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PREFACE

The use of biodegradable polymers has been increasing in recent years,
specifically toward various biomedical applications as these materials not only
serve the desired purpose but also get eliminated from the body due to their
biodegradable nature. Ideally, a material should possess specific physical,
chemical, biological, functional, biomechanical, and degradation properties
that fit a particular biomedical application. Biodegradable polymers have been
used as surgical aids, extended-release drug carriers, and as scaffolds for tissue
engineering, to name a few applications. Traditional biodegradable medical
devices such as orthopaedic pins and nails, fixation plates, suture nets, filaments,
and hemostatic sponges, have been used for decades with few modifications.
However, recent advances in drug delivery, tissue engineering, gene therapy, and
medical devices have resulted in an increased need for biopolymers with tailored
properties. It should be noted that introducing new polymeric devices or drug
delivery systems requires extensive clinical development, which may take several
years and involve a significant financial investment. Thus, the trend has been to
rely on varying compositions and modifications of clinically used biodegradable
polymers. Considering the importance of such an area, this new reference text,
Biodegradable Polymers in Clinical Use and Clinical Development, focuses on
biodegradable polymers and their importance in biomedical research and presents
their clinical status and development scenario along with their patent landscape.
This book has been divided into eight parts based on different types of
biodegradable polymers and their applications. Every attempt has been made
to exclude the polymers that have not yet reached clinical application.

Part I provides a brief overview of different classes of biodegradable
polymers elaborated upon in the book with an emphasis on drug delivery,
detailing their key features and degradation patterns. Polymer selection criteria
for specific biomedical applications have also been discussed. Additionally, an
overview of different products based on biodegradable polymers is provided.

There are two major classes of biodegradable polymers, i.e. natural and
synthetic, where natural polymers can be further classified based on their source
of generation. Natural polymers are discussed in Parts II through IV. Part II
discusses two main protein-based polymers of natural origin, namely, collagen

xiii
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and gelatin. The chapters focus on detailing their structure, occurrence, types,
properties, manufacturing processes, degradation, and clinical applications.

Part III focuses on polysaccharide-based polymers of natural origin. A
chapter on chitosan and its derivatives highlights its role as biosensor,
permeation enhancer, delivery vehicle, tissue-engineering scaffold, and
wound-healing material. Another chapter focuses on various sources, clinical
applications, preclinical experiments, and possible future options for alginates.
Furthermore, dextran, pentosan sulphate, and arabinogalactans are detailed in
terms of their occurrence, structure, biochemistry, chemical nature, pharma-
cokinetics, side effects and toxicity, and medicinal applications.

Polyhydroxyalkanoates are discussed in Part IV, focusing on their produc-
tion, characterization, and current applications in the medical field. Results
from in vitro and in vivo efficacy studies are highlighted along with insights on
toxicity and biocompatibility. Also, a patent landscape is provided.

Furthermore, Part V details important synthetic biodegradable polymers
used in clinical settings. A chapter is dedicated specifically to the use of lactide
and glycolide polymers and their copolymers in drug delivery applications,
detailing their synthesis, processing, and properties vis-a-vis toxicity and safety
considerations. Another chapter discusses the use of polyanhydrides in loca-
lized delivery with special attention to their degradability behavior, toxicolo-
gical profile, uses in different disease conditions, and recent advances in the
medical field. Also, synthesis, physicochemical characteristics, and biomedical
applications of poly(e-caprolactone-co-glycolide) copolymers and their appli-
cations as monocryl sutures, suture coatings, dermal tissue repair agents, and
buttressing materials are detailed. This part also includes chapters on poly-
cyanoacrylates and PEGylation technology, PEGylated drugs, chemistry,
safety and toxicity of PEGylation, and applications of PEG at the clinical
level and in the market.

Part VI deals with biomedical applications of calcium phosphate-based
ceramics where synthesis, characterization, and properties of calcium phos-
phate materials are discussed. Moreover, the biocompatibility and toxicity
profiles are reviewed along with a summary on some of the clinical results and
commercially available calcium phosphate products.

Emerging clinical uses of biodegradable polymers are dealt with in Part VII,
where a chapter focuses on polymers described for nucleic acid delivery,
showing promising in vivo activity. A description of the structural design,
physicochemical properties, and preclinical evaluation of different polymeric
carriers and progress in clinical development is also provided. A separate
chapter has been added focusing on applications of biodegradable polymers in
tissue engineering, with a major focus on clinical applications thereof. The
chapter compiles biodegradable polymer-based products currently under
clinical trials or in the market for tissue engineering applications and also
discusses the advances in discovery of need-specific polymeric biomaterials and
biomaterial design.
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Additionally, clinical use and applications of various injectable polymers of
both natural and synthetic origin are discussed and offer insight into the
underlying chemistry and design of in situ forming materials. The relevant
design considerations affecting material properties and functionality are
described along with highlights of possible future trends in the field.

Part VIII discusses the aspects of biodegradable polymers relating to
intellectual property rights. It was felt that inclusion of patent database search
would be useful to researchers in giving an overview of the technological
developments and innovations that have taken place on a global level. This
section may serve as a useful guide and reference chapter for research as it gives
an overview of the innovations and technological challenges, and it also
supplies a global map of the players involved, that is, industry and academia
working on the applications of biodegradable polymers in drug delivery and
tissue engineering.

Given the history of research and development in the applications and use of
biodegradable polymers, it seems certain that new modifications in existing
polymers and a wide variety of new polymers used in drug delivery and other
biomedical applications will emerge in the coming years. The readers of this
text are expected to have a broad base of backgrounds ranging from the basic
sciences to more applied disciplines. Keeping this in mind, each section is
planned such that it provides an overview of the specific subject and also goes
into a detailed discussion with extensive references. With these details, the book
will be valuable to both novices and experts. We trust that this in-depth
coverage shall assist recent inductees to the subject of biodegradable polymers
for various biomedical applications.

Lastly, and most importantly, the editors are thankful to all the interna-
tionally recognized authors who have played a vital role in making this book a
reality through their contributions.
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BIODEGRADABLE POLYMERS IN
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1.1 INTRODUCTION

Polymers have become an indispensible part of daily life. Biodegradable
polymers are of special interest because they do not accumulate in nor harm
the environment and thus can be considered “green” [1—3]. The use of bio-
degradable polymers has increased in the vast array of application, but it
is staggering in its use in biomedical applications. A whole new genera of
“polymer therapeutics” has developed because of the wide applicability of these

Biodegradable Polymers in Clinical Use and Clinical Development, First Edition. Edited by
Abraham J. Domb, Neeraj Kumar, and Aviva Ezra
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.



4 BIODEGRADABLE POLYMERS IN DRUG DELIVERY

polymers, which includes but is not limited to their function in pharmacological
uses, mechanical support, mechanical barrier, artificial tissue/organs, prepara-
tion of produrgs, and as carriers for cells, drugs, and the like [4—15] with and
without targeting. These functions can also be executed by nonbiodegradable
devices, but such devices would permanently remain in biological tissues if not
removed surgically. Because of the inherent difficulty in retrieving small-scale
devices from tissues, it is advantageous to use biodegradable polymers that
would naturally degrade and disappear in tissues over a desired period of time
[16, 17].

In addition, the most important criteria for polymers that should be
considered is their toxicological profiles. The polymer and any of its degrada-
tion products should not invoke any unacceptable toxicity and immune
response. General criteria for selecting a polymer for use as a degradable
biomaterial are to match the mechanical properties and the degradation rate to
the needs of the application, shelf life/stability, processability, cost, and the like
[1, 2, 18].

Biodegradable polymers can be either natural or synthetic. In general,
synthetic polymers offer greater advantages over natural ones as they can be
tailored to give a wider range of possibilities with a variety of properties. Some
of the natural polymers have functional groups suitable for applications such as
tissue engineering and are less prone to produce toxic effects. However, the
presence of such functional groups and contaminants present in the material of
natural origin may produce undesirable immunoligcal effects [19—21]. On the
other hand, synthetic polymers are available with a wide range of chemical
linkages that can greatly affect their degradation and other derived properties.
To obtain an intermediate property, two or more polymers can be blended or
chemically linked (copolymerized) [1, 22]. This latter approach has basically
attracted a lot of attention because of the possibility of generating polymers
with desired properties without limitations such as phase separation.

To date, due to the versatility of polymeric materials, specifically biodegrad-
able ones, they are rapidly replacing other biomaterial classes, such as metals,
alloys, and ceramics for use in biomedical applications. In 2003, the sales of
polymeric biomaterials exceeded $7 billion, accounting for almost 88% of the
total biomaterial market for that year [8]. The global market for biodegradable
polymers increased from 409 million pounds in 2006 to an estimated 541
million pounds by the end of 2007. It should reach an estimated 1203 million
pounds by 2012, a compound annual growth rate (CAGR) of 17.3% [23, 24].

This chapter provides a brief overview of different classes of polymers
with their key features. Different degradation patterns affect the release of
entrapped molecules as well as other derived properties, and these patterns are
also discussed in this chapter. There are various successful products in clinical
practice, and the number of such products is ever increasing and at a faster rate
from the past few decades. Several products are discussed in this chapter with
their major properties; however, the focus is on drug delivery systems available
on the market. A general decision tree, based upon these properties, for the
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selection of material is also given, which could be of help in selecting polymers
for a particular end use. Finally, the future of the polymeric biomaterial is
briefly discussed.

1.2 TYPES OF BIODEGRADABLE POLYMERS

Biodegradable polymers can be divided in two major classes of natural and
synthetic origin. However, the properties of polymers in these classes vary
widely and give a selection of individual polymers for individual requirements.
Most of the polymers utilized for biomedical application are listed in Table 1.1
with their chemical structure, properties, major applications, and marketed
product. The properties given are those for the particular type of polymer;
however, customarily copolymers are employed to achieve a hybrid of indivi-
dual properties. Because of constant advancements the list is ever increasing
and many new copolymers as well as polymers are entering the panorama of
biodegradable polymers for biomedical application.

