeding years, the methods
based on salting-out [9], emulsion-diffusion [10], and double emulsion
[11] were described. Finally, during the last decade, new approaches were
considered to develop nanoparticles made from natural origin such as
polysaccharides [12]. These nanoparticles were developed for peptides
and nucleic acid delivery. A further development was surface modifica-
tion of nanoparticles to produce long circulating particles able to avoid the
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capture by the macrophages of the mononuclear phagocyte system after
intravenous administration [13].

1.3 Delivery Systems

The specific delivery of active principles to the target site, organ, tissue,
or unhealthy cells by carriers is one of the major challenges in bioactive
delivery research. Many of the bioactive compounds have physicochemical
characteristics that are not favorable to transit through the biological barri-
ers that separate the administration site from the site of action. Some of the
active compounds run up against enzymatic barriers, which lead to their
degradation and fast metabolization. Therapeutically, distribution of such
active molecules to the diseased target zones can therefore be difficult.
Moreover, the accumulation of drugs in healthy tissues can cause unac-
ceptable toxic effects, leading to the abandonment of treatment despite its
effectiveness [14].

In order to overcome the above challenges an ideal delivery system must
possesses basically two elements: the ability to transport loaded payload
to the target site and control its release. The targeting will ensure high
efficiency of loaded payload at the site of core interest and reduces any
unwanted biological effects. Various delivery devices have been devel-
oped and an overview of each type of nanocarrier is given in the following
section.

According to the process used for the preparation of nanoparticles,
nanospheres or nanocapsules can be obtained. Nanospheres are homoge-
neous matrix systems in which the drug is dispersed throughout the par-
ticles. Nanocapsules are vesicular systems in which the drug is confined to
a cavity surrounded by a polymeric membrane [15].

1.3.1 Hydrogels

Hydrogels are three-dimensional networks composed of hydrophilic poly-
mer chains. They have the ability to swell in water without dissolving. The
type of cross-linking between the polymer chains can be chemical (cova-
lent bonds) or physical (hydrogen bonds or hydrophobic interactions).
The high water content in these materials makes them highly biocom-
patible. There are natural hydrogels such as DNA, proteins, or synthetic,
e.g., poly(2-hydroxyethyl methacrylate), poly(N-isopropylacrylamide) or
a biohybrid [16]. The release mechanism can be induced by temperature



STIMULI-RESPONSIVE SMART NANOPARTICLES 7

or pH. Temperature-controlled release is due to the competition between
hydrogen bonding and hydrophobic interactions. At lower temperatures,
the hydrogen bonding between polar groups of the polymer is predomi-
nant, causing the polymer to swell in water. At higher temperatures, the
hydrophobic interactions take over, leading to its shrinkage [17]. Glucose-
sensitive hydrogels can release insulin in a controlled fashion in response
to the demand [18].

1.3.2 Dendrimers

Dendrimers are highly branched cascade molecules that emanate from a
central core through a stepwise repetitive reaction sequence. Such a mol-
ecule consists of three topologically different regions: a small initiator core
of low density and multiple branching units, the density of which increases
with increasing distance from core, thus eventually leading to a rather
densely packed shell. Finally, outer terminal units for shielding actually
amount to an encapsulation that can create a distinct microenvironment
around the core moiety and hence affect its properties [19].

Dendrimers can be synthesized in multiple ways. A dendrimer can
be synthesized originating form core by repetition of a sequence of
reactions, which allows fast growth of the dendrimer in both size and
in number of terminal groups [20]. Another method is the convergent
method, in which the core is incorporated in the final step of elaboration
of the dendrimer [21].

Owing to their large number of surface groups, dendrimers have the
ability to create multivalent interactions [22]. Dendritic structures may
also be engineered to encapsulate certain hydrophobic drugs like indo-
methacin [23].

The dendrimeric surface can be tuned for functional groups to induce
an electrostatic-type interaction with active molecules. For example, nega-
tively charged DNA chains can be complexed to positively charged den-
drimers. Several research groups have demonstrated that dendrimer/DNA
complexes, which are very compact, easily penetrate cells by endocytosis
and therefore improve transfection [24]. In some cases, the bulkiness of the
dendrimer and the density of its structure make the cleavage of the water-
soluble and biodegradable bonds of the peripheral layer quite difficult [25].
Delivery of active principles is therefore not so straightforward. In other
cases, the encapsulated molecules are not well trapped and may be released
prematurely [23]. Nevertheless, the functional groups of dendrimers can
be easily tuned and therefore make versatile drug vectors.
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1.3.3 Liposomes

Liposomes are vesicles formed by the auto-association of one or several
phospholipid bilayers that enclose an aqueous compartment. They have
attracted the attention of a number of research groups in various fields,
such as physical chemistry, biophysics, and pharmaceutics because of their
structure, which is comparable to the phospholipid membranes of living
cells [26]. The innocuous nature of phospholipidic components in lipo-
some make them suitable reservoir systems that rapidly became the ideal
candidates for drug vectorization in biological media. Liposomes are able
to transport both hydrophobic substances anchored into the bilayer, and
hydrophilic substances encapsulated in their cavity.

Temperature-sensitive liposomes have also been elaborated using lipids
such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, which has a phase-
transition temperature between 41 and 43 °C. These liposomes could be used
in association with hyperthermia treatments, for example, in the delivery of
drugs into solid tumors [27]. Ligands can be anchored onto the liposome
surface to deliver encapsulated drugs for specific action sites. These ligands
can be antibodies, which bind to specific cell receptors, or less-specific
ligands, such as folate or selectin [28]. Attachment of PEG to liposomes can
also protect them from detection by monocytes and macrophages [29] in
the liver and spleen, which allows a prolonged circulation time within the
bloodstream. The liposomes utilized in doxil, which is marketed as a che-
motherapy drug, are formulated with surface-bound methoxypolyethylene
glycol (MPEG). Liposomes are thus versatile reservoir systems. The more
they develop, the more sophisticated their compositions become, allowing
very specific targeting and completely controlled drug delivery. However,
these rather complex systems have to be systematically tuned according to
the drug to be encapsulated and the desired application.

The physical and chemical stability of liposomes also limits their use
in vectorization. Chemically, their poor stability can be attributed to lipid
ester bond hydrolysis, and physically, the aggregation or the fusion of sev-
eral liposomes can lead to the formation of large-sized objects that are
therefore no longer usable in vectorization. Moreover, these objects may
be subject to leakage, releasing the encapsulated drugs before they reach
their site of action. Their preparation procedure also requires the use of an
organic solvent, which can leave toxic residual traces.

1.3.4 Niosomes

Niosomes [14] are made of nonionic surfactants that are organized
into spherical bilayers enclosing an aqueous compartment, and have an
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identical structure to liposomes and polymersomes. Several preparation
methods [30] for niosomes have been described in the literature. In most
cases, niosome formation requires the addition of molecules such as cho-
lesterol to stabilize the bilayer and molecules that prevent the formation of
niosome aggregates by steric or electrostatic repulsion.

In an analogous fashion to liposomes, niosomes are able to vectorize
hydrophobic drugs enclosed in their bilayer and hydrophilic substances
encapsulated in their aqueous cavity. Unlike phospholipidic liposomes,
niosomes, which are made of surfactants, are not sensitive to hydrolysis or
oxidation. This is an advantage for their use in biological media. Moreover,
surfactants are cheaper and easier to store than phospholipids. A further
advantage of niosomes relative to liposomes lies in their formulation, as
these vectors can be elaborated from a wide variety of surfactants, the
hydrophilic heads of which can be chosen according to the application
and the desired site of action [30]. Notably, surfactant niosomes have been
obtained with glycerol [31], ethylene oxide [32], crown ethers [33], and
polyhydroxylated [34] or sugar-based [35] polar headgroups.

The encapsulation of active substances in niosomes can reduce their tox-
icity, increase their absorption through cell membranes, and allow them to
target organs or specific tissues. Recently, antibody surface-functionalized
niosomes [36] were developed in a similar way to virosomes.

Niosomes have been developed to reach the same specific drug delivery
objectives as liposomes, thus overcoming the drawbacks of phospholipid
use. However, niosome membranes are permeable to low-molecular-
weight molecules, and a leakage of drugs encapsulated in the aqueous cav-
ity of niosomes over time has been observed.

1.3.5 Polymersomes

Polymersomes are tank-like systems [37] consisting of a liquid central core
enclosed in a thin polymer wall not more than a few nanometres thick
[16b]. The polymersome membrane is formed from a block copolymer that
is organized in a bilayer, in a similar fashion to those of the liposomes. These
polymersomes have an aqueous internal cavity. Polymersomes exhibit ver-
satile transport properties, as hydrophobic drugs can be enclosed in the
membrane of the carrier, whereas hydrophilic drugs are encapsulated in
their aqueous cavity.

Polymersome systems have been used for delivery of anticancer
drugs, such as paclitaxel (hydrophobic) and doxorubicin (hydrophilic).
Doxorubicin was encapsulated in the internal cavity of the polymersome,
whereas paclitaxel was incorporated into the polymer bilayer during poly-
mer film formation to maximize the anticancer drug efficiency with a
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cocktail of active substances [38]. Polymersomes were obtained by mix-
ing two block copolymers, namely biodegradable PLA-PEG and inert
poly(ethylene glycol)-poly(butadiene) (PEG-PBD). Hydrolysis of PLA-
PEG then forms pores in the membrane, which allows the delivery of both
drugs to be controlled. Twice as much apoptosis was induced in the tumors
by the polymersome-drug cocktail after two days than by the two drugs
taken separately.

Despite their efficiency, the major drawback of polymersomes is their
instability, leading to leakage of the encapsulated drugs. Moreover, passive
encapsulation used in the case of polymersomes requires a high amount
of active substances, as the encapsulated concentration is identical to the
concentration of the aqueous solution used to rehydrate the polymer film.

1.3.6 Solid Lipid Nanoparticle (SLN)

Nanoparticles [39] composed of lipids, which are solid at room and physi-
ologic temperatures, are referred to as SLNs. These are typically composed
of stabilizing surfactants, triglycerides, glyceride mixtures, and waxes. They
are usually prepared by various procedures like high-pressure homogeni-
zation, microemulsion, and nanoprecipitation. Generally, lipids such as
triglycerides are well tolerated by the organism. Moreover, the production
of these nanoparticles is much simpler than that of the nanospheres and
can be transposed to the industrial scale at lower cost.

The active substance required for the desired application is dissolved
or dispersed into the melted lipid phase, and then one of the methods
for SLN preparation is applied to obtain the drug-containing nanocar-
riers. Following fast cooling of the glycerides, an a-crystalline structure
[40] is obtained that is unstable and not well ordered. Active molecules
then preferentially gather in the amorphous areas of the matrix. However,
the a-crystalline structure adopted by the lipids alters during standing to
a P-crystalline structure [41], which is more stable and better ordered.
During this rearrangement, the increase in the ordering of the lipid phase
leads to an expulsion of the active substances into the amorphous regions
[42]. Control of the lipid matrix transformation from the o form to the
B form (for example, by temperature control) should therefore allow an
on-command [39] release of the drug. However, to date, these SLN with
controlled crystalline transformation have not been fully mastered.

As the drug loading capacity of the particles relies essentially on the
structure and the polymorphism of the lipid forming the nanoparticles,
some new types of lipid particles exhibiting amorphous zones have been
developed [43]. These lipid particles, which are partially crystalline, can be
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composed of a mixture of glycerides with different fatty acids possessing
various chain lengths and degrees of unsaturation, leading to an imperfect
material, and therefore offering a better drug-loading rate. A second type
of lipid particle, called multiple lipid particles, is obtained by mixing liq-
uid lipids with solid lipids when preparing the nanoparticles. The active
substances become localized in the oily compartments contained in the
solid lipid particles. Finally, an amorphous system can be obtained with a
particular mixture of lipids. The incorporation of active molecules into this
kind of solid nanoparticles is one of the most efficient.

The use of these solid nanoparticles in drug vectorization is now under
development, as both in vitro and in vivo studies have proved that these
carriers are well tolerated. However, the polymorphism of these lipid
matrixes and possible crystal rearrangements has to be controlled to
avoid stability problems in these structures (gelification problems) [44].
Moreover, the release of the active molecules incorporated into these solid
nanoparticles is not always well controlled, which limits their applications
in vectorization.

1.3.7 Micro- and Nanoemulsions

Emulsions are heterogenous dispersions of two immiscible liquids such as
oil in water (O/W) or water in oil (W/O). Without surfactant molecules,
they are susceptible for rapid degradation by coalescence or flocculation
leading to phase separation [45]. The use of micro- and nanoemulsions are
becoming increasingly common in drug delivery systems. Microemulsion
is used to denote a thermodynamically stable, fluid, transparent (or trans-
lucent) dispersion of oil and water, stabilized by an interfacial film of
amphiphilic molecules [46]. The striking difference between a conven-
tional emulsion (1-10 pm) and the microemulsion (200 nm-1 pm) is that
the latter does not need any mechanical input for its formation as it is ther-
modynamically more stable. On the other hand, nanoemulsions (20-200
nm) are at best kinetically more stable.

Nanoemulsions are of great interest as pharmaceutical, cosmetic, etc.,
formulations [47]. Nanoemulsions are used as drug delivery systems for
administration through various systemic routes. Parenteral administration
[48] of nanoemulsions is employed for a variety of purposes, controlled
drug delivery of vaccines or as gene carriers [49]. The benefit of nano-
emulsions in the oral [50], ocular [49a, 51] administration of drugs has
been also reported. Cationic nanoemulsions have been evaluated as DNA
vaccine carriers to be administrated by the pulmonary route [52]. They
are also interesting candidates for the delivery of drugs or DNA plasmids
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through the skin after topical administration [53]. The drawback in emul-
sion systems is the use of high concentration of surfactant, which leads to
toxicity and embolism.

1.3.8 Micelles

Micelles are aggregates of amphiphilic molecules in which the polar head-
groups are in contact with water and the hydrophobic moieties are gathered
in the core to minimize their contact with water. The main driving force
in the auto-association process of these surfactants is their hydrophobic-
ity. The micelles form above a certain concentration, known as the critical
micelle concentration (CMC). The mean size of these objects usually varies
from 1 nm to 100 nm. The micellar systems are dynamic in nature, as the
surfactants can exchange freely and rapidly between the micellar structure
and the aqueous solution.