Most of properties required for use as a biomaterial are fulfilled by many
natural polymers, for example, polysaccharides and protein derivatives and
synthetic polymers (e.g., polyesters, polyanhydride, and polyorthoesters). How-
ever, when biomedical applications are considered, the requirement diversifies
in terms of mechanical strength required, degradation time, surface properties,
physicochemical parameters, degree of crosslinking, presence of functional
group for modification and tagging, and so forth. Some of the applications such
as bone grafting and bone repair, in addition to biocompatibility, require
purely mechanical function. Hence polymers that can withstand load and
have long degradation time are suitable for these applications [25—27]. Some
applications such as surgical dressings, sutures, and the like require varying
strength and degradation time, which usually depends on the type of tissue and
the type of injury. In tissue engineering application growth factors are
considered vital for rapid healing of the tissue and generating more biofunca-
tional tissue. Hence, the strategy is to mimic matrix and provide the necessary
information or signaling for cell attachment, proliferation, and differentiation
to meet the requirement of dynamic reciprocity for tissue engineering [28—34].
Natural polymers in this regard are conceived better than noninformational
synthetic polymers [20, 35]. However, the flip side of natural polymers is that
even though they are available in ample quantity, they suffer from some
limitations such as immunogenecity, difficulty in processing, a potential risk
of transmitting origin related/associated pathogens, and batch-to-batch varia-
bility [36, 37]. Synthetic polymers on the other hand can be produced in a
reproducible manner with better quality control. This particular fact is more
important when these are used as carriers for bioactives where reproducible
delivery is required from the carrier, as the change in the in vivo release of the
bioactive carrier can change the course of the treatment. Choice among the
synthetic polymers is again based on the individual application; however, when
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1.3 BIODEGRADATION PATTERNS 19

it comes to drug delivery, time of release is one of the most important
characteristic, which not only determines the type of polymer but also the
shape and size of the carrier device [38—40].

Usually, polymers having higher hydrophobicity sustain the release of
bioactive for longer times; however, it is not always the requirement since
sometimes instant release is required upon triggered by the external stimuli,
which may be present at the target site [41—49]. In this type of case, polymers
with functional groups are suitable so that targeting moieties can be attached. On
the other hand, if the polymer is the only governing factor for the release of
bioactives, then predictable release is of considerable importance. If the system
releases the active moiety in a zero-order pattern at a predetermined rate, then it
is considered ideal in terms of release kinetics from the system [11, 50—52].
Surface-eroding polymers are considered to follow zero-order release kinetics
and release rate differs depending on the type of polymer/monomer. However,
surface-eroding polymers have very labile links, thus often not a suitable
candidate for nanoscopic carriers, and thus polyesters are preferred and used
most widely for this purpose [51, 53—55]. Polyesters can sustain the release for a
longer time, and moreover they have very well established safety and disposition
profiles from a clinical point of view, and this can be well appreciated in a
number of products approved by the Food and Drug Administration (FDA)
[56—62]. Of the many polyesters poly(lactic-co-glycolic acid) (PLGA) is more
widely utilized because of the ratio and molecular weight of the blocks and/or
of the whole polymer, which can be varied flexibly to give a wide variety of
properties for diverse biomedical applications.

1.3 BIODEGRADATION PATTERNS

Similar to the production and properties of biodegradable polymers equally
important is their degradation, and it is of utmost significance when it comes to
biomedical applications. The polymer should degrade and/or be disposed off
completely in a predictable manner from the body, unless it is to perform some
permanent function. The degradation products generated should not cause any
adverse effect at the site of use or on any other body organs/functions. Usually,
the polymer matrix begins to degrade by hydrolytic and/or enzymatic attack.
Each reaction results in the scission of a molecule, slowly reducing the weight of
the matrix until the entire material has been digested.

Degradation of the polymer occurs through the process of chain cleavage
[271] while erosion is the sum of all processes that lead to the loss of mass from
a polyanhydride matrix [272, 273]. Erosion of the polymer matrices depends
on processes such as the rate of degradation, swelling, porosity, and ease
of diffusion of oligomers and monomers from the matrices [271]. Considering
the diffusion of water into the polymer matrix the degradation process can be
divided into bulk and surface-eroding polymer (Fig. 1.1). In a bulk erosion
process polymer mass is lost uniformly throughout the matrix, and the erosion
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FIGURE 1.1 Erosion patterns in polymeric matrices. (a) Bulk erosion and (b) surface
erosion. In bulk erosion, degradation of the matrix occurs throughout the matrix
simultaneously with solubilization of oligomers in the surrounding media and drug
release occurs by diffusion, which is a concentration-dependent phenomenon. On the
other hand, surface erosion occurs from the front of the device, which continuously
moves to the core of the device. As these types of polymers are made up of very
hydrophobic monomers they do not allow aqueous media to penetrate the core;
moreover, the oligomers usually deposit on the device itself and further hinder
the release of entrapped bioactives. As a particular volume of the device is exposed to
the environment, release occurs in zero-order fashion. These surface-eroding polymers
have very labile hydrolytic bonds, thus usually not suitable for sustaining the release in
nanoscopic carriers.

rate is dependent on the volume of the polymer rather than its thickness.
Consequently, the lifetime of polymer disks of different thicknesses is the same.
In contrast, surface-eroding systems display material loss from the outside to
the inside of the matrix, so that the erosion rate is dependent on the surface area
of the polymer rather than its volume. The lifetime of surface-eroding polymers
is dependent on the thickness of the polymer disk, and so thicker samples have
a longer lifetime. In the case of controlled drug delivery applications, a surface-
eroding device is the better option for drug release [274—276].
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In general biodegradation of the polymers is affected by following factors:

e Chemical nature: Type of linkage between the monomers

e Water solubility and permeability of polymer: Hydrophlic/hydrophobic
® Method of chain scission: Hydrolytic/enzymatic

® Mechanism of hydrolysis: Noncatalytic/pH catalytic/autocatalytic

e Water solubility and diffusion of degradation products: Hydrophlic/
hydrophobic—slow/fast

® Molecular weight and polydispersity: Low/medium/high
® Molecular level assembly: Crystalline/amorphous

Glass transition temperature: High/low
Morphology of device: Size/shape/dimensions/surface-to-volume ratio

Porosity before and during degradation: Low/medium/high
Additives: Drug/modifiers/stabilizers

e Method of sterilization: Moist heat/irradiation/other

e Site of application: Local (site)/systemic

All these factors affect the overall degredation rate and lifetime of
the polymer. However, the basic governing factor is the chemical nature of the
backbone and the hydrophilicity/hydrophobicity of the polymer [277—279].
Polymers that are hydrophilic or not so hydrophobic to diffusion of surrounding
aqueous media into the matrix degrade all over the matrix and are called bulk-
degrading polymers. Polymers that have very hydrophophobic bone as well as
hydrolytically nonlabile bonds are very slow degrading polymers, whereas
polymers with hydrophobic monomers but labile linkage, which do not allow
water to penetrate, erode from the surface only are called surface-degrading
polymers. However, these monomers are so hydrophobic that they do not
diffuse away from matrix and keep on depositing on the matrix, thus overall the
mass of the device does not reduce significantly. Moreover, they hinder and
sustain the diffusion of entrapped bioactive molecules. Natural polymers are
usually hydrophilic and undergo bulk degradation [19—21, 35]. Enzymatic
degradation is a major contributor in their degradation process, whereas few
synthetic polymers undergo enzymatic degradation such as polyesters. Polymers
that are substrate for enzymatic degradation are considered better for biome-
dical applications as they are excreted readily form the body. Hydrophilicity is
a major determinant in the time of degradation: the more hydrophilic the
polymer, the faster is the degradation when other factors are kept constant. The
solubility of the degradation product is another important parameter that
governs their removal from the body. Lower molecular weight of the oligomers
and their higher aqueous solubility lead to faster degradation and excretion from
the body. Some of the oligomers, as in the case of polyanhydrides, are very
hydrophobic and deposit on the polymer matrix itself and, in turn, making the
degradation slow. Some degradation products have an autocatalytic effect on
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the chain scission [280—284]. The catalytic effect is usually because of a
change in pH by degradation products in microenvironments, which can cause
either acid or base catalysis. Free radical generation during degradation also
catalyzes the chain scission in some polymers. Solubility of the degradation
product in changed pH can also change the course of degradation as their
diffusion away from the matrix is increased. Increase in the molecular weight is
usually proportional, though not directly, to the degradation time [285—290].
It is just not because the number of bonds to be broken are more; it also
increases the hydrophobicity of the device and makes hydrolysis proportionally
slower.

Increase in molecular weight distribution on the other hand usually increases
degradation rate as there are more free groups for the chain scission reaction,
and if the free groups are hydrophilic, then they ingress water more readily
into the device, which thus increases degradation. Only a few polymers occur
in completely crystalline form, and they have long-range order in their mole-
cular arrangement, thus making penetration of the water difficult. Because of
higher lattice energy, they degrade slowly as compared to their amorphous
counterparts. Semicrystalline polymers have an intermediate degradation per-
iod, depending on the degree of crystallinity [291—297]. Among amorphous
polymers, the glass transition temperature (7,) is the factor that dictates the
degradation behavior. Polymers with higher 7, in the same class, usually have a
higher molecular weight, thus naturally will require a longer time to degrade. On
the other hand, high 7, also means that the polymer is stable in that particular
molecular configuration, which may be because of forces such as hydrogen
bonding and hydrophobic interaction, in turn making polymer degradation
slower. Crystallinity and T, also determine the polymer fragmentation and
crumpling of the polymer device, thus affecting degradation. As the size of the
device increases, the time required for complete degradation of the device also
increases, but the effect is more pronounced in the case of a surface-degrading
polymer as compared to a bulk-degrading polymer where degradation takes
place throughout the matrix.

Shapes or factors that make surface-to-volume ratios high also have varied
effects on polymers with different degradation patterns, as an increase in
surface area exposes more surface to the hydrolytic media and thus enhances
the degradation process more in the case of heterogonous degradation [53,
298—301]. Porosity is one of the factors that increase the surface-to-volume
ratio, thus affecting the degradation similarly. For formulating particular
devices, additives are included in the polymer, and it also undergoes some
processes to make the device suitable for application. Additives that include
a drug can make the polymer more hydrophobic or more hydrophilic and
can change the degradation profile accordingly. In practice, two or more
polymers are chemically linked (copolymer) or blended to achieve particular
degradation or some other derived properties. Processing such as application of
heat, pressure, and sterilization can modify the polymer’s physical and more
importantly chemical properties to further affect the degradation [302—306].
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Generally, all these stresses lead to a decrease in molecular weight, but,
occasionally, it can also give rise to a phenomenon such as crosslinking, and
may thereby hamper the degradation rate. Finally, location or the site of
application in the body of the polymer also affects its degradation by secondary
effects such as blood flow, movement of the device, load on the device, hardness
of the tissue, and the like. If the device is in an environment that causes faster
removal of degradation product, it can cause an increased degradation rate in
the case of surface-degrading polymers. On the other hand, a balance effect can
be in the case of bulk-degrading polymers as autocatalysis will be reduced at
one hand but better sink conditions for degredants on the other hand, which
reduces matrix mass will be faster. Conditions that subject the polymer to pH
conditions and enzymes favorable to the degradation, then naturally polymer
disappearance from the body will be faster, and such a case, for example, could
be the presentation of large nanoparticles made up of polyesters in a liver
microtonal condition.

1.4 OVERVIEW OF DIFFERENT PRODUCTS BASED ON
BIODEGRADABLE POLYMERS

Over the past four decades controlled-release polymer technology has impacted
virtually every branch of medicine, including oncology, ophthalmology, pulmon-
ary, pain medicine, endocrinology, cardiology, orthopedics, immunology, neurol-
ogy, and dentistry, with several examples of these systems in clinical practice
today (Table 1.2). Several controlled-release formulations based on biodegra-
dable polymers have been approved and marketed where the polymer matrix
can be formulated as microspheres, nanospheres, injectable gel, or implant.

1.5 POLYMER SELECTION FOR BIOMEDICAL APPLICATION

Polymers, both synthetic and those derived from a natural origin, are a
promising class of biomaterials that can be engineered to meet specific end-use
requirements if proper selection is made based on their biomedical application.
Polymers can be selected according to key device characteristics, such as
mechanical resistance, degradability, permeability, solubility, and transparency,
in which all can influence manufacturing characteristics and performance of
device. Moreover, it requires a thorough understanding of the surface and bulk
properties of the polymer that can give the desired chemical, interfacial,
mechanical, and biological functions. The choice of polymer in addition to its
physicochemical properties is dependent on the need for the extensive biomedi-
cal characterization and specific preclinical tests to prove its safety. Hence, its
selection must be carefully tailored in order to provide the combination of
chemical, interfacial, mechanical, and biological functions necessary for the
manufacturing of biomaterials.
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34 BIODEGRADABLE POLYMERS IN DRUG DELIVERY

In general, there are varieties of polymer attributes to be considered when
selecting a biodegradable polymer for biomedical application [371—373]:

Regulatory and Toxicology Status. One of the most critical considerations
is the regulatory requirement for a particular application. If an application
requires a rapid development and commercialization, then the polymer selec-
tion will most likely be made from among those that have already received
regulatory approval, for instance, polyesters.

Polymer (Monomer or Copolymer) Composition. Whether to use homo-
polymers consisting of a single monomeric repeat unit or copolymers contain-
ing multiple monomer species has to be considered before a decision is made of
which polymer to be used. If copolymers are to be used, then the relative ratio
of the different monomers may be manipulated to change polymer physico-
chemical properties including bulk hydrophilicity, morphology, structure, and
the extent of drug—polymer interactions (e.g., drug solubility in the polymer).
Ultimately, these properties will all influence the performance of the drug
delivery system, for instance, via changes to the relative rates of mass transport
and the degradation rate of both the polymer and the device.

Thermal Properties. The thermal attributes of the polymer, as described by
the glass transition temperature (7,) and the melting temperature (7,,,), can also
affect the mass transport rates through the polymer as well as the polymer
processing characteristics and the stability of the device at the end. Below the
glass transition temperature, the polymer will exist in an amorphous, glassy
state. When exposed to temperatures, above T, the polymer will experience an
increase in free volume that permits greater local segmental chain mobility
along the polymer backbone. Consequently, the mass transport through the
polymer is faster at temperatures above T,. Often, the polymer processing, such
as extrusion or high shear mixing, is performed above T,. On the other hand,
the greatest stability during the storage of a polymer device may be obtained at
temperatures below T,, where solute diffusion is much slower and more subtle
changes in polymer properties are reduced.

lonization. The presence of charged groups on a polymer can also influence
the physicochemical properties of the polymer, the device, and the drug release
pattern from the device. The number and density of ionized groups along
the polymer backbone, on the side-chain groups, or at the terminal end groups
of the polymer chains can all vary the extent of polymer—polymer and polymer—
drug interactions. As drug delivery systems, the polymer properties can affect the
performance of the drug delivery system as ionizable groups can affect drug
solubility in the polymer and, correspondingly, the release rate from the polymer.

Molecular Weight and Molecular Weight Distribution. Molecular weight
of a monodisperse or polydisperse polymer is expressed in terms of its relative



1.5 POLYMER SELECTION FOR BIOMEDICAL APPLICATION 35

molar mass, which is related to the degree of polymerization and relative
molecular mass of the repeat unit. The properties that have enabled polymers
to be used in a diversity of biomedical applications derive almost entirely from
their long-chain macromolecular nature. We are concerned about molecular
weight and its distribution in polymer selection because many physicochemical
properties of polymers are influenced by the length of the polymer chain,
including viscosity, the glass transition temperature, mechanical strength, and
the like and, consequently, the use of polymers in various biomedical applica-
tions will be affected.

Molecular Architecture. An important microstructural feature determining
polymer properties is the polymer architecture. Molecular architecture of
polymers can be described as linear polymers, branched polymers, crosslinked
network polymers, and the like. The simplest polymer architecture is a linear
chain: a single backbone without branches. A related unbranching architecture
is a ring polymer. A branched polymer is composed of a main chain with one or
more short or long substituent side chains or branches. Special types of
branched polymers include star polymers, comb polymers, brush polymers,
ladders, and dendrimers among others. Branching of polymer chains affects the
ability of chains to slide past one another by altering intermolecular forces, in
turn affecting bulk physical properties of polymers. Long-chain branches may
increase polymer strength, toughness, and the glass transition temperature due
to an increase in the number of entanglements per chain. Different representa-
tive polymer architectures are shown in Figure 1.2.

Polymer Morphology. Polymer morphology generally refers to the arrange-
ment of chains in space and the microscopic ordering of many polymer chains
and described as amorphous, semicrystalline, and crystalline structures that can
affect the manufacturing characteristics and performance. There are some
polymers that are completely amorphous, although the morphology of most
polymers is semicrystalline. That is, they form mixtures of small crystals and

\/\AWWW

Linear Short-chain branched Long-chain branched Ladder
Star branched Comb polymers Network

FIGURE 1.2 Types of molecular architectures of polymers.
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=

(a) Crystalline (b) Amorphous (c) Semicrystalline

FIGURE 1.3 Types of molecular arrangement of polymeric chains in crystal lattice.

are amorphous in combination with the tangled and disordered surrounding
crystalline material and melt over a range of temperatures instead of at a single
melting point. In most polymers the combination of crystalline and amorphous
structures forms a material with advantageous properties of strength and
stiffness so that manufacturing characteristics and performance can be tailored
as desired. Different polymer morphologies are shown in Figure 1.3.

In general, when the polymer selection is made, it has to fulfill the following
end-use requirements:

® The mechanical properties must match the application. For instance, in
tissue engineering application, it should remain sufficiently strong until
the surrounding tissue has healed.

® The degradation time must match the time required for biomedical
application.

¢ [t does not invoke a toxic response upon in vivo degradation.

e [t is metabolized in the body after fulfilling its purpose into nontoxic
constituents that can be easily eliminated.

e |t is easily processable in the final product form with an acceptable shelf
life and easily sterilized.

1.6 FUTURE PROSPECTS

Biodegradable materials are highly desired for most biomedical applications in
vivo, such as transient implants, drug delivery carriers, and tissue engineering
scaffolds. Biodegradable polymers remain the most versatile and promising class
of biomaterials that can be engineered to meet specific end-use requirements
in biomedical application. Given the importance of biodegradable polymers
in the various biomedical applications, the currently available polymers need
to be further improved by altering their surface and bulk properties in order to
provide the desired functions necessary for manufacturing of new and improved
biomaterials, for instance, the generation of stimuli-responsive polymeric
biodegradable materials. Stimuli-responsive biomaterials resembling natural
living tissues that undergo changes in physicochemical properties in response to
a variety of physical, chemical, and biological stimuli are attracting increasing
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interest because of their potential application in biomedical fields. Hence,
biomedical systems that are both biodegradable and stimuli responsive have
therefore been studied intensively and significant progress in this field has been
achieved. Although biodegradable stimuli-responsive materials are highly
attractive for biomedical applications, most such materials are currently at a
developmental research stage. Additionally, single stimulus-responsive property
limits the practical applications of these materials. To achieve more favorable
applications for these materials, further efforts are still necessary, especially for
developing multi-stimuli-responsive functions of materials and improving the
stimuli-responsive properties of such materials in a biological environment.
Bearing in mind the great prospect of these biodegradable stimuli-responsive
materials, there is great hope in the future for the development of stimuli-
responsive polymers or systems that could be reliably employed in biomedical
applications for further clinical practices.

REFERENCES

1. Gunatillake, P., R. Mayadunne, and R. Adhikari. Recent developments in
biodegradable synthetic polymers. Biotechnol. Annu. Rev. 2006;12:301—347.

2. Pachence, J. M., M. P. Bohrer, J. Kohn, L. Robert, and V. Joseph. Biodegradable
polymers. In Principles of Tissue Engineering, 3rd ed. Academic: Burlington, 2007,
pp. 323—339.

3. Scott, G. “Green” polymers. Polym. Degrad. Stab. 2000;68(1):1—7.

4. Tuzlakoglu, K. and R. L. Reis. Biodegradable polymeric fiber structures in tissue
engineering. Tissue Eng. Part B Rev. 2009;15(1):17—27.

5. Chiellini, F., A. M. Piras, C. Errico, and E. Chiellini. Micro/nanostructured
polymeric systems for biomedical and pharmaceutical applications. Nanomed,
2008;3(3):367—393.