In addition to surfactants, block copolymers (having both a hydrophilic
and a hydrophobic part) or triblock copolymers (with one hydrophobic and
two hydrophilic parts or one hydrophilic and two hydrophobic parts) can
also self-assemble to form polymeric micelles. These polymeric micelles
have a mean diameter of 20 to 50 nm and are practically monodisperse.
Polymeric micelles are generally more stable than surfactant micelles, and
form at markedly lower CMCs. These objects are also much less dynamic
than those formed from surfactants.

Polymeric micelles are more frequently used in vectorization than sur-
factant micelles. The slow degradation kinetics of polymeric micelles has
contributed to their success in vectorization applications, usually for anti-
cancer hydrophobic drug delivery (such as paclitaxel) to tumors.

Polymeric micelles also have the advantage of being able to deliver
an active principle to its specific site of action if the polymer structure is
tuned to make them sensitive to the medium in which they are found. An
example is the development of pH-sensitive copolymers by inclusion of
amine [54] or acid functional groups [55] into the copolymer skeleton,
which changes the solubility of the polymer and therefore the stability of
the vectors according to the pH. The active principles can then be delivered
by micelle destabilization at a site of action possessing a specific pH.

The major drawback of micellar vectors, and in particular surfactant
vectors, is their tendency to break up upon dilution. This is not the case
for polymeric micelles, but their synthesis can sometimes prove difficult
for use in biological applications, which have specific requirements, such
as nontoxicity, biocompatibility, degradability, and accurate molecular
weight.
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1.3.9 Carbon Nanomaterials

Carbon nanomaterials for drug delivery applications mainly include fuller-
enes and carbon nanotubes (single and multiwalled). Considerable amount
of work has been done to utilize them as nanocarriers for drug delivery
[56]. The inert surface of these materials has posed challenges in terms
of surface modifications to make them water soluble, biocompatible, and
fluorescent. But despite all these, a number of recent reports establish that
carbon nanotubes are toxic [57]. More recently glucose-derived function-
alized carbon spheres [58] seem to present hopes as efficient nanocarri-
ers. They have been shown to be nuclear targeting and nontoxic. But more
detailed studies on their mechanism of entry and other possible applica-
tions are awaited.

1.4 Polymers for Nanoparticle Synthesis

The polymers that can degrade into biologically compatible components
[59] under physiologic conditions present a far more attractive alterna-
tive for the preparation of delivery systems. Degradation may take place
by a variety of mechanisms, although it generally relies on either erosion
or chemical changes to the polymer. Degradation by erosion normally
takes place in devices that are prepared from soluble polymers. In such
instances, the device erodes as water is absorbed into the system causing
the polymer chains to hydrate, swell, disentangle, and, ultimately, dissolve
away from the dosage form. Alternatively, degradation could result from
chemical changes to the polymer including, for example, cleavage of cova-
lent bonds or ionization/protonation either along the polymer backbone or
on pendant side-chains. As a necessity due to this process, biodegradable
polymers and their degradation products must be biologically compatible
and non-toxic. Consequently, the monomers typically used in the prepara-
tion of biodegradable polymers are often molecules that are endogenous to
biological systems. Few biocompatible and biodegradable polymers used
for nanoparticle synthesis for delivery purposes are discussed below.

1.4.1 Polyesters

A variety of hydrolytically labile polyesters have been evaluated in delivery
applications [60]. Among these, however, poly(glycolide), poly(lactide),
and various copolymers of poly(lactide-co-glycolide) are the ubiquitous
choice because of their proven safety and lack of toxicity, their wide range
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of physicochemical properties, and their flexibility to be processed into
a variety of physical dosage forms. These polymers remain popular for a
variety of reasons including the fact that both of these materials have prop-
erties that allow hydrolytic degradation. Once degraded, natural pathways
remove the degradation products, namely, the monomeric components of
each polymer, glycolic acid that can be converted to other metabolites or
eliminated by other mechanisms, and lactic acid that can be eliminated
through the tricarboxylic acid (TCA) cycle [61].

Homopolymers of poly(D-lactide) and poly(L-lactide) tend to be semi-
crystalline. As a result, water transport into these polymers is slow. Because
of the slow uptake of water and the structural integrity introduced by crys-
tallites, degradation rates of these polymers tend to be relatively slow (i.e.,
18-24 months). In contrast, poly(D,L-lactide) (PLA) is amorphous and is
observed to degrade somewhat faster (i.e., 12-16 months). Adding increas-
ing proportions of glycolide into PLA lowers Tg and generally increases
polymer hydrophilicity. In contrast, poly(L-lactide-co-glycolide) (PLGA)
is amorphous when the glycolide content is 25-70 mole%. The most rapid
degradation rate (i.e., 2 months) is observed in PLGA copolymers contain-
ing 50% glycolide. Poly(glycolide), (PGA) despite being semi-crystalline,
is found to degrade relatively fast (i.e., 2-4 months) even compared to
the amorphous PLA. This is attributed to the much greater hydrophilicity
of the glycolide over the lactide. Actual degradation times, though, will
depend on environmental conditions, polymer molecular weight, system
geometry and morphology, and processing conditions [59].

PLGA-loaded nanoparticles have been developed for oral delivery of
active molecule such as ellagic acid [62], streptomycin [63], estradiol [64]
and cyclosporine [65]. PLGA nanoparticles showed an initial burst release
and then sustained release phase for adriamycin [66], an anticancer drug.
The cisplatin-loaded PLGA-mPEG nanoparticles appeared to be effective
in delaying tumor growth in HT 29 tumor-bearing SCID mice. The group
of mice treated with intravenous injection of cisplatin-loaded nanoparti-
cles [67] exhibited a higher survival rate compared with the free cisplatin
group. PLGA microspheres with an incorporated antigen [68] represent
a good antigen delivery system for both cellular and humoral responses.

1.4.2 Poly-e-caprolactone

Poly-¢-caprolactone (PCL) is derived by the ring opening polymeriza-
tion of e-caprolactone [59]. PCL is a biodegradable, biocompatible [69]
and semicrystalline polymer having a melting point in the range of
59-64°C and very low glass transition temperature (Tg) of -60°C. PCL
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was developed as synthetic plastic material to be used in biodegradable
packaging designed to reduce environmental pollution, like container for
aerial planting of conifer seedlings [59]. Slow degradation of PCL has led
it to the application in the preparation of different delivery systems in the
form of microspheres, nanospheres and implants [69].

PLA degrade in two phases. In the first phase, a random hydrolytic
chain scission occurs, which results in a reduction of the polymer molec-
ular weight. In the second phase, the low molecular fragments and the
small polymer particles are carried away from the site of implantation by
solubilization in the body fluids or by phagocytosis [70], which results in
a weight loss. Complete degradation and elimination of PCL homopoly-
mers may last for 2 to 4 years. The degradation rate of PCL is still slower
than other biodegradable polymers, thus making it suitable for long-term
biological implantable systems. U.S. FDA approved Levonorgestrel con-
taining an implantable contraceptive [71], Capronor®, has been fabricated
by PCL matrix.

Indomethacin loaded submicron system of PCL developed by Calvo
et al. [72] showed 300% ocular bioavailability in comparison to com-
mercial solution. PCL has been used to develop other anti-inflammatory
agents like flubiprofen [73] and diclofenac [74] containing nanospheres.
Isradipine [75], a antihypertensive agent, was encapsulated by PCL as
delivery system for oral administration, to reduce the initial hypotensive
peak and to prolong the antihypertensive effect of the drug.

1.4.3 Poly(alkyl cyanoacrylates)

Poly(alkyl cyanoacrylates) (PACA) are synthesized from cyanoacrylates.
They have excellent adhesive properties as a result of the strong bonds
that can form with polar substrates including living tissues and skin [76].
They are widely used as surgical adhesives [77]. Alkylcyanoacrylates [78],
commonly known as Superglue® (Super Glue Corporation, USA/Henkel
Loctite, Germany), have been used as suture materials for more than four
decades.

PACA are used in several biomedical applications and more recently
with increasing interest in the field of nanotechnology [79] for targeting of
bioactives, including low molecular weight drugs, peptides, proteins, and
nucleic acids. As polymerized nanoparticles they were introduced to the
area of drug delivery by Couvreur et al. in the 1970s [78]. The extensive
interest in PACA nanoparticles as drug carriers is due to the biocompat-
ibility and biodegradability of the polymer, the ease of preparation of the
particles, and their ability to entrap bioactives, including subunit antigens.
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In 2006 BioAlliancePharma [80] announced clinical phase II/III trials
for Transdrug®, doxorubicin (DOX)-loaded poly(isohexyl cyanoacrylate)
(PiHCA) nanoparticles suitable for intra-arterial, intravenous (IV), or oral
administration. However, because of acute pulmonary damage, phase II
trials of Transdrug® were suspended in July 2008.

The major in vivo degradation mechanisms consist of the hydrolysis of
the ester bond of the alkyl side chain of the polymer. Degradation products
consist of an alkylalcohol and poly(cyanoacrylic acid), which are soluble
in water and can be eliminated in vivo via kidney filtration. This degrada-
tion has been shown to be catalyzed by esterases from serum, lysosomes
and pancreatic juice. The degradation rate of PACA nanoparticles [79], and
therefore the drug release, depends on the alkyl side chain length, and an
increase in length leads to a decrease in the degradation rate.

PACA nanoparticles have been used for oral peptide delivery of insu-
lin [81] and calcitonin [82]. Pilocarpine-loaded PACA nanoparticles [83]
administered in a Pluronic® gel were more promising and significantly
increased the bioavailability of the drug. Polysorbate 80-coated PACA
nanoparticles were shown to enable the transport of anti-tumor antibiotic
doxorubicin [84] across the blood-brain barrier (BBB) to the brain after
intravenous administration and to considerably reduce the growth of brain
tumors in rats.

1.4.4 Polyethylene Glycol

Polyethylene oxide (PEO) and polyethylene glycol (PEG) are essentially
identical polymers. PEO has the repeat structural unit -CH,CH,O- and
PEG has general structure of HO-(CH,CH,0) -CH,CH,-OH, possesses
[85] a similar repeating unit of PEO, and has hydroxyl groups at each end
of the molecule. PEO and PEG are highly biocompatible [61].

PEG and PEO employed modification has emerged as a common strat-
egy to ensure such stealthshielding and long-circulation of therapeutics or
delivery devices. PEG-modification is often referred to as PEGylation [85],
a term that implies the covalent binding or non-covalent entrapment or
adsorption of PEG onto an object. PEG coating of nanospheres provides
protection against interaction with the blood components, which induces
removal of the foreign particles from the blood [86]. PEG-coated nano-
spheres may function as circulation depots of the administered drugs [87].

The terminal hydroxyl groups of PEG can be activated for conjugation
to different types of polymers and drugs. Amphiphilic block co-polymers,
such as poloxamers (commercially available as Pluronics) and polox-
amines (Tetronics), consisting of blocks of hydrophilic PEG (or PEO) and
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hydrophobic poly(propylene oxide) (PPO) are additional forms of PEG
derivatives, often employed for modification by surface adsorption or
entrapment [85].

PEG has little limitation in its biological use as these are usually excreted
in urine or feces but at high molecular weights they can accumulate in
the liver, leading tomacromolecular syndrome. Apart from limitations, still
U.S. FDA [88] has approved some of PEG conjugates for marketing namely,
PEG-asparaginase (Oncaspar®) for acute lymphoblastic leukemia, PEG-
adenosine deaminase (Adagen®) for severe combined immunodeficiency
disease, PEG-interferon a2a (Pegasys®) for Hepatitis C, PEG-G-CSF (peg-
filgrastim, Neulasta®) for treating of neutropenia during chemotherapy
and PEG-growth hormone receptor antagonist (Pegvisomant, Somavert®)
for curing Acromegaly.

Peracchia et al. [89] showed the polymeric nanoparticle coated with
PEG can reduce either protein adsorption and complement consumption
as a function of the PEG density. The effect of PEO surface density on long-
circulating PLA-PEO nanoparticles synthesized by Vittaz et al. [90] has
shown some advantages in preventing opsonization and thereby avoiding
the mononuclear phagocytes system (MPS) uptake. Jaeghere et al. [91]
studied the freeze-dried PEO-surface modified NPs as a function of PEO
chain length and surface density to avoid the MPS uptake.

1.5 Synthesis of Nanovehicles

The approaches for synthesis of nanomaterials are commonly categorized
into top-down approach, bottom-up approach, and hybrid approach.

1.5.1 Top-Down Approach

This approach starts with a block of material and reduces the starting mate-
rial down to the desired shape in nanoscale by controlled etching, elimina-
tion, and layering of the material. For example, a nanowire fabricated by
lithography impurities and structural defects on the surface. One problem
with the top-down approach is the imperfections of the surface structure,
which may significantly affect the physical properties and surface chemis-
try of the nanomaterials. Further, some uncontrollable defects may also be
introduced even during the etching steps. Regardless of the surface imper-
fections and other defects, the top-down approach [92] is still important
for synthesizing nanomaterials usually contains. This technique employs
two very common high-energy shear force methods [59] viz., milling and
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high-pressure homogenization. Milling yields nanoparticle in dry state
and high-pressure homogenization of suspension form.

1.5.2 Bottom-Up Approach

In a bottom-up approach, materials are fabricated by efficiently and effec-
tively controlling the arrangement of atoms, molecules, macromolecules
or supramolecules. The synthesis of large polymer molecules is a typical
example of the bottom-up approach, where individual building blocks,
monomers, are assembled into a large molecule or polymerized into bulk
material. The main challenge for the bottom-up approach is how to fabri-
cate structures that are of sufficient size and amount to be used as materi-
als in practical applications. Nevertheless, the nanostructures fabricated in
the bottom-up approach usually have fewer defects, a more homogeneous
chemical composition and better short and long range ordering [92]. In
bottom-up approach precipitation, crystallization and single droplet evap-
oration processes [93] are used produce nanoparticles. Few techniques
used for fabrication of nanoparticles for bottom-up approach are detailed
in further sections of the same chapter.

1.5.3 Hybrid Approach

Though both the top-down and bottom-up approaches play important
roles in the synthesis of nanomaterials, some technical problems exist with
these two approaches. It is found that, in many cases, combining top-down
and bottom-up method into an unified approach that transcends the limi-
tations of both is the optimal solution [92]. A thin film device, such as a
magnetic sensor, is usually developed in a hybrid approach, since the thin
film is grown in a bottom-up approach, whereas it is etched into the sens-
ing circuit in a top-down approach.