6. Heller, J. Biodegradable polymers in controlled drug delivery. Crit. Rev. Ther. Drug
Carrier Syst. 1984;1(1):39-90.

7. Ratcliffe, A. Tissue engineering of vascular grafts. Matrix Biol. 2000;19
(4):353-357.

8. Ju, X. J., R. Xie, L. Yang, and L. Y. Chu. Biodegradable “intelligent” materials in
response to physical stimuli for biomedical applications. Expert Opin. Ther. Pat.
2009;19(4):493-507.

9. Gunja, N. J. and K. A. Athanasiou. Biodegradable materials in arthroscopy. Sports
Med. Arthrosc. 2006;14(3):112—119.

10. Chitkara, D., A. Shikanov, N. Kumar, and A. J. Domb. Biodegradable injectable in
situ depot-forming drug delivery systems. Macromol. Biosci. 2006;6(12):977—990.

11. Commandeur, S., H. M. van Beusekom, and W. J. van der Giessen. Polymers,
drug release, and drug-eluting stents. J. Interv. Cardiol. 2006;19(6):500—506.

12. Friedman, J. A., A. J. Windebank, M. J. Moore, R. J. Spinner, B. L. Currier, and
M. J. Yaszemski. Biodegradable polymer grafts for surgical repair of the injured
spinal cord. Neurosurgery 2002;51(3):742—751; discussion 751—752.



38

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Piskin, E. Biodegradable polymeric matrices for bioartificial implants. Int. J. Artif.
Organs 2002;25(5):434—440.

Gaspar, R. S. and R. Duncan. Polymeric carriers: Preclinical safety and the
regulatory implications for design and development of polymer therapeutics. Adv.
Drug Deliv. Rev. 2009;61(13):1220—1231.

Kiick, K. L. Materials science. Polymer therapeutics. Science 2007;317(5842):1182—1183.
Benagiano, G., H. Gabelnick, and M. Farris. Contraceptive devices: Subcutaneous
delivery systems. Expert Rev. Med. Devices 2008;5(5):623—637.

Dash, A. K. and G. C. Cudworth II. Therapeutic applications of implantable drug
delivery systems. J. Pharmacol. Toxicol. Methods. 1998;40(1):1—12.

Nair, L. S. and C. T. Laurencin. Biodegradable polymers as biomaterials. Prog.
Polym. Sci. 2007;32(8—9):762—798.

. Malafaya, P. B., G. A. Silva, and R. L. Reis. Natural-origin polymers as carriers

and scaffolds for biomolecules and cell delivery in tissue engineering applications.
Adv. Drug Deliv. Rev. 2007;59(4—5):207—233.

Dang, J. M. and K. W. Leong. Natural polymers for gene delivery and tissue
engineering. Adv. Drug Deliv. Rev. 2006;58(4):487—499.

Stacey, M. In Natural & Synthetic Polymers an Introduction, Vol. 17. H. 1. Bolker
(ed.). Marcel Dekker: New York, 1976, pp. 456—456.

Reinert, K. H., J. P. Carbone, J. Sven Erik, and F. Brian. Synthetic polymers. In
Encyclopedia of Ecology. Academic: Oxford, 2008, pp. 3461—3472.

Thompson, H. Biomaterials: We have the technology. 2005 (cited September 2009);
available from: http://www.devicelink.com/mddi/archive/05/05/024.html.
Schlechter, M. Biodegradable polymers (PLS025B). 2005 (cited September 2009);
available from: http://www.bccresearch.com/report/PLS025B.html.

Navarro, M., A. Michiardi, O. Castano, and J. A. Planell. Biomaterials in ortho-
paedics. J. R. Soc. Interface 2008;5(27):1137—1158.

Holland, T. A. and A. G. Mikos. Biodegradable polymeric scaffolds. Improvements
in bone tissue engineering through controlled drug delivery. Adv. Biochem. Eng.
Biotechnol. 2006;102:161—185.

Liu, X. and P. X. Ma. Polymeric scaffolds for bone tissue engineering. Ann. Biomed.
Eng. 2004;32(3):477—486.

Borenstein, J. T., G. Yogesh, T. Osamu, and Z. Hans. Tissue engineering. In
Comprehensive Microsystems. 2008, Elsevier: Oxford, 2008, pp. 541—583.

Carlos Rodriguez-Cabello, J., J. Reguera, A. Girotti, M. Alonso, and A. M. Testera.
Developing functionality in elastin-like polymers by increasing their molecular
complexity: The power of the genetic engineering approach. Prog. Polym. Sci.
2005;30(11):1119—1145.

El-Amin, S. F.,, H. H. Lu, Y. Khan, J. Burems, J. Mitchell, R. S. Tuan, and
C. T. Laurencin. Extracellular matrix production by human osteoblasts cultured on
biodegradable polymers applicable for tissue engineering. Biomaterials 2003;24(7):
1213—1221.

Ma, P. X. Biomimetic materials for tissue engineering. Adv. Drug Deliv. Rev.
2008;60(2):184—198.

Pégo, A. P., A. A. Poot, D. W. Grijpma, and J. Feijen. Biodegradable elastomeric
scaffolds for soft tissue engineering. J. Control. Release 2003;87(1—3):69—79.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

REFERENCES 39

Sheridan, M. H., L. D. Shea, M. C. Peters, and D. J. Mooney. Bioabsorbable
polymer scaffolds for tissue engineering capable of sustained growth factor delivery.
J. Control. Release 2000;64(1—3):91—102.

van Dijkhuizen-Radersma, R., L. Moroni, A. v. Apeldoorn, Z. Zhang, D. Grijpma,
B. Clemens van, T. Peter, L. Anders, H. Jeffrey, F. W. David, C. Ranieri,
D. d. B. Joost, and S. Jérome. Degradable polymers for tissue engineering. In Tissue
Engineering. Academic: Burlington, 2008, pp. 193—221.

Gomes, M., H. Azevedo, P. Malafaya, S. Silva, J. Oliveira, G. Silva, R. Sousa,
J. Mano, R. Reis, B. Clemens van, T. Peter, L. Anders, H. Jeffrey, F. W. David,
C. Ranieri, D. d. B. Joost, and S. Jérome. Natural polymers in tissue engineering
applications. In Tissue Engineering. Academic: Burlington, 2008, pp. 145—192.
Lee, S.-H. and H. Shin. Matrices and scaffolds for delivery of bioactive molecules
in bone and cartilage tissue engineering. Adv. Drug Deliv. Rev. 2007;59(4—5):339—359.
Malafaya, P. B., G. A. Silva, and R. L. Reis. Natural-origin polymers as carriers
and scaffolds for biomolecules and cell delivery in tissue engineering applications.
Adv. Drug Deliv. Rev. 2007;59(4—5):207—233.

Deng, J. S., L. Li, Y. Tian, M. Meisters, H. C. Chang, D. Stephens, S. Chen, and
D. Robinson. The relationship between structures and in vitro properties of a
polyanhydride implant containing gentamicin sulfate. Pharm. Dev. Technol. 2001;6
(4):541-549.

Dittrich, M., P. Solich, L. Opletal, A. J. Hunt, and J. D. Smart. 20-Hydroxyecdy-
sone release from biodegradable devices: The effect of size and shape. Drug Dev.
Ind. Pharm. 2000;26(12):1285—1291.

Park, E.-S., M. Maniar, and J. Shah. Water uptake in to polyanhydride devices:
Kinetics of uptake and effects of model compounds incorporated, and device
geometry on water uptake. J. Control. Release 1996;40(1—2):55—65.

Ju, X. J., R. Xie, L. Yang, and L. Y. Chu. Biodegradable “intelligent” materials in
response to chemical stimuli for biomedical applications. Expert Opin. Ther. Pat.
2009;19(5):683—696.

Bawa, P., V. Pillay, Y. E. Choonara, and L. C. du Toit. Stimuli-responsive polymers
and their applications in drug delivery. Biomed. Mater. 2009;4(2):22001.

Meng, F., Z. Zhong, and J. Feijen, Stimuli-responsive polymersomes for pro-
grammed drug delivery. Biomacromolecules 2009;10(2):197—209.

Onaca, O., R. Enea, D. W. Hughes, and W. Meier. Stimuli-responsive polymer-
somes as nanocarriers for drug and gene delivery. Macromol. Biosci. 2009;9(2):
129—-139.

Mendes, P. M. Stimuli-responsive surfaces for bio-applications. Chem. Soc. Rev.
2008;37(11):2512—2529.

Stoop, R. Smart biomaterials for tissue engineering of cartilage. Injury 2008;39
(Suppl 1):S77-87.

Dayananda, K., C. He, D. K. Park, T. G. Park, and D. S. Lee. pH- and
temperature-sensitive multiblock copolymer hydrogels composed of poly(ethylene
glycol) and poly(amino urethane). Polymer 2008;49(23):4968—4973.

Qiu, Y. and K. Park. Environment-sensitive hydrogels for drug delivery. Adv. Drug
Deliv. Rev. 2001;53(3):321—339.

Sershen, S. and J. West, Implantable, polymeric systems for modulated drug
delivery. Adv. Drug Deliv. Rev. 2002;54(9):1225—1235.



40

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Iconomopoulou, S. M., J. K. Kallitsis, and G. A. Voyiatzis. Incorporation of small
molecular weight active agents into polymeric components. Recent Pat. Drug Deliv.
Formul. 2008;2(2):94—107.

Jain, J. P., S. Modi, A. J. Domb, and N. Kumar. Role of polyanhydrides as
localized drug carriers. J. Control. Release 2005;103(3):541—563.

Park, J. H., M. Ye, and K. Park. Biodegradable polymers for microencapsulation of
drugs. Molecules 2005;10(1):146—161.

Gopferich, A. and J. Tessmar. Polyanhydride degradation and erosion. Adv. Drug
Deliv. Rev. 2002;54(7):911-931.

Jain, J. P., D. Chitkara, and N. Kumar. Polyanhydrides as localized drug delivery
carrier: An update. Expert Opin. Drug Deliv. 2008;5(8):889—907.

Tamada, J. and R. Langer. The development of polyanhydrides for drug delivery
applications. J. Biomater. Sci. Polym. Ed. 1992;3(4):315—353.