1.6 Dispersion of Preformed Polymers

1.6.1 Emulsification-Solvent Evaporation

A hydrophobic polymer organic solution is dispersed into nanodrop-
lets, using a dispersing agent and high-energy homogenization [94], in a
non-solvent or suspension medium such as chloroform, dichloromethane
(ICH, class 2) or ethyl acetate (ICH, class 3) [95]. The polymer precipi-
tates in the form of nanospheres in which the drug is finely dispersed in
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the polymer matrix network. The solvent is subsequently evaporated by
increasing the temperature under pressure or by continuous stirring. The
size can be controlled by adjusting the stir rate, type and amount of dis-
persing agent, viscosity of organic and aqueous phases, and temperature
[96]. In the conventional methods, two main strategies are being used for
the formation of emulsions: the preparation of single-emulsions, e.g., oil-
in-water (o/w) or double-emulsions, e.g., (water-in-oil)-in-water, (w/0)/w
[97]. Even though different types of emulsions may be used, oil/water
emulsions are of interest because they use water as the nonsolvent; this
simplifies and thus improves process economics, because it eliminates the
need for recycling, facilitating the washing step and minimizing agglomer-
ation. However, this method can only be applied to liposoluble drugs, and
limitations are imposed by the scale-up of the high energy requirements
in homogenization. Frequently used polymers are PLA [98], PLGA [99],
PCL [100], and poly(h-hydroxybutyrate) [101]. Few drugs encapsulated
were texanus toxoid [102], loperamide [98] and cyclosporin A [103] by
this technique.

1.6.2 Solvent-Displacement, -Diffusion, or Nanoprecipitation

A solution of polymer, drug and lipophilic stabilizer (surfactant) in a
semi-polar solvent miscible with water is injected into an aqueous solu-
tion (being a non-solvent or anti-solvent for drug and polymer) contain-
ing another stabilizer under moderate stirring. Nanoparticles are formed
instantaneously by rapid solvent diffusion and the organic solvent is
removed under reduced pressure. The velocity of solvent removal and
thus nuclei formation is the key to obtain particles in the nanometer
range instead of larger lumps or agglomerates [15]. As an alternative to
liquid organic or aqueous solvents, supercritical fluids can be applied.
Fessi et al. [104] proposed a simple and mild method yielding nanoscale
and monodisperse polymeric particles without the use of any prelimi-
nary emulsification for encapsulation of indomethacin. Both, solvent
and non-solvent must have low viscosity and high mixing capacity in all
proportions, e.g., acetone (ICH, class3) [95] and water. Another delicate
parameter is the composition of the solvent/polymer/water mixture lim-
iting the feasibility of nanoparticle formation. The only complementary
operation following the mixing of the two phases is to remove the volatile
solvent by evaporation under reduced pressure. One of the most interest-
ing and practical aspects of this method is its capacity to be scaled up
from laboratory to industrial amounts, since they can be run with con-
ventional equipment.
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This method has been applied to various polymeric materials, such as
PLA [105] and PCL [106]. Barichello et al. [107] demonstrated application
of this method for entrapment of valproic acid, ketoprofen, vancomycin,
phenobarbital, and insulin by using PLGA polymer.

1.6.3 Emulsification-Solvent Diffusion (ESD)

The encapsulating polymer is dissolved in a partially water-soluble solvent
such as propylene carbonate, and saturated with water to ensure the ini-
tial thermodynamic equilibrium of both liquids. To produce the precipita-
tion, it is necessary to promote the diffusion of the solvent of the dispersed
phase by dilution with an excess of water when the organic solvent is partly
miscible with water or with another organic solvent in the opposite case.
Subsequently, the polymer-water saturated solvent phase is emulsified in an
aqueous solution containing stabilizer, leading to solvent diffusion to the
external phase and the formation of nanospheres or nanocapsules, accord-
ing to the oil-to-polymer ratio. Finally, the solvent is eliminated [96]. Several
drug-loaded nanoparticles were produced by the ESD technique, including
doxorubicin-PLGA conjugate nanoparticles [108], plasmid DNA-loaded
PLA-PEG nanoparticles [109], cyclosporin (Cy-A)-loaded gelatin and cyclo-
sporin (Cy-A)-loaded sodium glycolate nanoparticles [110].

1.6.4 Salting-Out

Salting-out is based on the separation of a water-miscible solvent from
aqueous solution via a salting-out effect. The salting-out [96-97] procedure
can be considered as a modification of the emulsification/solvent diffusion.
Polymer and drug are initially dissolved in a solvent such as acetone (ICH,
Class3), which is subsequently emulsified into an aqueous gel containing
the salting-out agent (electrolytes, such as magnesium chloride, calcium
chloride, and magnesium acetate, or non-electrolytes such as sucrose) and
a colloidal stabilizer such as polyvinylpyrrolidone or hydroxyethylcellu-
lose. This oil/water emulsion is diluted with a sufficient volume of water
or aqueous solution to enhance the diffusion of acetone into the aqueous
phase, thus inducing the formation of nanospheres. The selection of the
salting-out agent is important, because it can play an important role in the
encapsulation efficiency of the drug. Both the solvent and the salting-out
agent are then eliminated by cross-flow filtration.

In a work carried out by Song et al. [111], PLGA nanoparticles were
prepared by employing NaCl as the salting-out agent instead of MgCl,
or CaCl,.
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1.6.5 Dialysis

Polymer is dissolved in an organic solvent and placed inside a dialysis
tube with proper molecular weight cutoft. Dialysis is performed against
a non-solvent miscible with the former miscible. The displacement of the
solvent inside the membrane is followed by the progressive aggregation
of polymer due to a loss of solubility and the formation of homogeneous
suspensions of nanoparticles. Dialysis method was used for synthesizing
PLGA [112], PLA [113] and dextran ester [114] nanoparticle. Poly(e-
caprolactone) grafted poly(vinyl alcohol)copolymer nanoparticles [115]
were investigated as drug carrier models for hydrophobic and hydrophilic
anti-cancer drugs; paclitaxel and doxorubicin. In vitro drug release experi-
ments were conducted; the loaded NPs reveal continuous and sustained
release form for both drugs, up to 20 and 15 days for paclitaxel and doxo-
rubicin, respectively.

1.6.6 Supercritical Fluid Technology

Conventional methods, such as in situ polymerization and solvent evapo-
ration, often require the use of toxic solvents and surfactants. Supercritical
fluids allow attractive alternatives for the nanoencapsulation process
because these are environmentally friendly solvents. The commonly used
methods of supercritical fluid technology [97, 116] are the rapid expansion
of supercritical solution (RESS) and the supercritical anti-solvent (SAS)
method. A supercritical fluid is a substance that is used in a state above the
critical temperature and pressure where gases and liquids can coexist. It is
able to penetrate materials such as gas, and to dissolve materials such as
liquid. For example, use of carbon dioxide or water in the form of a super-
critical fluid allows substitution for an organic solvent.

In the RESS method, a polymer is solubilized in a supercritical fluid
and the solution is expanded through a nozzle. Thus, the solvent power
of supercritical fluid dramatically decreases and the solute eventually pre-
cipitates. A uniform distribution of drug inside the polymer matrix, e.g.,
PLA nanospheres, can be achieved only for low-molecular-mass (<10,000)
polymers because of the limited solubility of high-molecular-mass poly-
mers in supercritical fluids. Chernyak et al. [117] produced droplets of
poly(perfluoropolyetherdiamide) from the rapid expansion of CO, solu-
tions. Sane and Thies [118] presented method for developing poly(l-lac-
tide) nanoparticle by using CO,+THF solution.

In the SAS method, the solution is charged with the supercritical fluid
in the precipitation vessel containing a polymer in an organic solvent. At
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high pressure, enough anti-solvent will enter into the liquid phase so that
the solvent power will be lowered and the polymer precipitates. After pre-
cipitation, the anti-solvent flows through the vessel to strip the residual
solvent. When the solvent content has been reduced to the desired level,
the vessel is depressured and the solid nanoparticles are collected. Meziani
et al. [119] reported the preparation of poly(heptadecafluorodecylacrylate)
by nanoparticles by this technique.

1.7 Emulsion Polymerization

Emulsion polymerization is the most common method used for the pro-
duction of a wide range of specialty polymers. The use of water as the dis-
persion medium is environmentally friendly and also allows excellent heat
dissipation during the course of the polymerization. Based on the utiliza-
tion of surfactant, it can be classified as conventional and surfactant-free
emulsion polymerization [97].

1.7.1 Conventional Emulsion Polymerization

In conventional emulsion polymerization [97], initiation occurs when a
monomer molecule dissolved in the continuous phase collides with an
initiator molecule that may be an ion or a free radical. Alternatively, the
monomer molecule can be transformed into an initiating radical by high-
energy radiation, including y-radiation, ultraviolet or strong visible light.
Phase separation and formation of solid particles can take place before or
after the termination of the polymerization reaction. Brush-type amphi-
philic block copolymers of polystyrene-b-poly[poly(ethylene glycol)
methyl ether methacrylate] [120] was synthesized by conventional emul-
sion polymerization.

1.7.2 Surfactant-Free Emulsion Polymerization

This technique has received considerable attention for use as a simple,
green process for nanoparticle production without the addition and sub-
sequent removal of the stabilizing surfactants [97]. The reagents used in
an emulsifier free system include deionized water, a water-soluble initia-
tor (potassium persulfate) and monomers, more commonly vinyl or acryl
monomers. In such polymerization systems, stabilization of nanoparti-
cle occurs through the use of ionizable initiators or ionic co-monomers.
The emulsifier-free monodisperse poly(methyl methacrylate) (PMMA)
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microspheres [121] was synthesized with microwave irradiation. The
emulsifier-free core-shell polyacrylate latex [122] nanoparticles contain-
ing fluorine and silicon in shell were successfully synthesized by emulsifier-
free seeded emulsion polymerization with water as the reaction medium.

1.7.3 Mini-Emulsion Polymerization

Mini-emulsion polymerization formulation consists of water, monomer
mixture, co-stabilizer, surfactant, and initiator [97]. The key difference
between emulsion polymerization and mini-emulsion polymerization is
the utilization of a low molecular mass compound as the co-stabilizer and
also the use of a high-shear device (ultrasound, etc.). Mini-emulsions are
critically stabilized, require a high-shear to reach a steady state and have an
interfacial tension much greater than zero. Polymethylmethacrylate [123]
and poly(n-butylacrylate) [124] nanoparticles were produced by employ-
ing sodium lauryl sulfate/dodecyl mercaptan and sodium lauryl sulfate/
hexadecane as surfactant/co-stabilizer systems, respectively.

1.7.4 Micro-Emulsion Polymerization

In micro-emulsion polymerization, an initiator, typically water-soluble,
is added to the aqueous phase of a thermodynamically stable micro-
emulsion containing swollen micelles. The polymerization starts from this
thermodynamically stable, spontaneously formed state and relies on high
quantities of surfactant systems, which possess an interfacial tension at the
oil/water interface close to zero. Furthermore, the particles are completely
covered with surfactant because of the utilization of a high amount of sur-
factant [97]. Initially, polymer chains are formed only in some droplets,
as the initiation cannot be attained simultaneously in all microdroplets.
Later, the osmotic and elastic influence of the chains destabilize the frag-
ile microemulsions and typically lead to an increase in the particle size,
the formation of empty micelles, and secondary nucleation. Synthesis of a
functional copolymer of methyl methacrylate and N-methylolacrylamide
(NMA) [125] and polymerization of vinyl acetate [126] in microemulsions
was prepared with Aerosol OT.

1.7.5 Interfacial Polymerization

Interfacial polymerization involves step polymerization of two reactive
monomers or agents, which are dissolved respectively in two phases
(i.e., continuous- and dispersed-phase), and the reaction takes place



24 ADVANCED HEALTHCARE MATERIALS

at the interface of the two liquids [127]. The relative ease of obtain-
ing interfacial polymerization has made it a preferred technique in
many fields, ranging from encapsulation of pharmaceutical products
to preparation of conducting polymers [97]. a-tocopherol-loaded poly-
urethane and poly(ether urethane)-based nanocapsules [128] were
reported by Bouchemal el al. Core-shell biocompatible polyurethane
[129] nanocapsules encapsulating ibuprofen was obtained by interfacial
polymerization.

1.8 Purification of Nanoparticle

Purification of nanoparticle is needed to remove impurities and excess
of reagents involved during manufacture. Depending on the method of
preparation, impurities include organic solvents, oil, surfactants, residual
monomers, polymerization initiators, salts, excess of surfactants or stabi-
lizing agents, and large polymer aggregates. It becomes essential to obtain
highly purified nanoparticle suspensions for dosages form synthesized for
administered by specifically in vivo route.

There are several suitable methods that can be applied to purify nanopar-
ticle dispersions. They include evaporation under reduced pressure, cen-
trifugation, ultracentrifugation techniques filtration through mesh or
filters, dialysis, gel filtration, ultrafiltration, diafiltration and cross-flow
microfiltration.

1.8.1 Evaporation

Evaporation under reduced pressure is the most common approach to
remove large quantities of volatile organic solvents and a part of water. This
process is usually used after the obtaining of nanoparticle suspensions by
nanoprecipitation [130], emulsification-reverse salting-out, emulsification-
solvent diffusion [131] and interfacial poly-condensation [128] combined
with spontaneous emulsification.

1.8.2 Filtrations Through Mesh or Filters

Filtrations through mesh or filters are applied to remove large particles or
polymer aggregates which formed during preparations [132]. Such purifi-
cation is systematically applied on nanoparticle suspensions designed for
intravenous injections.
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1.8.3 Centrifugation

A centrifugation at low gravity force can also be applied to remove aggre-
gates and large particles on most of the polymer nanoparticle suspensions.
It does not warranty the elimination of all particles with a diameter above
a very define size as filtration on calibrated membrane does. Moreover, it is
not suitable to purify nanoparticles having a high density because they will
sediment with aggregates. For instance, this restriction applies in the case
of metal colloids containing nanoparticles, which are designed for applica-
tions in diagnosis by imaging techniques or in techniques based on ther-
mal treatments applied in cancer therapy.