Bala, I., S. Hariharan, and M. N. Kumar. PLGA nanoparticles in drug
delivery: The state of the art. Crit. Rev. Ther. Drug Carrier Syst. 2004;21(5):
387—422.

Campolongo, M. J. and D. Luo. Drug delivery: Old polymer learns new tracts. Nat.
Mater. 2009;8(6):447—448.

Dhiman, N., M. Dutta, and G. K. Khuller. Poly (pL-lactide-co-glycolide) based
delivery systems for vaccines and drugs. Indian J. Exp. Biol. 2000;38(8):746—752.
Jain, R., N. H. Shah, A. W. Malick, and C. T. Rhodes. Controlled drug delivery by
biodegradable poly(ester) devices: Different preparative approaches. Drug Dev. Ind.
Pharm. 1998;24(8):703—727.

Jain, R. A. The manufacturing techniques of various drug loaded biodegradable
poly(lactide-co-glycolide) (PLGA) devices. Biomaterials 2000;21(23):2475—2490.
Mundargi, R. C., V. R. Babu, V. Rangaswamy, P. Patel, and T. M. Aminabhavi.
Nano/micro technologies for delivering macromolecular therapeutics using poly(p,
L-lactide-co-glycolide) and its derivatives. J. Control. Release 2008;125(3):193—209.
Vert, M. Aliphatic polyesters: Great degradable polymers that cannot do every-
thing. Biomacromolecules 2005;6(2):538—546.

Coombes, A. G., S. C. Rizzi, M. Williamson, J. E. Barralet, S. Downes, and
W. A. Wallace. Precipitation casting of polycaprolactone for applications in tissue
engineering and drug delivery. Biomaterials 2004;25(2):315—325.

Dhanaraju, M. D., D. Gopinath, M. R. Ahmed, R. Jayakumar, and C. Vamsadhara.
Characterization of polymeric poly(e-caprolactone) injectable implant delivery
system for the controlled delivery of contraceptive steroids. J. Biomed. Mater.
Res. A 2006;76(1):63—72.

Huatan, H., J. H. Collett, D. Attwood, and C. Booth. Preparation and character-
ization of poly(e-caprolactone) polymer blends for the delivery of proteins.
Biomaterials 1995;16(17):1297—1303.

Jia, W., Y. Gu, M. Gou, M. Dai, X. Li, B. Kan, J. Yang, Q. Song, Y. Wei, and
Z. Qian. Preparation of biodegradable polycaprolactone/poly(ethylene glycol)/
polycaprolactone (PCEC) nanoparticles. Drug Deliv. 2008;15(7):409—416.

Juni, K. and M. Nakano. Poly(hydroxy acids) in drug delivery. Crit. Rev. Ther.
Drug Carrier Syst. 1987;3(3):209—232.

Luciani, A., V. Coccoli, S. Orsi, L. Ambrosio, and P. A. Netti. PCL microspheres
based functional scaffolds by bottom-up approach with predefined microstructural
properties and release profiles. Biomaterials 2008;29(36):4800—4807.



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

REFERENCES 41

Mei, L., H. Sun, and C. Song. Local delivery of modified paclitaxel-loaded poly(e-
caprolactone)/pluronic F68 nanoparticles for long-term inhibition of hyperplasia. J.
Pharm. Sci. 2009;98(6):2040—2050.

Sheikh, F. A., N. A. Barakat, M. A. Kanjwal, S. Aryal, M. S. Khil, and H. Y. Kim.
Novel self-assembled amphiphilic poly(s-caprolactone)-grafted-poly(vinyl alcohol)
nanoparticles: Hydrophobic and hydrophilic drugs carrier nanoparticles. J. Mater.
Sci. Mater. Med. 2009;20(3):821—-831.

Zhu, K. J., Y. Li, H. L. Jiang, H. Yasuda, A. Ichimaru, K. Yamamoto, P. Lecomte,
and R. Jerome. Preparation, characterization and in vitro release properties of
ibuprofen-loaded microspheres based on polylactide, poly(e-caprolactone) and their
copolymers. J. Microencapsul. 2005;22(1):25—36.

Ashammakhi, N. and P. Rokkanen. Absorbable polyglycolide devices in trauma
and bone surgery. Biomaterials 1997;18(1):3—9.

Hutmacher, D., M. B. Hurzeler, and H. Schliephake. A review of material
properties of biodegradable and bioresorbable polymers and devices for
GTR and GBR applications. Int. J. Oral. Maxillofac. Implants 1996;11(5):
667—678.

Lu, J. M., X. Wang, C. Marin-Muller, H. Wang, P. H. Lin, Q. Yao, and C. Chen.
Current advances in research and clinical applications of PLGA-based nanotech-
nology. Expert Rev. Mol. Diagn. 2009;9(4):325—341.

Miller, N. D. and D. F. Williams. The in vivo and in vitro degradation of poly
(glycolic acid) suture material as a function of applied strain. Biomaterials 1984;5
(6):365—368.

Pulapura, S. and J. Kohn. Trends in the development of bioresorbable polymers for
medical applications. J. Biomater. Appl. 1992;6(3):216—250.

Shum, A. W. T. and A. F. T. Mak. Morphological and biomechanical character-
ization of poly(glycolic acid) scaffolds after in vitro degradation. Polym. Degrad.
Stab. 2003;81(1):141—-149.

Gupta, B., N. Revagade, and J. Hilborn. Poly(lactic acid) fiber: An overview. Prog.
Polym. Sci. 2007;32(4):455—482.

Hyon, S. H., Biodegradable poly(lactic acid) microspheres for drug delivery
systems. Yonsei Med. J. 2000;41(6):720—734.

Miyajima, M., A. Koshika, J. i. Okada, and M. Tkeda. Mechanism of drug release
from poly(-lactic acid) matrix containing acidic or neutral drugs. J. Control. Release
1999;60(2—3):199—209.

Saulnier, B., S. Ponsart, J. Coudane, H. Garreau, and M. Vert. Lactic acid-based
functionalized polymers via copolymerization and chemical modification. Macromol.
Biosci. 2004;4(3):232—237.

Steendam, R., M. J. van Steenbergen, W. E. Hennink, H. W. Frijlink, and C. F. Lerk.
Effect of molecular weight and glass transition on relaxation and release behaviour of
poly(-lactic acid) tablets. J. Control. Release 2001;70(1—2):71—82.

Tsuji, H. Poly(lactide) stereocomplexes: Formation, structure, properties, degrada-
tion, and applications. Macromol. Biosci. 2005;5(7):569—597.

Wang, S., W. Cui, and J. Bei. Bulk and surface modifications of polylactide. Anal.
Bioanal. Chem. 2005;381(3):547—556.

Barham, P. J., P. Barker, and S. J. Organ. Physical properties of poly(hydro-

xybutyrate) and copolymers of hydroxybutyrate and hydroxyvalerate. FEMS
Microbiol. Lett. 1992;103(2—4):289—298.



42

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

. Chen, C., C. H. Yu, Y. C. Cheng, P. H. F. Yu, and M. K. Cheung. Biodegradable
nanoparticles of amphiphilic triblock copolymers based on poly(3-hydroxybutyrate)
and poly(ethylene glycol) as drug carriers. Biomaterials 2006;27(27):4804—4814.
Martin, D. P. and S. F. Williams. Medical applications of poly-4-hydroxybutyrate:
A strong flexible absorbable biomaterial. Biochem. Eng. J. 2003;16(2):97—105.
Pouton, C. W. and S. Akhtar. Biosynthetic polyhydroxyalkanoates and their
potential in drug delivery. Adv. Drug Deliv. Rev. 1996;18(2):133—162.

van der Walle, G. A., G. J. de Koning, R. A. Weusthuis, and G. Eggink.
Properties, modifications and applications of biopolyesters. Adv. Biochem. Eng.
Biotechnol. 2001;71:263—-291.

Cai, Z.-Y., D.-A. Yang, N. Zhang, C.-G. Ji, L. Zhu, and T. Zhang. Poly(propylene
fumarate)/(calcium sulphate/[3]-tricalcium phosphate) composites: Preparation,
characterization and in vitro degradation. Acta Biomater. 2009;5(2):628—635.
Fisher, J. P., D. Dean, and A. G. Mikos. Photocrosslinking characteristics and
mechanical properties of diethyl fumarate/poly(propylene fumarate) biomaterials.
Biomaterials 2002;23(22):4333—4343.

Haesslein, A., H. Ueda, M. C. Hacker, S. Jo, D. M. Ammon, R. N. Borazjani,
J. F. Kunzler, J. C. Salamone, and A. G. Mikos. Long-term release of fluocinolone
acetonide using biodegradable fumarate-based polymers. J. Control. Release
2006;114(2):251-260.

He, S., M. J. Yaszemski, A. W. Yasko, P. S. Engel, and A. G. Mikos. Injectable
biodegradable polymer composites based on poly(propylene fumarate) cross-
linked with poly(ethylene glycol)-dimethacrylate. Biomaterials 2000;21(23):
2389-2394.

Jayabalan, M., K. T. Shalumon, and M. K. Mitha. Injectable biomaterials for
minimally invasive orthopedic treatments. J. Mater. Sci. Mater. Med. 2009;20
(6):1379—1387.

Kempen, D. H., L. Lu, C. Kim, X. Zhu, W. J. Dhert, B. L. Currier, and
M. J. Yaszemski. Controlled drug release from a novel injectable biodegradable
microsphere/scaffold composite based on poly(propylene fumarate). J. Biomed.
Mater. Res. A 2006;77(1):103—111.

Kim, C. W., R. Talac, L. Lu, M. J. Moore, B. L. Currier, and M. J. Yaszemski.
Characterization of porous injectable poly-(propylene fumarate)-based bone graft
substitute. J. Biomed. Mater. Res. A 2008;85(4):1114—1119.

Mistry, A. S., Q. P. Pham, C. Schouten, T. Yeh, E. M. Christenson, A. G. Mikos,
and J. A. Jansen. In vivo bone biocompatibility and degradation of porous
fumarate-based polymer/alumoxane nanocomposites for bone tissue engineering.
J. Biomed. Mater. Res. A 2009;92(2):451—462.