1.8.4 Ultracentrifugation

Ultracentrifugation methods consist in very high speed centrifugations.
For example, ultracentrifugations are performed at 100,000-110,000xg for
30 to 45 min. The nanospheres, those having a slightly higher density than
water, can sediment and concentrate in a pellet form. The main problem
of this technique is that nanospheres are not always easy to re-disperse
after ultracentrifugation. Aggregates may remain and the uses of vortex
or ultrasounds are often mentioned as methods used to redispersed pel-
lets after ultracentrifugation. Nanocapsules are more difficult to separate
from the dispersing medium because the cream remains semi-liquid. In
addition, they are fragile and the application of several cycles of ultra-
centrifugation is hazardous because they can break easily. Despite these
drawbacks, ultracentrifugation appeared as a method of choice to facili-
tate the transfer nanoparticle from one dispersion medium to another, and
nanoparticle washing can also be applied. Ultracentifugation was used for
separation and purification of PEG-coated poly(isobutyl 2-cyanoacrylate)
(PIBCA) nano-particles [133]. Budesonide loaded poly(lactic acid) [134]
and doxorubicin-loaded human serum albumin [135] nanoparticle were
purified by this method.

1.8.5 Dialysis

Purification by dialysis can be performed using different kinds of cellulose
membranes of various molecular weight cut off, allowing substances hav-
ing low or high molecular weight to diffuse toward the counter dialysing
medium. While purifying nanoparticles, premature release of nanopar-
ticle payload can occur during the long purification period it requires,
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and because large volume of counter dialysing medium are required to
make the purification efficient. Furthermore, the application of dialysis in
a large-scale is disputable from an economical point of view and from the
high risk of microbial contamination of the final product due to the long
duration of the process [136].

1.8.6 Gel Filtration

It is much faster than methods based on simple dialysis but it is greatly
limited by the relatively small volume of sample that can be processed at a
time. In addition, irreversible adsorption of actives onto the column sta-
tionary phase and the poor resolution between large impurities and small
nanoparticles can restrict the use of this technique for purification of drug-
loaded nanoparticulate formulations. Beck el al. [136] presented a purifica-
tion method by gel filtration [137] method in Sephadex® G 50 medium.

1.9 Drying of Nanoparticles

Storage of nanoparticles as suspensions presents many disadvantages. The
major obstacle that limits the use of these nanoparticles is due to the physi-
cal instability (aggregation/particle fusion) and/or to the chemical insta-
bility (hydrolysis of polymer materials forming the nanoparticles, drug
leakage of nanoparticles and chemical reactivity of medicine during the
storage) which are frequently noticed when these nanoparticle aqueous
suspensions are stored for an extended period. Other risk includes micro-
biological contamination, premature polymer degradation by hydrolysis,
physicochemical instability due to particle aggregation and sedimentation
and loss of the biological activity of the drug. To circumvent such prob-
lems, pharmaceutical preparations are stored under a dry form. In gen-
eral, the transformation of a liquid preparation into a dry product can be
achieved using freeze-drying or spray-drying processes.

1.9.1 Freeze Drying

Freeze drying, also known as lyophilization, is a very common technique
of conservation used to ensure long-term stability of pharmaceutical and
biological products preserving their original properties. The basic prin-
ciple of this process consists of removing water content of a frozen sample
by sublimation and desorption under vacuum. In general, freeze-drying
processes can be divided in three steps:
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 Freezing of the sample (solidification);

o Primary drying corresponding to the ice sublimation; and

» Secondary drying corresponding to desorption of unfrozen
water.

During the freeze drying process, several problems may arise, which can
lead to a loss of integrity of the nanoparticle characteristics. For instance,
crystallization of ice may exert a mechanical stress on nanoparticles lead-
ing to their destabilization. This effect is more critical during the lyophi-
lization of nanocapsules, which are very fragile upon lyophilization. The
high concentration in nanoparticles in the final dried product may favor
aggregation and even in some cases irreversible coalescence of nanopar-
ticles [138].

The addition of cryoprotectants can improve the resistance of nanopar-
ticles toward freezing and drying stresses and also increase stability during
long-term storage. Sugars including trehalose, mannose, sucrose, glucose,
lactose, maltose and mannitol are often used.

1.9.2 Spray-Drying

The spray-drying technique transforms liquids into dried particules under
a continuous process. Spray-drying process includes four important steps:
atomization of the feed, i.e., nanoparticle suspension, into a spray, spray-air
contact, drying of the spray and separation of the dried product from the
drying gas [139]. Nanoparticle formulations submitted to spray-drying are
generally aqueous suspensions and contain one soluble compound added
as drying auxiliary. Examples of drying auxiliaries are lactose, mannitol,
trehalose and PVP [140].

1.10 Drug Loading

A successful nanodelivery system should have a high drug-loading capac-
ity, thereby reducing the quantity of matrix materials for administration.
Drug loading can be accomplished by two methods. The incorporation
method requires the drug to be incorporated at the time of nanoparticle
formulation. The adsorption/absorption methods call for absorption of
the drug after nanoparticle formation; this is achieved by incubating the
nano-carrier with a concentrated drug solution. Drug loading and entrap-
ment efficiency depend on drug solubility in the excipient matrix material
(solid polymer or liquid dispersion agent), which is related to the matrix
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composition, molecular weight, drug—polymer interactions, and the pres-
ence of end functional groups (i.e., ester or carboxyl) in either the drug or
matrix [132b, 141]. A polymer of choice for some nanoparticle formula-
tions is PEG, which has little or no effect on drug-loading and interactions
[142]. In addition, the macromolecules, drugs, or protein encapsulated
in nanoparticles [143] show the greatest loading efficiency when they are
loaded at or near their isoelectric point (pI) [144].

1.11 Drug Release

It is important to consider both drug release and polymer biodegradation
when developing a nanoparticulate delivery system. In general, the drug
release rate depends on:

Drug solubility

Desorption of the surface-bound or adsorbed drug
Drug diftusion through the nanoparticle matrix
Nanoparticle matrix erosion or degradation
Combination of erosion and diffusion processes.

ARl

Hence, solubility, diffusion, and biodegradation of the particle matrix
govern the release process. In the case of nanospheres, where the drug is
uniformly distributed, drug release occurs by diffusion or erosion of the
matrix. If the diffusion of the drug is faster than matrix erosion, then the
mechanism of release is largely controlled by a diffusion process. The rapid,
initial release, or “burst,” is mainly attributed to weakly bound or adsorbed
drug to the relatively large surface of nanoparticles. It is evident that the
method of incorporation has an effect on the release profile. If the drug
is loaded by the incorporation method, then the system has a relatively
small burst effect and sustained release characteristics. If the nanoparticle
is coated by polymer, the release is then controlled by diffusion of the drug
from the polymeric membrane [145].

Membrane coating acts as a drug release barrier; therefore, drug solubil-
ity and diffusion in or across the polymer membrane becomes a determin-
ing factor in drug release. Furthermore, the release rate also can be affected
by ionic interactions between the drug and auxiliary ingredients. When the
entrapped drug interacts with auxiliary ingredients, a less water-soluble
complex can form, which can slow the drug release—having almost no burst
release effect. Whereas if the addition of auxiliary ingredients, e.g., ethylene
oxide-propylene oxide block copolymer (PEO-PPO) to chitosan, reduces
the interaction of the drug with the matrix material due to competitive
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electrostatic interaction of PEO-PPO with chitosan, then an increase in drug
release could be achieved. Various methods can be used to study the release
of drug from the nanoparticle: (1) side-by-side diffusion cells with artificial
or biological membranes; (2) dialysis bag diffusion; (3) reverse dialysis bag
diffusion; (4) agitation followed by ultracentrifugation/centrifugation; or (5)
ultra-filtration. Usually the release study is carried out by controlled agitation
followed by centrifugation. Due to the time-consuming nature and techni-
cal difficulties encountered in the separation of nanoparticles from release
media, the dialysis technique is generally preferred [144].

1.12 Conclusion

The mimic nature in designing “smart” synthetic materials from various
functional molecular building blocks can respond to stimuli including
temperature, pH, ionic strength, light, electric or magnetic field, chemi-
cal and biochemical stimuli. The biomimetic approaches employed in the
design, synthesis and engineering of stimuli-responsive polymeric sys-
tems, which undergo reversible abrupt phase transitions upon variation of
a variable around a critical point and their use in sensors, logic operations,
biomedicine, tissue engineering, regenerative medicine, synthetic muscles,
“smart” optical or microelectromechanical systems, membranes, electron-
ics and self-cleaning surfaces.
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Abstract

Cancer is a group of diseases that can be managed if diagnosed early. In the past
few decades, we have made considerable advances in diagnosis, and opened new
avenues for early identification of cancer. Even with tremendous efforts, it appears
that we have a long way to go in terms of making a full-proof diagnosis at the early
stage of cancer development. The key hurdle in cancer diagnosis is the availability
of cancer cells and markers in body fluids. In the contemporary era of new mate-
rials in pace with advance technology, we can look forward for better diagnosis.
Treatment is another revolting aspect of cancer. Present diagnostics can pick up
cancer cells after plentiful development; by this time metastasis might have already
been started. Decimation of cancer stem cells deep into tissue provides a safe niche
to hide and facilitate cancer cells to proliferate to new tumors. Metastasis enables a
good amount of cancerous cells to remain away from drugs. Although the search
for new anticancer drugs is always in demand, at the same time, it is necessary to
find out the mode of delivering the drug to every single niche which can hide and
nourish the cancer cells. In the present age of treatment, we have to look forward
for using new methods and technology like nanoparticle drug delivery system to
overcome this obstacle. There is a lot of scope to ameliorate the existing technol-
ogy with advance materials for making substantial progress in cancer diagnosis
and treatment.
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2.1 Cancer Pathology

Cancer is a wide range term used for the group of diseases. The hallmark
events of cancer are: uncontrolled growth, immortality, invasion, and
metastasis. The principal cause claimed for cancer formation is a vari-
ety of lifestyle-related stresses, which can range from the environment to
diet, and eventual alteration of genes [3]. Once genes modity, the cells
start independent replication to form numerous replica and mass of cells
known as tumors (in the case of solid tumors). At this point, the tumor
may be benign, which rarely spread, but if it is malignant, it will grow
faster. A benign tumor has the cancer cells in the center surrounded by
normal cells. In contrast, malignant tumor has mixed cancer and normal
cells (Fig 1).

For a certain size of tumor, core cells can survive, as the requirement of
oxygen can be accomplished through blood from surrounding blood ves-
sels. Beyond threshold limit, the core cells can die in the absence of oxygen
and nutrients, as all living cells remain 100-200 um vicinity of blood ves-
sel [3]. At the stage of intermediate size, a tumor may remain dormant, as
the supply of oxygen and nutrients are just enough to keep the cancer cells
alive. More nutrients and oxygen are needed for cancer cells to grow and
divide, which can be accomplished by angiogenesis (formation of blood
vessels) [3]. After completion of angiogenesis, cancer cells multiply under
no control as nutrients and oxygen are in abundance. Researchers have
proved that high angiogenic potential leads to highly malignant tumors
[25]. Solid tumors are graded according to their severity; increases in grade
show advanced stage of disease [9]. Once formed, cancer cells move to
the distal part of the body to form secondary tumors by a process know
as metastasis [6]. It is still not known that what are the influences which

Benign tumor Malignant tumor

Figure 1 Basic composition of cells in the tumor. In benign tumor, cancer cells =]
restrict to the core, surrounded by non-cancerous cells €=2. There is no zonal distribution
in a malignant tumor as cancerous cells are intermingled with non-cancerous cells.
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remove the cells from tumors to go to settle to distal organs and develop
new tumors [19]. More than 100 years ago, Stephen Paget (1889) proposed
the “seed and soil” hypothesis, which is still convincing, but at the same
time, it is intriguing that we know very little about the “soil” which attracts
the “seed” [7]. In light of the facts given above, it is explicit that there is
more to know about cancer. Early and accurate diagnosis could be the way
to treat cancer and halt it at the initial stage.

In this chapter, we will dissect the possibility of cancer detection, the
need for advance diagnostic and the technological advantage to do so. In
the next part, we discuss the possibility of cancer treatment with newer
technology and how it is better in comparison to old and existing treatment.

2.2 Cancer Diagnosis

According to the World Health Organization, 7.6 million people died of
cancer in 2008 [28] and this number can go up in the near future. Most
of the cancers are detected in late metastatic stage with secondary tumors.
Researchers have shown that several advanced techniques can be useful
in quick cancer detection, for example, polymerase chain reaction can
detect cancer from a very small fraction of a tissue sample [14]. Although
this technique has great success in detection of cancer cells, even thought
it needs lots of proficiency, mutation in the gene can provide discordant
results. The PCR based detection comes with other choices of RT-PCR
(reverse transcription), quantitative PCR etc., with the cost of increased
expense and equipment sophistication [20]. Another possibility is the
blood test [8], which is being utilized with confidence in a different part of
the globe. Most of the blood base diagnosis kits are measuring the cancer
markers as surrogates for cancer cells. Several of these tests are already in
use, like the prostate-specific antigen (PSA) blood test for prostate [16].
PSA provides a good preliminary screening for prostate cancer, but new
markers are needed for detection [23].

New technology is not beneficial for cancer detection at every single time.
X-rays are used to detect lung cancer, and recently the computed tomogra-
phy (CT) scan has been introduced as better test. In year 2002, the National
Cancer Institute started a big study for comparison of the X-ray and CT
scan, and the study concluded that CT scans are doing more harm when
used for detection [18]. Mammographic detection techniques are in use
for breast cancer worldwide, through results are not very satisfactory [31].
Magnetic Resonance Imaging (MRI) techniques are used for breast can-
cer. Marker diagnosis is another way to diagnose cancer. Breast cancer type
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susceptibility proteins (BRCA1, 2) are markers used for cancer detection,
with pros and cons [32]. Likewise, for ovarian cancer, pelvic examination,
blood tests (for markers like CA-125), and ultrasounds are routine diag-
nostics [15]. Biopsies are used for cancer detection and confirmation for all
solid tumors [29]. Although current tests offer variety and make the back-
bone of treatment, detection limit and ease need more refinement. Better
tests are in need for more sensitive, rapid, easy, and accurate diagnosis.