Wang, S., L. Lu, and M. J. Yaszemski. Bone-tissue-engineering material poly
(propylene fumarate): Correlation between molecular weight, chain dimensions,
and physical properties. Biomacromolecules 2006;7(6):1976—1982.

Yaszemski, M. J., R. G. Payne, W. C. Hayes, R. Langer, and A. G. Mikos. In vitro
degradation of a poly(propylene fumarate)-based composite material. Biomaterials
1996;17(22):2127—2130.

Bai, W., D. Chen, Z. Zhang, Q. Li, D. Zhang, and C. Xiong. Poly(para-
dioxanone)/inorganic particle composites as a novel biomaterial. J. Biomed.
Mater. Res. B Appl. Biomater. 2009;90(2):945—951.



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

REFERENCES 43

Hutmacher, D. W., J. C. Goh, and S. H. Teoh, An introduction to biodegradable
materials for tissue engineering applications. Ann. Acad. Med. Singapore 2001;30
(2):183—191.

Li, M.-X., R.-X. Zhuo, and F.-Q. Qu. Study on the preparation of novel functional
poly(dioxanone) and for the controlled release of protein. React. Funct. Polym.
2003;55(2):185—195.

Lin, H. L., C. C. Chu, and D. Grubb. Hydrolytic degradation and morphologic
study of poly-p-dioxanone. J. Biomed. Mater. Res. 1993;27(2):153—166.

Saito, N., N. Murakami, J. Takahashi, H. Horiuchi, H. Ota, H. Kato, T. Okada,
K. Nozaki, and K. Takaoka. Synthetic biodegradable polymers as drug delivery
systems for bone morphogenetic proteins. Adv. Drug Deliv. Rev. 2005;57
(7):1037—1048.

Song, C. X., X. M. Cui, and A. Schindler. Biodegradable copolymers based on p-
dioxanone for medical application. Med. Biol. Eng. Comput. 1993;31(Suppl):
S147—151.

Vogt, S., S. Berger, I. Wilke, Y. Larcher, J. Weisser, and M. Schnabelrauch.
Design of oligolactone-based scaffolds for bone tissue engineering. Biomed. Mater.
Eng. 2005;15(1—2):73-85.

Wang, X.-L., K.-K. Yang, Y.-Z. Wang, D.-Y. Wang, and Z. Yang. Crystallization
and morphology of a novel biodegradable polymer system: Poly(1,4-dioxan-2-
one)/starch blends. Acta Mater. 2004;52(16):4899—4905.

Kluin, O. S., H. C. van der Mei, H. J. Busscher, and D. Neut. A surface-eroding
antibiotic delivery system based on poly-(trimethylene carbonate). Biomaterials
2009;30(27):4738—4742.

Papenburg, B. J., S. Schiiller-Ravoo, L. A. M. Bolhuis-Versteeg, L. Hartsuiker,
D. W. Grijpma, J. Feijen, M. Wessling, and D. Stamatialis. Designing porosity and
topography of poly(1,3-trimethylene carbonate) scaffolds. Acta Biomater. 2009;5(9):
3281—-3294.

Timbart, L., M. Y. Tse, S. C. Pang, O. Babasola, and B. G. Amsden. Low viscosity
poly(trimethylene carbonate) for localized drug delivery: Rheological properties
and in vivo degradation. Macromol. Biosci. 2009;9(8):786—794.

Zhang, Z., D. W. Grijpma, and J. Feijen. Trimethylene carbonate-based polymers
for controlled drug delivery applications. J. Control. Release 2006;116(2):
e28—e29.

Zhang, Z., R. Kuijer, S. K. Bulstra, D. W. Grijpma, and J. Feijen. The in vivo and
in vitro degradation behavior of poly(trimethylene carbonate). Biomaterials
2006;27(9):1741—1748.

Zurita, R., L. Franco, J. Puiggali, and A. Rodriguez-Galan. The hydrolytic
degradation of a segmented glycolide-trimethylene carbonate copolymer (Maxon
(TM)). Polym. Degrad. Stab. 2007;92(6):975—985.

Andriano, K. P., Y. Tabata, Y. Ikada, and J. Heller. In vitro and in vivo
comparison of bulk and surface hsydrolysis in absorbable polymer scaffolds for
tissue engineering. J. Biomed. Mater. Res. 1999;48(5):602—612.

Barr, J., K. W. Woodburn, S. Y. Ng, H.-R. Shen, and J. Heller. Post surgical
pain management with poly(ortho esters). Adv. Drug Deliv. Rev. 2002;54(7):
1041-1048.



44

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Chia, H. H., Y. Y. Yang, T. S. Chung, S. Ng, and J. Heller. Auto-catalyzed poly
(ortho ester) microspheres: A study of their erosion and drug release mechanism.
J. Control. Release 2001;75(1—2):11-25.

Einmahl, S., S. Capancioni, K. Schwach-Abdellaoui, M. Moeller, F. Behar-Cohen,
and R. Gurny. Therapeutic applications of viscous and injectable poly(ortho
esters). Adv. Drug Deliv. Rev. 2001;53(1):45—73.

Heller, J. Development of poly(ortho esters): A historical overview. Biomaterials
1990;11(9):659—665.

Heller, J. Development of poly(ortho esters): A historical overview. Biomaterials
1990;11(9):659—665.

Heller, J. and J. Barr. Biochronomer technology. Expert Opin. Drug Deliv. 2005;2
(1):169—183.

Heller, J., J. Barr, S. Ng, H.-R. Shen, R. Gurny, K. Schwach-Abdelaoui,
A. Rothen-Weinhold, and M. van de Weert. Development of poly(ortho esters)
and their application for bovine serum albumin and bupivacaine delivery.
J. Control. Release 2002;78(1—3):133—141.

Heller, J., J. Barr, S. Y. Ng, K. S. Abdellauoi, and R. Gurny. Poly(ortho esters):
Synthesis, characterization, properties and uses. Adv. Drug Deliv. Rev. 2002;54
(7):1015—1039.

Heller, J., J. Barr, S. Y. Ng, H. R. Shen, K. Schwach-Abdellaoui, S. Einmabhl,
A. Rothen-Weinhold, and R. Gurny. Poly(ortho esters)—their development and
some recent applications. FEur. J. Pharm. Biopharm. 2000;50(1):121—128.

Heller, J. and K. J. Himmelstein, Poly(ortho ester) biodegradable polymer systems.
Methods Enzymol. 1985;112:422—436.

Heller, J., Y. F. Maa, P. Wuthrich, S. Y. Ng, and R. Duncan. Recent develop-
ments in the synthesis and utilization of poly (ortho esters). J. Control. Release.
1991;16(1—2):3—13.

Merkli, A., J. Heller, C. Tabatabay, and R. Gurny. Synthesis and characterization
of a new biodegradable semi-solid poly(ortho ester) for drug delivery systems.
J. Biomater. Sci. Polym. Ed. 1993;4(5):505—516.

Shih, C., S. Lucas, and G. M. Zentner. Acid catalyzed poly(ortho ester) matrices
for intermediate term drug delivery. J. Control. Release 1991;15(1):55—63.
Sintzel, M. B., J. Heller, S. Y. Ng, M. S. Taylor, C. Tabatabay, and R. Gurny.
Synthesis and characterization of self-catalyzed poly(ortho ester). Biomaterials
1998;19(7—9):791—800.

Sintzel, M. B., A. Merkli, J. Heller, C. Tabatabay, and R. Gurny. Synthesis and
analysis of viscous poly(ortho-ester) analogs for controlled drug release. Int.
J. Pharm. 1997;155(2):263—269.

Tang, R., R. N. Palumbo, W. Ji, and C. Wang. Poly(ortho ester amides): Acid-
labile temperature-responsive copolymers for potential biomedical applications.
Biomacromolecules 2009;10(4):722—777.

van de Weert, M., M. J. van Steenbergen, J. L. Cleland, J. Heller, W. E. Hennink,
and D. J. Crommelin. Semisolid, self-catalyzed poly(ortho ester)s as controlled-

release systems: Protein release and protein stability issues. J. Pharm. Sci. 2002;91
(4):1065—1074.



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

REFERENCES 45

Wang, C., Q. Ge, D. Ting, D. Nguyen, H. R. Shen, J. Chen, H. N. Eisen, J. Heller,
R. Langer, and D. Putnam. Molecularly engineered poly(ortho ester) microspheres
for enhanced delivery of DNA vaccines. Nat. Mater. 2004;3(3):190—196.

Yu, J., Z. Lu, H. Zheng, and R. Zhuo. Synthesis and characterization of new
ointment-like poly(ortho esters). Eur. Polym. J. 2002;38(5):971—975.

Alla, A., A. Rodriguez-Galan, A. Martinez de llarduya, and S. Munoz-Guerra.
Degradable poly(ester amide)s based on L-tartaric acid. Polymer 1997;38
(19):4935—4944.

Armelin, E., N. Paracuellos, A. Rodriguez-Galan, and J. Puiggali. Study on the
degradability of poly(ester amide)s derived from the a-amino acids glycine, and
-alanine containing a variable amide/ester ratio. Polymer 2001;42(19):7923—-7932.
Bettinger, C. J., J. P. Bruggeman, J. T. Borenstein, and R. S. Langer. Amino
alcohol-based degradable poly(ester amide) elastomers. Biomaterials 2008;29
(15):2315-2325.

Edlund, U. and A. C. Albertsson. Polyesters based on diacid monomers. Adv. Drug
Deliv. Rev. 2003;55(4):585—609.

Guo, K. and C.-C. Chu. Biodegradation of unsaturated poly(ester-amide)s and
their hydrogels. Biomaterials 2007;28(22):3284—3294.

Yamanouchi, D., J. Wu, A. N. Lazar, K. Craig Kent, C.-C. Chu, and B. Liu.
Biodegradable arginine-based poly(ester-amide)s as non-viral gene delivery re-
agents. Biomaterials 2008;29(22):3269—3277.

Yeol Lee, S., J. W. Park, Y. T. Yoo, and S. S. Im. Hydrolytic degradation
behaviour and microstructural changes of poly(ester-co-amide)s. Polym. Degrad.
Stab. 2002;78(1):63—71.

Dahiyat, B. 1., E. M. Posadas, S. Hirosue, E. Hostin, and K. W. Leong.
Degradable biomaterials with elastomeric characteristics and drug-carrier func-
tion. React. Polym. 1995;25(2—3):101—109.

Dahiyat, B. 1., M. Richards, and K. W. Leong. Controlled release from poly
(phosphoester) matrices. J. Control. Release 1995;33(1):13—-21.

Koseva, N., A. Bogomilova, K. Atkova, and K. Troev. New functional polypho-
sphoesters: Design and characterization. React. Funct. Polym. 2008;68(5):
954—-966.

Li, Q., J. Wang, S. Shahani, D. D. N. Sun, B. Sharma, J. H. Elisseeff, and
K. W. Leong. Biodegradable and photocrosslinkable polyphosphoester hydrogel.
Biomaterials 2006;27(7):1027—1034.

Mao, H. Q. and K. W. Leong. Design of polyphosphoester-DNA nanoparticles for
non-viral gene delivery. Adv. Genet. 2005;53:275—306.

Wang, S., A. C. Wan, X. Xu, S. Gao, H. Q. Mao, K. W. Leong, and H. Yu. A new
nerve guide conduit material composed of a biodegradable poly(phosphoester).
Biomaterials 2001;22(10):1157—1169.

Zhao, Z.,J. Wang, H.-Q. Mao, and K. W. Leong. Polyphosphoesters in drug and
gene delivery. Adv. Drug Deliv. Rev. 2003;55(4):483—499.

Chaubal, M. V., A. S. Gupta, S. T. Lopina, and D. F. Bruley. Polyphosphates and
other phosphorus-containing polymers for drug delivery applications. Crit. Rev.
Ther. Drug Carrier Syst. 2003;20(4):295-315.



46

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Crommen, J., J. Vandorpe, and E. Schacht. Degradable polyphosphazenes for
biomedical applications. J. Control. Release 1993;24(1—3):167—180.

Gunatillake, P. A. and R. Adhikari. Biodegradable synthetic polymers for tissue
engineering. Eur. Cell Mater. 2003;5:1—16; discussion 16.

Lakshmi, S., D. S. Katti, and C. T. Laurencin. Biodegradable polyphosphazenes
for drug delivery applications. Adv. Drug Deliv. Rev. 2003;55(4):467—482.

Lora, S., G. Palma, R. Bozio, P. Caliceti, and G. Pezzin. Polyphosphazenes as
biomaterials: Surface modification of poly(bis(trifluoroethoxy)phosphazene) with
polyethylene glycols. Biomaterials 1993;14(6):430—436.

Potin, P. and R. De Jaeger. Polyphosphazenes: Synthesis, structures, properties,
applications. Eur. Polym. J. 1991;27(4—5):341—348.

Bourke, S. L. and J. Kohn. Polymers derived from the amino acid-tyrosine:
Polycarbonates, polyarylates and copolymers with poly(ethylene glycol). Adv.
Drug Deliv. Rev. 2003;55(4):447—466.

Deming, T. J. Synthetic polypeptides for biomedical applications. Prog. Polym.
Sci. 2007;32(8—9):858—875.

Katchalski, E., J. T. E. M. L. Anson, and B. Kenneth. Poly-a-amino acids. In
Advances in Protein Chemistry. Academic: New York, 1951, pp. 123—185.
Lavasanifar, A., J. Samuel, and G. S. Kwon. Poly(ethylene oxide)-block-
poly(-amino acid) micelles for drug delivery. Adv. Drug Deliv. Rev. 2002;54(2):
169—190.

Sela, M., E. Katchalski, J. M. L. A. K. B. C. B. Anfinsen, and T. E. John.
Biological properties of poly-a-amino acids. In Advances in Protein Chemistry.
Academic: New York, 1959, pp. 391—-478.

Kumar, N., R. S. Langer, and A. J. Domb. Polyanhydrides: An overview. Adv.
Drug Deliv. Rev. 2002;54(7):889—-910.

Domb, A. Synthesis and characterization of biodegradable aromatic anhydride
copolymers. Macromolecules 1992;25(1):12—17.

Kim, M. S., K. S. Seo, H. S. Seong, S. H. Cho, H. B. Lee, K. D. Hong, S. K. Kim,
and G. Khang. Synthesis and characterization of polyanhydride for local BCNU
delivery carriers. Biomed. Mater. Eng. 2005;15(3):229—238.

Lesniak, M. S., U. Upadhyay, R. Goodwin, B. Tyler, and H. Brem. Local delivery
of doxorubicin for the treatment of malignant brain tumors in rats. Anticancer Res.
2005;25(6B):3825—3831.

Domb, A. J. and M. Maniar. Absorbable biopolymers derived from dimer fatty
acids. J. Polym. Sci: Part A: Polym. Chem. 1993;31(5):1275—1285.

Domb, A. J. and M. Maniar. Fatty Acid Terminated Polyanhydride. 1994; US
Patent 5317079.

Domb, A. J. and R. Nudelman, Biodegradable polymers derived from natural
fatty acids. J. Polym. Sci. Part A: Polym. Chem. 1995;33(4):717—725.

Jain, J. P., S. Modi, and N. Kumar. Hydroxy fatty acid based polyanhydride
as drug delivery system: Synthesis, characterization, in vitro degradation, drug
release, and biocompatibility. J. Biomed. Mater. Res. A 2007;84(3):740—752.
Jain, J. P., M. Sokolsky, N. Kumar, and A. J. Domb. Fatty acid based
biodegradable polymer. Polym. Rev. 2008;48(1):156—191.



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

REFERENCES 47

Kumar, N., M. Krishnan, T. Azzam, A. Magora, M. N. V. Ravikumar,
D. R. Flanagan, and A. J. Domb. Analysis of fatty acid anhydrides and poly-
anhydrides. Anal. Chim. Acta 2002;465(1—2):257—-272.

Teomim, D. and A. J. Domb. Fatty acid terminated polyanhydrides. J. Poly. Sci.
Part A: Polym. Chem. 1999;37(16):3337—3344.

Teomim, D., A. Nyska, and A. J. Domb. Ricinoleic acid-based biopolymers.
J. Biomed. Mater. Res. 1999;45(3):258—-267.

Arias, J. L., M. A. Ruiz, M. Lopez-Viota, and A. V. Delgado. Poly(alkylcyanoa-
crylate) colloidal particles as vehicles for antitumour drug delivery: A comparative
study. Colloids Surf. B 2008;62(1):64—70.

Graf, A., A. McDowell, and T. Rades. Poly(alkylcyanoacrylate) nanoparticles for
enhanced delivery of therapeutics—Is there real potential? Expert Opin. Drug
Deliv. 2009;6(4):371—-387.

Vauthier, C., C. Dubernet, E. Fattal, H. Pinto-Alphandary, and P. Couvreur. Poly
(alkylcyanoacrylates) as biodegradable materials for biomedical applications. Adv.
Drug Deliv. Rev. 2003;55(4):519—548.

Vauthier, C., D. Labarre, and G. Ponchel, Design aspects of poly(alkylcyanoa-
crylate) nanoparticles for drug delivery. J. Drug Target. 2007;15(10):641—663.
Alves, C. M., Y. Yang, D. L. Carnes, J. L. Ong, V. L. Sylvia, D. D. Dean,
C. M. Agrawal, and R. L. Reis. Modulating bone cells response onto starch-based
biomaterials by surface plasma treatment and protein adsorption. Biomaterials
2007;28(2):307—315.

Azevedo, H. S., F. M. Gama, and R. L. Reis. In vitro assessment of the enzymatic
degradation of several starch based biomaterials. Biomacromolecules 2003;4
(6):1703—1712.

Cascone, M. G., N. Barbani, C. Cristallini, P. Giusti, G. Ciardelli, and L. Lazzeri.
Bioartificial polymeric materials based on polysaccharides. J. Biomater. Sci.
Polym. Ed. 2001;12(3):267—281.

Chandra, R. and R. Rustgi. Biodegradable polymers. Prog. Polym. Sci.
1998;23:1273—1335.

Elvira, C., J. F. Mano, J. San Roman, and R. L. Reis. Starch-based biodegradable
hydrogels with potential biomedical applications as drug delivery systems. Bioma-
terials 2002;23(9):1955—1966.

Gomes, M. E., A. S. Ribeiro, P. B. Malafaya, R. L. Reis, and A. M. Cunha. A new
approach based on injection moulding to produce biodegradable starch-based
polymeric scaffolds: Morphology, mechanical and degradation behaviour. Bioma-
terials 2001;22(9):883—889.

Marques, A. P., R. L. Reis, and J. A. Hunt. The biocompatibility of novel starch-
based polymers and composites: In vitro studies. Biomaterials 2002;23
(6):1471—-1478.

Mayer, J. M., G. R. Elion, C. M. Buchanan, B. K. Sullivan, S. D. Pratt, and
D. L. Kaplan. Biodegradable blends of cellulose acetate and starch: Production
and properties. J. Macromol. Sci. Pure Appl. Chem. 1995;32(4):775—785.

Czaja, W. K., D. J. Young, M. Kawecki, and R. M. Brown. The future prospects
of microbial cellulose in biomedical applications. Biomacromolecules 2007;
8(1):1—-12.



48

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Fricain, J. C., P. L. Granja, M. A. Barbosa, B. de Jéso, N. Barthe, and C. Baquey.
Cellulose phosphates as biomaterials. In vivo biocompatibility studies. Biomater-
ials 2002;23(4):971-980.

Klemm, D., B. Heublein, H. P. Fink, and A. Bohn. Cellulose: Fascinating
biopolymer and sustainable raw material. Angew. Chem. Int. Ed. Engl. 2005;44
(22):3358—3393.

Miiller, F. A., L. Miiller, I. Hofmann, P. Greil, M. M. Wenzel, and
R. Staudenmaier. Cellulose-based scaffold materials for cartilage tissue engineer-
ing. Biomaterials 2006;27(21):3955—3963.

Prabaharan, M. and J. F. Mano. Stimuli-responsive hydrogels based on poly-
saccharides incorporated with thermo-responsive polymers as novel biomaterials.
Macromol. Biosci. 2006;6(12):991—1008.