Nanomaterials (NMs) with promising newer intervention are receiving
acclaim for cancer diagnosis [27]. Variety, ease, size, manipulation, and sur-
face charge are manageable properties of NMs that are used for diagnosis
of cancer [5]. NMs can be manipulated for their surface charge, hydropho-
bicity, and surface structure. For example, large NMs can be easily cleared
by the reticuloendothelial system or mononuclear phagocytic system.
Various components of the reticuloendothelial system (e.g., macrophage
and monocytes) recognize the antediluvian cells and remove them from
circulation and tissue. The basic steps involved in the removal of these cells
are recognition, tagging (opsonization) and removal. Large NMs are fall-
ing in the category of antediluvian cells and clear in the same fashion [13].
Once cancer cells filter out from active circulation to tissue, the destination
would be either liver or spleen. Thus, liver and spleen are good targets for
identification of cancer cells. Smaller NMs can escape to filter and remain
in circulation or in tissue for a long time. Base material of NM:s is an essen-
tial aspect to consider. Soon after phagocytosis, enzyme acts on NMs to
break apart for disposal. There are at least three mechanisms known for
phagocytosis of opsonized NMs: i) non-specific association of phagocytes
with opsonized NMs; ii) activation of opsonins followed by recognition via
phagocytic receptor; and iii) by activation of complementary systems [21].
Once encapsulated, they can be cleared by an oxidative burst or enzymatic
mechanisms (Fig 2). During degradation, base material plays a crucial role
as if it is non-biodegradable, will retain in the reticuloendothelial system
or can be cleared by renal system if biodegradable.

Surface charge and hydrophobicity are aspects of consideration for
design of NMs. From adherence to opsonins, followed by clearance through
phagocytosis, surface charge and hydrophobicity play a crucial role [1]. The
opsonization process is expedited for more hydrophobic particles as they
attract and absorb more protein on their surface to be recognized by phago-
cytic cells. Likewise, charges on nanoparticles (NPs) equally influence its
uptake for clearance. As a rule of thumb, low or neutral charges are easy to
accommodate. Negatively charged particles can be cleared up quickly; on
the contrary, positive charges enable NPs to stick to cells non-specifically.
In the preparation of NPs, proper consideration should be given to zeta
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Figure 2 Nanomaterial removal by immune cells from blood circulation.

potential ({-potential). One other consideration is self aggregation, which
can be prevented by surface charge balance. {-potential equal to or higher
than + 30 mv is considered as stable, and prevents aggregation of NPs.

The basic NP removal activity of the immune system is widely exploited
in identification of cancerous cells or tissue. The versatile manipulation of
size, material, charge, and surface structure provide a great possibility to
utilize NPs for identification of cancer. For example, to save NPs from opso-
nization and eventual clearing by the immune system, polyethylene glycols
(PEG) are widely used [12]. PEG containing NPs do not allow opsonin to
attach and escape from being phagocytosed. The ability to cross-different
compartments of the human body are explored in the design and utiliza-
tion of NPs.

Most of the diagnosis aims to identify the cancer cells via imaging.
Imaging provides an advantage to identify the location and maybe the size,
if not number of cancer cells [35]. The other advantage of imaging could be
targeting the metastatic cells. It is debatable to detect micro-metastasis by
imaging as signal cells or few cells may have a weak signal to read.

Cancer cells differ in physiology from normal cells, and thus the difference
can be targeted by NPs [30]. In healthy cells, aerobic metabolism is coupled
with gaseous exchange (removal of CO, and absorption of O,) and the pro-
cess maintains the pH homeostasis at intracellular pH = 7.2 and extracellular
pH = 7.4. To the contrary, in tumors (solid), because of high metabolic rate
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and poor vascular supply, aerobic and anaerobic breakdown of glucose com-
bined with less O, intake and less CO, removal make an imbalance in pH.
Because of biochemical reactions, intracellular pH remains neutral (pH=
7.2) but extracellular pH drops to acidic. This physiological imbalance has
been exploiting to make functional NPs, which respond to pH.

Cell surface markers are unique signatures of cancer cells. These markers
are a lucrative target for diagnosis. Some of these markers are also present
on the surface of normal cell but will differ in number, and these markers
may be specific to cancer cells. The specificity of cancer cells by several
physical and physiological means make it identifiable. There is a long list of
markers for different cancers, like human epidermal growth factor receptor
2 (HER?2) for breast cancer [27], cancer antigen 125 (CA-125) for ovarian
cancer [30], prostate specific antigen (PSA) for prostate cancer [29] and so
on. A common strategy for identification of cancer cells is to target these
cell surface markers. NPs can be conjugated with active recognition moi-
ety, to recognize cancer cells. The other strategy is to make NPs as ligand
to target to cancer cells.

Inorganic NPs are also exploited for identifying the cancer cells. Metal
NPs can be used as colloidal solution because of their size and light scatter-
ing character [26]. Magnetic resonance imaging (MRI) has already been in
use for decades. Oxides of iron (Fe,O, ") are well studied and the first choice
for making magnetic NPs. The concept of supermagnetism is also being
tested to develop newer diagnostics [33]. The concept of supermagnetism
has been tested to develop newer diagnostics as some compounds have
intrinsic property to show strong magnetism in the presence of magnetic
field, and lost it after removal of magnetic field. In conjunction of elements,
biological materials are also used for cancer diagnostics. Protein-based
fluorophores are radially used for diagnostics and can be organic fluoro-
phores or recombinant fluorescent protein. In recent years, semiconductor
nanocrystals and Quantum Dots (QDs) were tested as a newer strategy for
cancer diagnosis [34]. Single Nucleotide Polymorphisms (SNPs) provides
a fair method for identification of cancer cells [22]. The specificity, sensitiv-
ity and its use is in the development phase, but initial results indicate it as
a bright candidate for future cancer diagnosis. Some approaches like gold
conjugated NPs attached to DNA were tested.

Thus, with increasing cancer incidence, early diagnosis is the key to
control. The ultimate lead would be to identify cancer quickly. The key to
cancer control is detection of metastasis, which is still far from diagnos-
tics. NPs provide seamless possibilities to be explored for diagnosis. More
research will needed with collaboration of various disciplines to make a
tull proof diagnosis for cancer.
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2.3 Treatment

Radiotherapy [24], and chemotherapy [4] form the backbone of cancer treat-
ment with associated side effects. Radiotherapies lack specificity and gen-
erate equal harm to normal cells [17]. Radiation meant to harm DNA of
cancer cells, even after best-targeted radiation, generate toxic radicals from
water and oxygen present in surrounding areas to damage non cancerous
cells [11]. Chemotherapies are designed for rapidly dividing cells and routed
via bloodstreams. Before reaching the real target, drugs can harm the normal
dividing cells falling in their path [2]. The magnitude of the adverse effects
depends on the site of drug introduction (more distance from cancer cells
will lead the drug to remain in circulation for longer before reaching cancer
cells) and the drug. A better approach to treat cancer can be achieved by
enhanced permeability and retention (EPR) effect for cancer drugs with NPs.
EPR results in delivery and localization of NPs inside cancer cells. Various
approaches have been tested to pack NPs inside the delivery vehicle. Once
packed, NPs can remain in blood circulation for long extents of time. The
release of the drug can be achieved by degradation (chemical or enzymatic)
of the vehicle. NPs containing active cancer targeting molecules (on the sur-
face) with anticancer drugs (in the core) are well taken by cancer cells. Once
internalized in lysosome, the drug and NP get separated and thus anticancer
drugs deliver to their target. In the present era of advanced nanotechnology,
complex organic molecules can be attached to NPs; one example of this kind
of NPs is gold-NP. One working example for this class is NP protected by
PEG and functionally activated by tumor necrosis factor alpha (TNF-a) on
the surface [10]. One approach to deliver anticancer drugs is the magnetic
NPs under the influence of external magnetic field. Various NPs are under
trial like magnetolippsomes. Carbon nanotubes containing magnetic nickel
NPs tend to get in the cells with great success. Hydrophobicity can be com-
pensated by NPs. Certain hydrophobic drugs can be delivered to cancer cells
by attaching to the NPs and can be further protected by packing in vehicle.
Toxicological consideration is one of the criteria to be considered before
making NPs. Though most of the strategies utilize NPs in very small quan-
tity, its proper disposal out of the host should be the first criteria to consider.

NPs have been greatly exploited for radiation-based therapy. Radiations
are tough to control and target; photons generated near cancer cells harm
the surrounding non-cancerous cells and pose toxic effects. The ioniz-
ing radiations generate free radicals, which are equally harmful for non-
cancerous cells. Thus, radiation may be a non-targeted therapy. It is hard
to decide whether radiation therapy does more harm than benefit. One
way to overcome the side effects is to manage the radiation at a lower dose.
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Elements of different atomic numbers were studied to target cancer tissue
with increased dose of radiation [17]. By now, scientists aim to find out non
toxic elements to explore radiation therapy and recently, in vivo testing
show up some promising results [11]. The NPs present in the tumor facili-
tate the radiation therapy to regress the tumor. Inspired by these studies,
several researchers reported their work in finding the utility of elements at
the interface of cancer cells and radiation to get more out of radiation in
the cure and treatment of cancer.

Conclusion

Nanomaterials are becoming a tool to combat a variety of diseases, including
cancer. Certain newer NPs are gaining popularity in battle against cancer,
like carbon nanoparticles. Multiplex NPs make diagnosis more promising;
though in the juvenile stage, it is promising as it can measure more mark-
ers at a time to confirm cancer. More research is needed for accurate, easy,
quick, and cheap diagnostics of cancer. Accurate and early diagnoses of
cancer followed by targeted treatment are demand of time, which can be
explored by NPs. In the current scenario, single drugs are not significant
in killing cancer cells. Alternate medicine and newer drugs are available
more frequently than ever, and drug delivery methods are in the process of
improving. In the present paradigm, we lack early diagnosis and can start
treatment after advanced stage of cancer in most cases. Early diagnosis and
treatment of cancer will certainly enhance the efficacy of anticancer drugs
to a certain extent. NP-based cancer marker tests could be the best pos-
sibility of cancer diagnosis by now. But there is a need of more advanced,
sophisticated, early, and accurate diagnosis followed by equally efficient
drugs and their delivery to the accurate target. It would be relevant to have
some monitoring system for emerging or relapsing tumors. Conclusively,
having a foolproof strategy against cancer means identification at a very
early stage with precisely targeted treatment. Nanomaterials have proved to
be a contribution against cancer and will certainly help us to come up with
advanced and useful ways to eliminate the disease we call cancer.
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Abstract
This chapter includes the following topics:

o Anticancer drug entrapped zeolite structures as drug delivery
systems

o Mesoporous silica nanoparticles and multifunctional magnetic
nanoparticles in biomedical applications

» BioMOFs: Metal-Organic Frameworks for biological and medical
applications

Advanced materials (nanoparticles, nanopolymers, metal-organic frameworks
and zeolites) provide a very attractive insight into materials science and thereby
open new unexplored horizons for the application of these materials in numerous
exciting ways and in this manner giving access to unconventional functions in every
material class. Nanostructural composites are known to exhibit nanostructures and
properties that show promise for different fields of medicinal usage, particularly in
drug delivery. Most significant and efficient progress has been made over the past
decade employing several advanced materials and nanoparticles in various impor-
tant biological applications viz., drug delivery and diagnostic application.

Keywords: Advanced material, nanoparticle, drug delivery, zeolite, mesoporous
silica, biomedical application, metal organic framework

*Corresponding author: stitinchi@uwc.ac.za

Ashutosh Tiwari (ed.) Advanced Healthcare Materials, (49-86) 2014 © Scrivener Publishing LLC

49



50 ADVANCED HEALTHCARE MATERIALS

3.1 Introduction

For the last two decades, intense interest has been developed around the
nanotechnology field of research. Nanoparticles have been widely used in
diverse areas such as advanced materials, catalysis, electronics, environ-
mental remedies as well as pharmaceuticals [1-4].

On the other hand, advanced materials have also been widely used in
biomedical applications due to their specific physical and chemical prop-
erties, which are totally different from the bulk materials, and thus the
former have a great effect on activities such as catalytic biological and bio-
medical. As a result, these smart nanomaterials showed many promising
applications in various diverse areas such as advanced material, industry,
biology, electronics, biosensing, environmental detection and pharmaceu-
ticals, protein purification, drug delivery, and medical imaging [5-7].

The design of materials with specific functional and effective proper-
ties is of great interest, and there is enormous potential in the application
of biomedical sciences and drug delivery. With the remarkable develop-
ment of innovative methods for the synthesis of new advanced materials in
last decade, new approaches based on the state-of-the-art nanotechnology
have been developed and are still receiving significant attention.

The main focus on the development of technologies in the field of drug
delivery has been the delivery of the medicine directly to the specific dis-
ease sites in order to maximize therapeutic outcomes by promoting medi-
cation adherence and persistence, to minimize the risk of side effects, and
most importantly, to enhance the patients’ quality of life.

This chapter focuses on a number of novel advanced materials for drug
delivery and addresses the problems related to their synthesis and their
side effects.

3.2 Anticancer Drug Entrapped Zeolite Structures as
Drug Delivery Systems

Zeolites have special features, such as their three-dimensional stable micro-
structure, presence of variable channels and cavity systems, and pore sizes
that can be tailored to suit the need, high surface areas and above all, lack
of cytotoxicity. All of these above features make zeolites an excellent can-
didate for drug release. The cavities formed by the framework units have
diameters ranging from about 2 to 50 angstroms, which permits relatively
easy movement of drugs inside the cavities. This in turn will facilitate the
release of guest molecules through the escape from the cavities that form
the openings through the channels.
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Zeolite molecular sieves are crystalline, hydrated aluminossilicates of group
I and II elements and are involved with infinitely extending a three-dimen-
sional aluminosilicate network of tetrahedra links. Zeolites, in general, may
be represented by the emplrlcal formula M"+ [(AlO ) (SiO, ) |-mH,O having
pores of uniform size (3-10 A), which are unlquely determmed by the unit
structure of the crystal. The framework of zeolites is formed between AlO,
and SiO, by the sharing of all the oxygen atoms. This framework contains
channels and interconnected voids, which are occupied by exchangeable cat-
ions and water molecules [8-10].

Zeolites are being explored in a variety of applications, which include
the catalysis of various reactions, chemical engineering process technol-
ogy, removal of sulfur and carbon dioxide from natural gas, and the recov-
ery of radioactive ions from waste solutions [8].

There are several examples of biomedical applications of zeolites
reported in the literature [11-24].

Zeolite nanocrystals have been also used in the immobilization of
enzymes for biosensing and magnetic resonance imaging [25].

In the early 1980s, Unger and co-workers [26] visualized the use of silica
as a drug support. Nowadays, various inorganic silica porous materials are
being developed as promising drug hosting systems. In the last decade,
numerous microspheres and porous materials, such as zeolites, silica, xero-
gels, titania, lamellar clays, and ceramics have been explored for their use
as carriers for a variety of drugs.

On the other hand, zeolites have been investigated for encapsulation of
drugs in their cavities that make them suitable for the storage and release
of drugs and may thus also be used as carriers in a variety of drug delivery
systems [27-33].

Different zeolites can be exchanged with cations, functionalized and
loaded or encapsulated with drug molecules and used for specific biomed-
ical applications. In this regard, zeolite-based compositions loaded with
zinc and erythromycin have been used in the treatment of acne [34]. The
ability of zeolite-Y to act as a slow release agent for various anthelmintic
drugs has been published earlier [21, 23, 35, 36].

Microencapsulation is another potential route for a slow drug release
carrier. Commercial zeolite-Y was used as a carrier for some anthelmintic
drugs and was demonstrated to be a slow-release carrier. The results indi-
cate that zeolite-Y is therefore a most suitable slow-release carrier and has
led to an improvement of the drug’s efficiency [21, 37].

Doxorubicin and paraquat molecules have been successfully loaded into
a trimethylsilyl functionalized version of zeolite-Y. The controlled release
of sulfonamide antibiotics adsorbed on zeolite-Y has been investigated by
changing the pore size, modifying the external surface, and the nature of
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the grafted functional groups [19, 20]. The controlled release of ibuprofen
encapsulated in dealuminated zeolite-Y is another example of an efficient
drug delivery [38, 39].

The zeolite structure with the lowest framework density (ITQ-40),
which contains large pore openings viz., 15- and 16-membered ring chan-
nels, have been synthesized. The results indicated that zeolites have a high
potential for use in the controlled delivery of drugs to specific sites in addi-
tion to then being available for electronics and catalysis [40].

One of the most promising applications for nano-engineered drug car-
riers is gene silencing, in which small bits of RNA are deployed to shut
down the activity of crucial cancer genes through a process known as RNA
interference.

Various zeolites with different Si/Al ratios were studied to explore their
ability to encapsulate and to release drugs [41]. Changing the Si/Al ration
often changes their adsorption properties [42]. Zeolite materials are used
in the pharmacological field for skin-related conditions due to the negli-
gible dermal uptake of the zeolite on the undamaged skin upon long term
exposure [43].

New horizons in clinical medicine have opened, using synthetic nano-
zeolite biomaterials in various medical applications, in particular the mul-
tifunctional therapeutic delivery systems. [41, 44-48]. These non-toxic
zeolitic materials, together with the physical-chemical properties, offer
considerable advantages in their use compared to the polymeric materials
utilized at present [49].

Immobilization of famotidine (sulphonamide derivative) on two zeo-
lite structures (ZSM-5 and MOR) revealed that the amount of famotidine
adsorbed was generally greater in ion-exchanged-zeolites, suggesting that
these cations act as binding sites for the famotidine molecules. The equilib-
rium and kinetic characteristics of the drug on these materials were stud-
ied by varying the incubation time, the famotidine concentration and the
pH of the solution [50].

Mixed matrix membrane (MMM) loaded with NaX zeolite was used as
devices for the transdermal controlled release of the model drug, tramadol.
The release of tramadol from the MMMs was done to evaluate the effects
that the zeolite has on the release kinetics of the drug [51-53].

Algieri et al. revealed that the most promising combination for an effective
transdermal device was achieved when the Polydimethylsiloxane (PDMS)
membrane containing 17 wt% of zeolite and 0.2 wt% of drug was used [53].

Natural enzymes frequently suffer limitations in various applications
due to denaturation. They are easily deactivated under extreme tempera-
tures and/or pH. For these reasons, zeolites were also used as drug carriers
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and delivery systems for a number of enzymes such as glucose oxidase and
antibodies [54, 55].

New drug delivery and controlled-release systems were also designed
by surface solubilization or adsolubilization of drugs by zeolite—surfactant
complexes [56]. Surfactant-modified zeolites incorporate the hydrophobic
surfactant micelles to solubilize water-insoluble compounds in the hydro-
phobic core. The efficient adsolubilization of the drug chloroquin by zeo-
lite-surfactant complexes has been described by Hayakawa et al. [45].

Zeolite-X and a zeolitic product obtained from a co-crystallization of
zeolite-X and zeolite-A were examined in order to investigate their ability
to encapsulate and to release drugs viz., Ketoprofen. Thus ketoprofen (800
mg) was encapsulated in 2 g of a zeolite matrix by a soaking procedure. The
absence of drug release in acid conditions suggests that after activation,
these materials offer good potential for a modified release delivery system
of ketoprofen [41].

Zeoliote encapsulated drugs (ZED) have a profound impact in the area
of drug delivery with several advantages as delivery systems. For example,
one of the key aspects in drug delivery is the controlled release of the drugs.
These zeolites were studied in order to investigate their ability to encapsulate
and to release drugs. In particular, a zeolite-X and a zeolitic product obtained
from a co-crystallization of zeolite-X, Y and zeolite-A were examined.

Neves and Baltazar et al. [23, 57] studied the encapsulation of an antican-
cer drug a-cyano-4-hydroxycinnamic acid (CHC) into faujasite (FAU) and
Linde type A (LTA) zeolite cavities (Figure 3.1). They revealed unequivocal

Figure 3.1 Encapsulation of an anticancer drug a-cyano-4-hydroxycinnamic acid (CHC)
into faujasite (FAU) zeolite cavities.
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evidence for the encapsulation of the drug in the framework structure of
the zeolite. These ZEDs were used as a model for colon carcinoma treat-
ment. Their results indicate the potential for drug loading of CHC@NaY
and delivering it to the cancer cells leading to an inhibition of cell viability
up to 110-fold compared to the nonencapsulated drug.

Various model drugs, such as aspirin [57], and ketoprofen [41] have
been chosen for the design of controlled-release dosage systems. Due to
the undesirable side effects of aspirin taken by mouth, especially in higher
doses, these drugs were encapsulated into the zeolite’s cavities by various
methodologies in which the drug is released slowly over a period of time.
The amount of drug entrapped in the zeolite matrices was estimated by
thermogravimetric behavior.

In the case of ketoprofen, it was found that the total amount of 800 mg
was encapsulated in 2 g of activated zeolite matrix. The amount of drug
released was measured by HPLC at different pHs to mimic gastrointestinal
fluids. The result was promising and the zeolite materials used offer good
potential for a modified release delivery system for ketoprofen. This is due
to the absence of drug release under acidic conditions.

The principal aspects in drug delivery are: (i) to transport the drug mol-
ecules to the target organ without the loss of its pharamaceutical and thera-
peutic activity; (ii) controlled release of drugs, i.e., concentration (in the
dosage needed). The amount of drug released should be in the range of the
needed dosage. Increasing the amount of drug released would cause toxic
side effects, while if released below this limit, the drug would be ineffective.

3.3 Mesoporous Silica Nanoparticles and
Multifunctional Magnetic Nanoparticles in
Biomedical Applications

Mesoporous silica nanoparticles (MSNs) are another form of silica materi-
als which were synthesized in 1990. Originally, mesoporous silica was first
found between 1968 and 1971 [58-60].

These types of Mesoporous silica nanoparticles, such as MCMs and SBA-
15, have various applications in the biomedical field, such as in medicine,
imaging and drug delivery. Due to their high surface area, these mesopo-
rous silica nanoparticles can accommodate a drug in their cavities and may
thus be considered to be used as a Trojan Horse. There are several examples
of biomedical applications of zeolites reported for drug delivery [61].

Another type of silica viz., UVM-7, with different pore systems was used
as support for ibuprofen storage and delivery [62-65].
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The drug-storage and delivery study based on the use of nanoparticulate
bimodal mesoporous silicas as supports was investigated by Amors et al.
[62-65]. In the drug-charge a high ibuprofen loading was achieved owing
to the decrease in pore-blocking effects in comparison to unimodal meso-
porous materials viz., MCM-41 as well as the availability of intra-nanopar-
ticle mesopores and large textural voids.

The drug-delivery processes for UVM-7/ibuprofen nanocomposites
were monitored by spectrometric techniques. The bimodal porosity results
in two-stage drug-delivery processes, which were analysed through kinetic
models.

Figure 3.2 shows a schematic diagram of the drug-delivery mechanism
for a two-stage profile from UVM-7 silica. The first stage involves the ibu-
profen molecules being released from the external surfaces of the pores (or
macropores), while the second stage is correlated to the release of the drug
molecules located inside the intraparticle mesopores.

Intraparticle
large pore &

Intraparticle
mesopore

Bbuprofen [ Buffer solution

SE——.
SEase
SEEEE

Figure 3.2 Schematic diagram of the drug-delivery mechanism of ibuprofen from
UVM-7 silica.
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The first article on sorption of an anticancer drug “taxol” into ordered
mesoporous silicas was published by Kuroda et al. [66] followed by Vallet-
Regi et al. who described a comprehensive study on the sorption and release
of ibuprofen supported on MCM-41 silicas [67, 68]. Since then, various mes-
oporous M41s- materials have been explored as supports for hosting vari-
eties of drugs and screened their potential capability for drug storage and
release [69-74]. These drug carrier systems were studied for both in vitro
and in vivo stages as well as in targeted cancer therapy [75]. Several drugs
were also loaded on hollow porous spheres, which involve mesoporous shells
and large micrometric core voids [76-77]. Recent review articles on the state
of art in this emerging topic have been reported [54, 55, 78-82].

Very recently, an article on the synthesis of mesoporous hollow silica
nanospheres using polymeric micelles as template was reported [83]. These
mesoporous hollow silica nanospheres were applied as a drug-delivery car-
rier by an in vitro method using ibuprofen as a model drug. The study
revealed that mesoporous hollow silica nanospheres exhibited a higher
storage capacity than the normal mesoporous materials. They addition-
ally found that the amine functionalized hollow nanospheres showed more
sustained drug-release behavior than the unfunctionalized counterparts.
This led to a suggestion that a huge potential of hollow silica nanospheres
was involved in the controlled delivery of small drug molecules.

Vallet-Regi’s research group pioneered the synthesis of the first silica
mesoporous-based system for the controlled release of a chemical species.
In their study, mesoporous materials loaded with drug systems viz., the
MCM-41 scaffold loaded with ibuprofen, was among the very first to be
evaluated as a potential drug delivery system. Later several other successful
drug releasing systems were designed by the group by selecting the appro-
priate matrix and loading materials and concentrations [67].

Some years later, the same group reported on the functionalization of
the silica surface with certain organic moieties to provide for supramo-
lecular interactions with the guest, which could both accommodate the
molecules and control the delivery rate [54, 71].

A further advance in the field of control delivery applications was
accomplished by Fujiwara et al. [84, 85] who developed the first gate-like
hybrid material in which the functional group on the external surface was
capable of being opened or closed. This innovative open-closing system
was designed to regulate the storage and release of guest molecules in the
pore void of coumarin-modified mesoporous materials by irradiation with
the appropriate light wavelength. A conceptual scheme of photo-switched
storage-release controlled release by coumarin-modified MCM-41 is
shown in Figure 3.3. Since then, several photo-triggered based systems
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Figure 3.3 Conceptual scheme of photo-switched storage-release controlled release by
coumarin-modified MCM-41.

have been developed to be utilized in the photo-switched controlled release
of included compounds [86-90].

In the last decade, many drugs, proteins, and other biogenic molecules
have been encapsulated in mesoporous materials [91-93].

Berlier and co-workers recently reported on the immobilization of the
unstable guest molecule “Trolox” inside the hexagonal MCM-41 porous
structure. Trolox, a water-soluble derivative of vitamin F, is used as a stan-
dard antioxidant in biochemical studies. The mesoporous support acts
as a vehicle and facilitates the reductive photo-degradation of the active
ingredient.

Analysis of the results showed that Trolox was mainly located within the
mesopores of the carrier. The resulting complexes were tested for the influ-
ence of the host on the release of Trolox. In vitro diffusion tests showed a
slower release of Trolox after insertion and with an increase in the photo-
stability of the complex [94].

Different approaches were employed for the absorption of (-)-menthol
on nanoporous silica materials for isothermal release of (-)-menthol once
again. Four parameters were found to play a role in the isothermal release
of (-)-menthol viz., pore size, structure, wall thickness and surface func-
tionality of the nanoporous adsorbents. By tuning these parameters, con-
trolled release of (-)-menthol was achieved [95].

A broad review on various ordered mesoporous materials used as drug
delivery systems has shown that these mesoporous materials oftfer prom-
ising potential for controlling drug release. Modification of mesoporous
silicas by functionalization resulted in higher drug loading and provided
for an improved controlled drug release. Table 3.1 summarizes some drugs
loaded on various mesoporous materials having different surface areas and
pore diameters [79].
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Table 3.1 Comparison of the surface area for various mesoporous solid-drug

delivery systems.

Mesoporous SBET Pore Drug Loading | Reference
solid (m?/g) diameter (A) | (wt%)
MCM-41 1157 36 Ibuprofen 34 [67]
AlSi-MCM41 1124 43 Diflunisal 8.7 [69]
AlSi-MCM41 1124 43 Naproxen 7.3 [69]
AlSi-MCM41 1124 43 Ibuprofen 6.4 [69]
AlSi-MCM41 1124 43 Ibuprofen [69]
Na salt 6.9
Si-MCM41 1210 27.9 Captopril 32.5 [96]
Si-MCM41-A 1157 25 Ibuprofen 2.9 [71]
Si-MCM41-A 1024 35.9 Aspirin 3.88 [97]
Si-SBA-15 787 61 Gentamicin [68]
20.0
Si-SBA-15 787 88 Erythromycin [98]
34
Si-SBA-15-C8T 559 82 Erythromycin [98]
13
Si-SBA-15- 71 54 Erythromycin [98]
CI18ACE 15
Si-SBA-15 602 86 Ibuprofen 14.6 [99]
Si-SBA-15- 571 86 Ibuprofen 16.9 [99]
APTMS-O
Si-SBA-15- 473 78 Ibuprofen 20.6 [99]
APTMS-P
Si-SBA-15 602 86 Bovine serum [99]
albumin 9.9
Si-SBA-15- 571 86 Bovine serum [99]
APTMS-O albumin
28.5
Si-SBA-15- 473 78 Bovine serum [99]
APTMS-P albumin 1.1
Si-SBA-15 787 49 Amoxicillin 24 [100]
HMS 1152 - Ibuprofen 35.9 [101]
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Mesoporous SBET Pore ) Drug Loading | Reference
solid (m?*/g) diameter (A) | (wt%)
MCM-41 1210 26.7 Ibuprofen 74.4 [101]
HMS 1244 27.1 Ibuprofen 96.9 [76]
HMS-N-TES 1083 25.2 Ibuprofen 76.8 [76]
HMS-NN-TES 1036 24.6 Ibuprofen 74.2 [76]
HMS-NNNTES 990 24.7 Ibuprofen 70.9 [76]
Si-MSU 1200 42 Pentapeptide - [102]
MCM-41 1200 33 Ibuprofen 41 [103]
SBA-3 1000 26 Ibuprofen 33 [103]
SBA-1 1000 18 Ibuprofen 25 [103]
SBA-16 490 85 ZnNIA 14.3 [104]
SBA-16 490 85 ZnPCB 18.3 [104]
MCM-48 1166 36 Ibuprofen 28.7 [105]
LP-Ta3d 857 57 Ibuprofen 20.1 [105]
MCM-48 1166 36 Erythromycin [105]
28.0

Other drugs that have been loaded on mesoporous silica other than
those mentioned in Table 3.1 to be used as a drug delivery system were
vancomycin [106], famotidine [107] and itraconazole [108].

An envelope-type mesoporous silica nanoparticle was designed for
tumor-triggered targeting drug delivery to cancerous cells. The antineo-
plastic drug, doxorubicin hydrochloride, was loaded on the surface of the
mesoporous silica core linked with B-cyclodextrin via disulfide bonding.
Thereafter, the surface of the nanoparticles was allowed to interact with
different peptide sequences via a host-guest interaction. The resultant
nanoparticles were further decorated with poly(aspartic acid) to obtain the
desired material. The purpose of the later step was to protect the target-
ing ligand and preventing the nanoparticles from being taken up by nor-
mal cells. In vitro studies revealed that the envelope- mesoporous silica
nanoparticles were shielded against normal cells and enhanced cell growth
inhibition efficiency in cancerous cells [109].

This new type of mesoporous silica nanoparticle was first introduced by
a group of Japanese scientists [110].
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Figure 3.4 Various possibilities in designing smart drug delivery nanomaterials for
numerous therapeutic applications.

Very recently, Regi et al. reviewed the use of the mesoporous silica
nanoparticles for the design of smart delivery nanodevices [111]. This
review pictured the multifunctionality and drug loading possibilities for
the design of smart delivery nanomaterials (Figure 3.4).

Loading of small drug molecules into the mesopores occurred via the
adsorption approach. Whereas the prodrugs could be attached to the func-
tional groups present in the inner part of mesoporous silica walls, the sur-
face of the silica nanoparticles can be modified by using different functional
groups to further enhance controlling drug release. The review describes
the use of different nanocaps to design stimuli-responsive drug delivery
systems and incorporate magnetic nanoparticles into the silica matrix to
provide the mesoporous silica nanoparticles with magnetic properties
suitable for various applications such as magnetic guidance, hyperthermia
and magnetic resonance imaging (MRI).

Mesoporous silica nanoparticles (MSNPs) are attracting an increasing
interest in the nanomedicine field and are consequently receiving enormous
attention due to the possibility for high drug loading into the mesopore cavi-
ties and covering the pore entrances with different nanogates. These features
and functionality can be tailored to serve specific clinical needs.

A summary of various mesoporous materials employed for encapsula-
tion of enzymes was reported and is summarized in Table 3.2 [112].
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Many researchers revealed that mesoporous structures are selective for
the size of the drug and also are able to control the level of loading over the
target molecule [123-126].

The concept of controlling the mesoporous silica nanoparticles pore size
was demonstrated in a study by Min et al. [126]. The study revealed that
loading of large amounts of plasmid DNA could be achieved using meso-
porous silica NPs with pores more than 15 nm.

Other researchers prepared carboxylic acid modified mesoporous silica
nanoparticle carriers by surface modification. Surface modification was
achieved by functionalization of the surface via a two-step process: (i)
3-amino-propyltriethoxysilane; and (ii) reaction with succinic anhydride.
The carboxylic-modified mesoporous silica materials showed high adsorp-
tion capacity (~50 wt.%) for sulfadiazine. In vitro release studies showed that
the functionalized mesoporous materials with carboxylic groups are appro-
priate carriers for prolonged release of sulfadiazine. Also the drug-loaded
silica materials demonstrated no cytotoxicity to the Caco-2 cell line [127].

Another family of modified silica mesoporous supports with vari-
ous alkyl groups anchored on the pore outlets of mesoporous MCM-41
has been prepared [128]. These supports could be modified to display a
unique architecture to design gated systems able to achieve zero release.
The hybrid mesoporous silica surface provides adequate controlled drug
release features through advanced controlled release from the pore voids
by control of the open-close gate operation (Figure 3.5). The rate of delivery

Massive release Tuned release

R

00000
0900
2%00

Figure 3.5 Schematic representation on guest release rate from different alkyl modified
surface support with the surface perspective views of obtained models for alkyl chains
containing (left) 8 and (right) 16 carbon atoms.
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Figure 3.6 Schematic diagrams illustrating the functionalization of mesoporous
materials by:

1. Grafting (subsequent attachment of
organic components onto a pure silica
matrix; 2. co-condensation (one-pot
synthesis) simultaneous reaction of
condensable inorganic silica species and
silylated organic compounds; 3. periodic
mesoporous organosilicas (PMOs),
hydrolysis and condensation reactions of
bridged organosilica precursors, i.e., use of

(A) Co-condensation: organosilane

with the desired functional group is
added during the synthesis so that the
organic functionality is incorporated into
mesoporous silica directly during the
synthesis.

In postsynthesis grafting, and (B)
postsynthesis grafting: calcined
mesoporous silica is treated with the

bissilylated organic precursors [130]. organosilane that reacts with surface

silanol groups [129].

was found to be dependent on the length of the alkyl chain anchored on
the pore outlets.

Amine functionalized MCM-41 with organic functional groups was
employed for aspirin loading and release studies. The modification meth-
ods used for functionalization were co-condensation and post synthesis
grafting routes as illustrated in Figure 3.6.

The carboxylic acid group of aspirin interacts with surface silanol groups
or amino groups modified with aminopropyltriethoxysilane (APTES)
functional groups on the pore walls which make these materials useful
for controlled drug release. The loading and release of aspirin from the
mesoporous silica was studied to provide insight into the molecular level
interactions of drug with the mesoporous host and how these interactions
influence loading and release properties [129].

The release profiles for the amine functionalized silica were studied
at pH = 7.4 and 37.4 °C and the aliquots were analysed for aspirin with
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UV-Vis spectroscopy at A = 296 nm. The amount of released aspirin was
calculated using the literature reported relation [97].

Drug release data indicated that the distribution and loading of the
amine groups and the method of loading (co-condensation or post syn-
thesis) are important factors and also affect the release of aspirin. The
difference in release models was explained by the relatively weaker inter-
action of aspirin with the parent MCM-41 relative to the amine function-
alized samples. On the other hand, it was found that materials prepared
by co-condensation demonstrated that the maximum release of the drug
decreased significantly (from 71 to 50%) due to increased pore blocking
by APTES.

The same group also successfully loaded aspirin into the pores of vari-
ous (SiO,/ALO,) ratios of zeolite HY [107]. The study revealed that the
amount of aspirin loaded was found to increase with decreasing of SiO,/
Al O, ratios. Nitrogen adsorption—desorption experiments revealed that
aspirin was loaded into the internal pore surface of these materials.

The nature of intermolecular aspirin-zeolite interactions were obtained
from the spectroscopic methods viz., FT-IR, Al and “C magic angle
spinning nuclear magnetic resonance spectra. The extent of loading has
been determined by analytical techniques viz., N, adsorption/desorption
isometry.

Aspirin was bonded to silanol sites via hydrogen bonding on higher
S§iO,/AlL O, ratio of HY zeolites. The theoretical quantum calcula-
tions provided aspirin/host interactions and the zeolite properties that
control the loading and release. The drug release study from the zeo-
lite matrix at pH = 7.4 in aqueous solution revealed nearly complete
release of aspirin HY-5, while HY-30 and 60 exhibited partial release
of aspirin (Figure 3.7). The partial release of the drug was attributed to
the increased hydrophobicity in HY-30 and HY-60 materials due to an
increase of van der Waals interactions. The aim of the study was to con-
trol the delivery of the drug, i.e, the optimal release of the drug in effec-
tive amounts while minimizing the side effects that can occur depending
on the dosage forms [131].

Several articles on loading drugs, genes and proteins (i.e., cytochrome
c) on mesoporous silicas have been reported [124, 132-135]. The release
of drug/genes/proteins from the mesoporous silica was studied in vitro
within human cells when showing integral activity.

Wheatley and co-workers in 2006 published the synthesis of systems
that involve coordination of NO to ion-exchanged sites within the zeolite
framework [136, 137].
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Figure 3.7 Drug release study from HY-5, while HY-30 and 60 zeolite matrix at
pH = 7.4 in aqueous [131].

This system was releasing nearly 100% of the incorporated NO over ~40
min in moisture-rich air, which is very difficult to control and cannot avoid
cellular damage due to exposure to excess NO.

Recently, Mascharak and his team developed a photoactive system that
releases bactericidal amounts of nitric oxide (NO) under the control of
low-power (10-100 mW) levels of visible light [138]. The system consists
of photoactive manganese nitrosyl, [Mn(PaPy,)(NO)](CIO,), which was
entrapped within the extended pores of the mesoporous material MCM-
41 as well as aluminosilicate-based material that has a negatively charged
host structure.

In this study, the loading efficiency and leaching and the NO-releasing
capacities from Si- and Al-MCM-41 systems have been determined
(Scheme 3.1). The loading efficiency was improved using Al-MCM-41.
Leaching of the nitrosyl from the host was found to be minimal in physi-
ological saline.

The NO-releasing capacities from these two hybrid materials by visible
light exposure results in rapid release of NO from the entrapped com-
plex while the photoproducts are retained in the host structure. Therefore
these hybrid NO-donors could be employed to deliver NO under the
control of light with very little toxicity from the biocompatible host that
also retains the photoproducts. Thus these NO-porous materials could be
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multi-drug resistant
Acinetobacter baumannii

Scheme 3.1 A photoactive and multi drug resistance manganese nitrosyl loaded into
the columnar pores of MCM-41 host as NO delivery for treatment for Acinetobacter
baumannii infections.

applied to infected wounds for treatment for A. baumannii infections in
battlefield wounds.

3.4 BioMOFs: Metal-Organic Frameworks for
Biological and Medical Applications

3.4.1 Introduction

Metal-organic frameworks (MOFs) are some of the most exciting and
high-profile areas that have emerged as an important field of innovative
research over the past decade. Metal-organic frameworks (MOFs), com-
posed of metal ions or metal ion clusters as “nodes” and organic ligands
as “linkers,” has been the subject of current research due to an upsurge of
scientific interest in the creation of new porous materials and their enor-
mous potential in applications such as photonics, heterogeneous catalysis
and separation [139-153]. Recently MOFs have been extensively reviewed
in the field of gas storage and are therefore often highlighted for their gas-
storage properties.

The coordination compounds with infinite one-, two-, three-dimen-
sional network structures with backbones constructed by metal ions and
ligands are called “coordination polymers” [154]. Metal organic frame-
works (MOFs) can be defined as having an extended array of metal ions
or complexes that are linked by multifunctional bridging organic ligands.
MOFs are specially defined as strong bonding (such as covalent bonding)
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three dimensional networks with geometrically well-defined structure
[155]. In this chapter, we will discuss the potential applications of MOFs in
biological systems, an area that is only recently being developed. In order
to evaluate any in vivo biological application, there is a need for a strict
regulatory approval which in general is not the case for other commer-
cial activities. The regulatory approval for human and animal application
requires capital investments, but good signs are that early studies on MOFs
have demonstrated some excellent results which serve to facilitate continu-
ation in the research on their therapeutic and diagnostic applications.

3.4.2 Synthesis, Properties and Structures of MOFs

The synthesis of MOFs can be considered to be aligned to a building-block
approach by connecting metal ions with organic linkers illustrated in
Figure 3.8.

Typically, MOFs have low density (0.2-1 g/cm’®), high surface area
(500-4500 m?*/g), very high porosity, and moderate thermal and mechani-
cal stability. The greatest advantage of MOFs over other well-known nano-
porous materials such as zeolites is the ability researchers have to tune the
structure, functionality and properties of MOFs directly during synthe-
sis by changing the shape of building blocks. This type of MOFs design
approach is well known as reticular synthesis [141, 155]. The broad ranges
of metal and linkers offers a theoretically large number of materials with
a wide range of structural and different physical properties in addition to
chemical, optical, magnetic, and electrical properties. The wide variety and
numbers of MOFs available afford both a challenge and an opportunity for
their implementation in practical applications. The wide range of available

Metal oxide

Organic linker

Figure 3.8 Building block approach of synthesis of MOFs.
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pore sizes, topologies, and functionalities suggests that existing MOFs will
have useful properties in several fields of biomedical applications. Despite
the fact that MOFs are a rapidly expanding area of research, it still remains
a challenge to predict which frameworks are best suited for a specific bio-
medical application.

MOFs are generally synthesized using hydrothermal or solvothermal
techniques in which the crystals are grown slowly from the mother liquor
of metal precursors and the organic moiety [156-158]. There are several
organic linkers which have been used for the synthesis of bio-MOFs and a
few are listed in Scheme 3.2.

MOFs are usually characterized by X-ray crystallography due to their
high crystallinity. Since MOFs contain large pores, they become filled by
the solvent used in the synthesis. Removal of the solvent molecules from
the pores is referred to as the activation of MOFs. Generally, the activation
collapses the frameworks and results in decomposition of MOFs. Most of
the MOFs have unsaturated metal sites (open metal sites) on the walls of
pores. These open sites are further responsible for binding the guest mol-
ecules through various interactions [159-161].

COOH
ﬂ'i: NH, s
\
L _ > N\i/N
ilm NZN LN/
COOH
(a) (b) Q]
HOOC COOH
[/COOH COOH
N o OH
LY »
O N HO HOOC I N7 COOH
J COOH
HOOC
COOH COOH
(d) (e) ()

Scheme 3.2 Building blocks for BioMOFs. (a) Biphenyl dicarboxylate. (b) Adenine.
() 2,5-Piperazinedione-1,4-diacetic acid. (d). (e) 2,5-Dihydroxyterephthalic acid (f)
5,5",5”-(1,3,5-triazine-2,4,6-triyl)tris(azanediyl)triisophthalate.
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One very important aspect to be considered while considering using
MOFs in biomedical application is their stability. For example, IRMOEF-1
is hydrolytically unstable. Theoretical simulations and experiments have
shown that it collapse in 3.9% of water. This is mainly due to the replace-
ment of oxygen of MOFs which is coordinated to Zn** by the oxygen of
water [162, 163].

Toxicology of the materials is another key factor when considering
health, biomedical or biological application. Another very important
issue which has to be considered is the toxicology of the metal ions pres-
ent in the MOFs. More research work is needed to explore the behavior
of carboxylate-based MOFs as these are the better known members of the
MOFs family.

3.4.3 MOFs as Drug Delivery Agents

One of the major challenges faced in drug delivery using MOFs is the
efficient delivery of the drug using non-toxic nano-carriers. In order to
deliver the drug into the cell, the carriers should have the following fea-
tures: (1) efficiently drug trapping within the pores of MOFs; (2) controlled
release; (3) controlled degradation; and (4) be detectable by imaging tech-
niques (Figure 3.9). Recently Patricia Horcajada’s research group demon-
strated the ibuprofen release [164], R. Morris et al. [165, 166] demonstrated
delivery of NO gas for antithrombosis and vasodilatation and Lin et al.
[167-169] demonstrated the imaging application using MOFs.

A series of biologically and environmentally favourable non-toxic
carboxylate MOFs have been reported by Ferey and coworkers [170].
The MIL family, synthesized from Cr** centers and benzene dicar-
boxylic acid have large pore sizes (25-34 A) and outstanding surface
areas (3100-5900 m?/g), and are the ideal systems for drug delivery.

Loading of drug 11 " Slow release of g
into MOFs Lo d K] drug from MOF GJ: 1 [/
— [O®| &)

ala A

Figure 3.9 Absorption and release of drug molecule through MOFs pores.
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The storage and release of ibuprofen with chromium-based MIL-101
and MIL-100 materials showed high ibuprofen loading, with 0.347 g
ibuprofen/g MOF for MIL-100 and 1.376 g ibuprofen/g MOF for MIL-
101. The difference in drug loading between the two materials is due
to the pore sizes of the materials; MIL-101 has larger pore volumes of
12700 and 20600 A® (8200 and 12 700 A® for MIL-100). The kinetics of
ibuprofen release was investigated by suspending the ibuprofen-loaded
materials in simulated body fluid (SBF) at 37 °C.

These MOFs contain toxic chromium, and thus, the use of these materi-
als for drug delivery is very limited. A less-toxic analog, MIL-101(Fe) has
been developed and reported by Horcajada as a biocompatible alternative,
and should be a much more appropriate drug carrier [164]. These MOFs
have been modified into nanoparticles for efficient delivery of anti HIV and
anticancer drugs (busulfan, azidothymidine triphosphate, doxorubicin or
cidofovir) (Figure 3.10) [171].

The physical properties and the structures of the drugs are summarized
in Table 3.3 and Scheme 3.3.

Recently, Zhong-Min Su and coworkers reported on chiral MOFs synthe-
sized from 5,5,5”-(1,3,5-triazine-2,4,6-triyl)tris(azanediyl)triisophthalate
and zinc nitrate [172]. Single crystal X-ray diffraction analysis revealed that
enantiomers exhibit homochiral 3D structures with nanoscale porous and
helical channels (Figure 3.11a). The large pore size of MOFs (27579.3 A%)
facilitate drug storage and subsequent drug (anticancer 5-FU D) release was
observed with no burst effect. The delivery of 5-FU occurred within a week
and 86.5% of the loaded drug was released (Figure 3.11b). The interaction
between pore walls and the guest drug are mainly hydrogen bonding and
Ti-T interaction.

Another interesting BioMOFs has been reported by Rosi and cowork-
ers employing adinine, diphenyl dicarboxylate and zinc acetate [173]. The

MIL-53 MIL-88 MIL-100 MIL-101
8A 6-11A 24-29 A 29-24 A

Figure 3.10 Porous iron MOFs for drug delivery applications.
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Table 3.3 The physical properties of and the structures of the drugs.

loading (%)

MILS89 MILSSA MIL100 MIL53
Organic linker Muconic Fumaric Trimesic Terphthalic
acid acid acid acid
Struct N R .,
ructure 4}* ‘?"&‘ 3- P e
Fo o | TV <
R sk W
e e WK -
Flexiblity Yes Yes No Yes
Pore size (A) 11 6 25(5.6) 8.6
Particle 50-100 150 200 350
size (nm)
Bu loading(%) 9.8(4.2) 8(3.3) 25.5(31.9) 14.3(17.9)
AZT-TP - 0.6(6.4) 21.2(85.5) 0.24(2.8)
loading (%)
CDhV loading (%) 14(81) 2.6(12) 16.1(46.2) -
Doxorubicin - - 9.1(11.2 -
loading (%)
Ibuprofen load- - - 33(11.0) 22(7.3)
ing (%)
Caffeine- loading - - 24.2(16.5) 23.1(15.7)
(%)
Urea loading (%) - - 69.2(2.1) 63.5(1.9)
Benzophenone 4 - - 15.2(22.8) 5(7.5)
loading (%)
Benzophenone 3 - - 1.5(74.0) -
loading (%)
Doxorubicin - - 9.1(11.2) -
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Scheme 3.3 Structures of various anticancer drugs.
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Figure 3.11 (a) The enantiomeric nature of MOFs viewed down the [-111] direction.
Side view of left-handed and right-handed double-stranded 3, helical chains in isomeric
MOFs, respectively, C grey, O red, N blue, Zn green. (b) The release process of 5-FU from
the drug-loaded 1 (% 5-FU vs. time).

MOFs have a large pore volume and surface area which greatly facilitates
loading of the drug (procainamide) efficiently. Since the drug has a very
short in vivo half-life, the patient is required to be dosed every 3-4 hours.
Complete loading (0.22 g/g material) was achieved after 15 days, and it
has been estimated that ~2.5 procainamide molecules per formula unit
remains in the pores while the rest adhere to the surface. Due to the ionic
interactions between host and guest, cations can be used to trigger pro-
cainamide release from the framework (Figure 3.12).

Lin’s research group designed and synthesized a nano-MOF (NCP-
1) from Tb*" ions and c,ct-(diamminedichlorodisuccinato)Pt(IV)
(disuccinatocisplatin, DSCP), a cisplatin prodrug for cancer treatment
[174]. The nanoparticles of NCP-1 (58.3-11.3 nm) were encapsulated
with silica to enhance the half-life time in HEPES buffer at 37 °C. These
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Figure 3.12 Scheme depicting cation-triggered procainamide release from bio-MOF-1.
(B) Procainamide release profiles from bio-MOF-1 (blue, PBS buffer; red, deionized
nanopure water).

silica coated nanoparticle were further functionalized with c(RGDfk), a
cycllic peptide which targets the anf3 integrin, which is over expressed
in many cancers. These particles displayed a lower IC50 (inhibitory
concentration, 50%) than that of cisplatin (9.7 mM versus 13.0 mM for
cisplatin), while the untargeted particle did not exhibit significant cell
death. The improved cytotoxicity of the functionalized particles sug-
gests that these particles are taken up by receptor-mediated endocytosis,
followed by reduction to the active cis platinPt(II) species inside the cell
(Figure 3.13).

3.4.4 Applications of MOFs as NO storage

Metal organic frameworks have a great capability of storing gas since they
have large pore volumes and large surface areas incorporated into their
structures. NO storage is one of the most important but less studied fields
of MOFs. NO is a gaseous radical which is involved in most of the biological
processes such as neural, immune and vascular systems. In vivo and in vitro
delivery of NO through MOFs is thus considered to be a most attractive and
challenging task. There are several materials and polymers such as zeolites
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Figure 3.13 (a) Schematic showing the synthesis of Tb-DSCP NMOF (designated as
NCP-1) and its subsequent coating with silica shell (NCP-10) and conjugation with cyclic
peptide (PVP, polyvinylpyrollidone; TEOS, tetraethylorthosilicate); (b) TEM micrograph
for as-synthesized NCP-1; (c) TEM; and (d) SEM micrographs for NCP-10; (e) In vitro
cytotoxicity assay curves for HT-29 cells obtained by plotting the % cell viability against
the Pt concentration of various samples and cisplatin control.

which are available in the literature but have a disadvantage in that they are
responsible for also delivering the carcinogenic by-products inside the liv-
ing cells. Therefore development of target oriented NO delivering materials
would be of immense interest and this would ensure that no side products
would remain inside the living cells. An ideal material should be able to load
NO efficiently and be able to release the NO the specific target sites efficiently.

Xiao and co-workers reported a MOF which was derived from benzene
tricarboxylic acid and copper acetate (also known as HKUST-1) [175].
This MOF has open metal sites available for NO adsorption after activa-
tion. They measured NO adsorption gravimetrically and observed that
HKUST adsorbs NO with a large adsorption capacity of 9 mmol/g at 1 bar
and 196K, which is significantly greater than any other adsorption capacity
reported for a poro us solid. However, at 1 bar and 298K it only absorbs 3
mmol/g. Infra-red experiments further confirms that the NO binds to the
empty copper metal sites in HKUST-1. They confirmed NO release from
HKUST-1 on contact with water vapor. However, the total amount of NO
released was around 1 pmol NO/g MOFE.

Morris and co-workers reported two MOFs viz., [M,(CH,O,)
(H,0),]-8H,0 where (M) = Co, Ni) (CPO-27-Co and CPO-27-Ni) which
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perform exceptionally well for the adsorption, storage and water-triggered
delivery of NO [176]. They further confirmed by powder X-ray diffrac-
tion studies, that each of the unsaturated metal ion sites coordinates to one
NO molecule. The high adsorption of NO by these MOFs is as a result of
chemisorption which was later confirmed by IR studies. The stored NO
in these MOFs could be maintained for several months. The capability of
storing NO for long term and high adsorption capacity (~ 7 mmol NO/g of
MOF which is ~ 7000 times more than the HKUST-1) inspired researchers
to study these types of MOFs further. It was found that since Cr-MIL53
and AL-MIL53 do not possess open metal sites they adsorb very little NO.

3.4.5 Applications of Bio-MOFs as Sensors

Apart from the fascinating property for gas storage, MOFs have also dem-
onstrated a capacity to behave as sensors. MOFs possessing a luminescent
property have a great advantage as biomedical diagnostic tools that are
apparent from a few reports in the literature on luminescence [177, 178].

Rosi and coworkers first reported that bio-MOF-1 derived from adenine
and biphenyldicarboxylic acid is an efficient sensor for certain visible and
NIR-emitting lanthanides (Tb**, Sm**,Eu** and Yb**) [179]. The lanthanide
ions were inserted into the pores of bio-MOF-1 as nitrate salts in DMF solu-
tion. The lanthanide loading doesn’t disturb the crystallinity order, which
was further confirmed by X-ray powder diffraction pattern (Figure 3.14).
Similar experiments were performed in water as solvent. Despite the fact that
water is a strong luminescent quenching solvent, the bio-MOF-1 showed a
strong luminescent property because the material protects the lanthanide
within its pores enabling the use of NIR-emission. The encapsulation of large
lanthanide cations within the defined space is the main reason for the bio-
MOFE-1 having such a high luminescence intensity.

In another report, Chen et al. mentioned a new application of MOFs
as a temperature dependent luminescent thermometer [180]. They syn-
thesized isostructural MOFs, [Tb,(dmbdc),] or [Eu,(dmbdc),] , based
on (2,5-dimethoxy-1,4-benzenedicarboxylate) (Figure 3.15). The organic
linker acted as a sensor which upon excitation at 381 nm underwent a
p-p electron transition between the linker and the metal centres occurred.
By increasing the temperature from 10K to 300K the emission intensity
gradually decreased due to the thermal non-radiative decay. Doping of
[Tb,(dmbdc),] with Eu** ions using a one-pot synthesis led to the forma-
tion of [(Eu ,Tb,,,.,),(dmbdc),] . Interestingly, the mixed-MOF shows a
novel temperature-dependent luminescence. At 300 K, the Eu** emission
dominates the whole spectrum, which is most likely due to the tempera-
ture-dependent photon-assisted Forster transfer mechanism.
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Figure 3.14 Bio-MOF-1 encapsulation and sensitization of lanthanide cations.

(a) Schematic illustration of Ln3p incorporation into bio-MOEF-1 and subsequent
Ln’**sensitization by the framework. (b) Excitation and emission spectra of Sm**@bio-
MOF-1 (i), Tb**@bio-MOF-1 (ii), and Eu**@bio-MOF-1 (iii).

In another example, Nenoft et al. reported the Indium based white light
emitter MOF [In,(btb),(0a),] ) (btb = (btb=1,3,5-tris(4-carboxyphenyl)
benzene and oa=oxalic acid) [181]. The emission is based on a LMCT
(ligand to metal charge transfer) mechanism. After doping with 9% Eu’*
ions onto the [In,(btb) (0a),] ), the doped-MOF [(Eu, ,In , ),(btb) (0a),]
behaved as a red light emitter. The objective of the doping in this case was
to enhance the properties such as color rendering index (CRI) and thus
correlated color temperature (CCT), and chromaticity to approach the
requirements for solid-state lighting (SSL).
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Figure 3.15. a) Temperature-dependent luminescent spectra of the mixed Tb/Eu
framework between 10 to 300 K; and b) the corresponding CIE chromaticity diagram
showing the change of luminescent color by increasing the temperature.

3.5 Conclusions

Most significant and efficient progress has been made over the past decade
employing MOFs in various important biological applications viz., drug
delivery and diagnostic application. The distinguishing properties of
bio-MOFs made them an important class of new biologically applicable
materials. MOFs were previously known for their impressive gas stor-
age application. Their latest emerging biological application has, how-
ever, made them extraordinary new candidates for further exploration in
this newly discovered research enterprise. A few issues still remain to be
addressed viz., toxicity, instability, biocompatibility and biodegradability
all of which hinder the biological applications of MOFs. However, with the
ever-increasing numbers of groups working in this fascinating area there is
no doubt that all these problems will be solved in the near future.
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