Svensson, A., E. Nicklasson, T. Harrah, B. Panilaitis, D. L. Kaplan, M. Brittberg,
and P. Gatenholm. Bacterial cellulose as a potential scaffold for tissue engineering
of cartilage. Biomaterials 2005;26(4):419—431.

Thomas, S., A review of the physical, biological and clinical properties of a
bacterial cellulose wound dressing. J. Wound Care 2008;17(8):349—352.

Alves, N. M. and J. F. Mano. Chitosan derivatives obtained by chemical
modifications for biomedical and environmental applications. Int. J. Biol. Macro-
mol. 2008;43(5):401—414.

Arca, H. C., M. Gunbeyaz, and S. Senel. Chitosan-based systems for the delivery
of vaccine antigens. Expert Rev. Vaccines 2009;8(7):937—953.

Bowman, K. and K. W. Leong. Chitosan nanoparticles for oral drug and gene
delivery. Int. J. Nanomed. 2006;1(2):117—128.

Jayakumar, R., N. Nwe, S. Tokura, and H. Tamura. Sulfated chitin and chitosan
as novel biomaterials. Int. J. Biol. Macromol. 2007;40(3):175—181.

Jiang, T., S. G. Kumbar, L. S. Nair, and C. T. Laurencin. Biologically active
chitosan systems for tissue engineering and regenerative medicine. Curr. Top. Med.
Chem. 2008;8(4):354—364.

Khor, E. and L. Y. Lim. Implantable applications of chitin and chitosan.
Biomaterials 2003;24(13):2339—2349.

Kim, 1. Y., S. J. Seo, H. S. Moon, M. K. Yoo, I. Y. Park, B. C. Kim, and
C. S. Cho. Chitosan and its derivatives for tissue engineering applications.
Biotechnol. Adv. 2008;26(1):1-21.

Kumar, M. N., R. A. Muzzarelli, C. Muzzarelli, H. Sashiwa, and A. J. Domb.
Chitosan chemistry and pharmaceutical perspectives. Chem. Rev. 2004;104
(12):6017—6084.

Masotti, A. and G. Ortaggi. Chitosan micro- and nanospheres: Fabrication and
applications for drug and DNA delivery. Mini. Rev. Med. Chem. 2009;9
(4):463—469.

Mourya, V. K. and N. N. Inamdar. Trimethyl chitosan and its applications in drug
delivery. J. Mater. Sci. Mater. Med. 2009;20(5):1057—1079.

Panos, I., N. Acosta, and A. Heras. New drug delivery systems based on chitosan.
Curr. Drug Discov. Technol. 2008;5(4):333—341.

Prabaharan, M. Review paper: Chitosan derivatives as promising materials for
controlled drug delivery. J. Biomater. Appl. 2008;23(1):5—36.



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

REFERENCES 49

Shahidi, F. and R. Abuzaytoun. Chitin, chitosan, and co-products: Chemistry,
production, applications, and health effects. Adv. Food Nutr. Res. 2005;49:
93-135.

Shi, C., Y. Zhu, X. Ran, M. Wang, Y. Su, and T. Cheng. Therapeutic potential of
chitosan and its derivatives in regenerative medicine. J. Surg. Res. 2006;133
(2):185—-192.

Vinsova, J. and E. Vavrikova. Recent advances in drugs and prodrugs design of
chitosan. Curr. Pharm. Des. 2008;14(13):1311—1326.

Yilmaz, E. Chitosan: A versatile biomaterial. Adv. Exp. Med. Biol.
2004;553:59—68.

Hillier, K., M. Rakkar, S. J. Enna, and B. B. David. Alginic acid. In xPharm: The
Comprehensive Pharmacology Reference. Elsevier: New York, 2007, pp. 1-3.
Draget, K. 1., G. Skjak Brak, and O. Smidsred. Alginic acid gels: The effect of
alginate chemical composition and molecular weight. Carbohydr. Polym. 1994;25
(1):31-38.

Tonnesen, H. H. and J. Karlsen. Alginate in drug delivery systems. Drug Dev. Ind.
Pharm. 2002;28(6):621—630.

Beasley, K. L., M. A. Weiss, and R. A. Weiss. Hyaluronic acid fillers: A
comprehensive review. Facial Plast. Surg. 2009;25(2):86—94.

Brown, M. B. and S. A. Jones. Hyaluronic acid: A unique topical vehicle for the
localized delivery of drugs to the skin. J. Eur. Acad. Dermatol. Venereol. 2005;19
(3):308—318.

lavazzo, C., S. Athanasiou, E. Pitsouni, and M. E. Falagas. Hyaluronic acid: An
effective alternative treatment of interstitial cystitis, recurrent urinary tract infec-
tions, and hemorrhagic cystitis? Eur. Urol. 2007;51(6):1534—1540; discussion
1540—1541.

Kogan, G., L. Soltes, R. Stern, and P. Gemeiner. Hyaluronic acid: A natural
biopolymer with a broad range of biomedical and industrial applications.
Biotechnol. Lett. 2007;29(1):17-25.

Liao, Y. H., S. A. Jones, B. Forbes, G. P. Martin, and M. B. Brown. Hyaluronan:
Pharmaceutical characterization and drug delivery. Drug Deliv. 2005;12
(6):327—-342.

Migliore, A. and M. Granata. Intra-articular use of hyaluronic acid in the
treatment of osteoarthritis. Clin. Interv. Aging 2008;3(2):365—369.

Price, R. D., M. G. Berry, and H. A. Navsaria. Hyaluronic acid: The scientific and
clinical evidence. J. Plast. Reconstr. Aesthet. Surg. 2007;60(10):1110—1119.
Volpi, N., J. Schiller, R. Stern, and L. Soltes. Role, metabolism, chemical
modifications and applications of hyaluronan. Curr. Med. Chem. 2009;16
(14):1718—1745.

Yadav, A. K., P. Mishra, and G. P. Agrawal. An insight on hyaluronic acid in drug
targeting and drug delivery. J. Drug. Target. 2008;16(2):91—107.

Chourasia, M. K. and S. K. Jain. Polysaccharides for colon targeted drug delivery.
Drug Deliv. 2004;11(2):129—148.

Hennink, W. E., O. Franssen, W. N. E. van Dijk-Wolthuis, and H. Talsma.
Dextran hydrogels for the controlled release of proteins. J. Control. Release
1997;48(2—3):107—114.



50

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Larsen, C. Dextran prodrugs—Structure and stability in relation to therapeutic
activity. Adv. Drug Deliv. Rev. 1989;3(1):103—154.

Mehvar, R. Dextrans for targeted and sustained delivery of therapeutic and
imaging agents. J. Control. Release 2000;69(1):1—25.

Van Tomme, S. R. and W. E. Hennink. Biodegradable dextran hydrogels for
protein delivery applications. Expert Rev. Med. Devices 2007;4(2):147—164.
Bana, G., B. Jamard, E. Verrouil, and B. Mazieres. Chondroitin sulfate in the
management of hip and knee osteoarthritis: An overview. Adv. Pharmacol.
2006;53:507—522.

Brandl, N., J. Holzmann, R. Schabus, and M. Huettinger. Effects of chondroitin
sulfate on the cellular metabolism. Adv. Pharmacol. 2006;53:433—447.

Campo, G. M., A. Avenoso, S. Campo, A. M. Ferlazzo, and A. Calatroni.
Antioxidant activity of chondroitin sulfate. Adv. Pharmacol. 2006;53:417—431.
Handley, C. J., T. Samiric, and M. Z. Ilic. Structure, metabolism, and tissue roles
of chondroitin sulfate proteoglycans. Adv. Pharmacol. 2006;53:219—232.

Lamari, F. N. The potential of chondroitin sulfate as a therapeutic agent. Connect.
Tissue Res. 2008;49(3):289—292.

Lauder, R. M. Chondroitin sulphate: A complex molecule with potential impacts
on a wide range of biological systems. Complement. Ther. Med. 2009;17(1):56—62.
Morris, J. D. and K. M. Smith. Chondroitin sulfate in osteoarthritis therapy.
Orthopedics 2009;32(4).

Yamada, S. and K. Sugahara. Potential therapeutic application of chondroitin
sulfate/dermatan sulfate. Curr. Drug Discov. Technol. 2008;5(4):289—301.
Keppeler, S., A. Ellis, and J. C. Jacquier. Cross-linked carrageenan beads for
controlled release delivery systems. Carbohydr. Polym. 2009;78(4):973—977.
Kranz, H., K. Jirgens, M. Pinier, and J. Siepmann. Drug release from MCC- and
carrageenan-based pellets: Experiment and theory. Eur. J. Pharm. Biopharm.
2009;73(2):302—309.

Thomson, A. W. and E. F. Fowler. Carrageenan: A review of its effects on the
immune system. Agents Actions 1981;11(3):265—273.

Valenta, C. The use of mucoadhesive polymers in vaginal delivery. Adv. Drug
Deliv. Rev. 2005;57(11):1692—1712.

Ehrenfreund-Kleinman, T., T. Azzam, R. Falk, I. Polacheck, J. Golenser, and
A. J. Domb. Synthesis and characterization of novel water soluble amphotericin
B-arabinogalactan conjugates. Biomaterials 2002;23(5):1327—1335.
Ehrenfreund-Kleinman, T., Z. Gazit, D. Gazit, T. Azzam, J. Golenser, and
A. J. Domb. Synthesis and biodegradation of arabinogalactan sponges prepared
by reductive amination. Biomaterials 2002;23(23):4621—4631.

Prescott, J. H., P. Enriquez, C. Jung, E. Menz, and E. V. Groman. Larch
arabinogalactan for hepatic drug delivery: Isolation and characterization of a 9
kDa arabinogalactan fragment. Carbohydr. Res. 1995;278(1):113—128.

Seifert, G. J. and K. Roberts. The biology of arabinogalactan proteins. Annu. Rev.
Plant Biol. 2007;58:137—161.

Chivers, R. A. In vitro tissue welding using albumin solder: Bond strengths and
bonding temperatures. Int. J. Adhes. Adhes. 2000;20(3):179—187.



240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

REFERENCES 51

Chuang, V. T., U. Kragh-Hansen, and M. Otagiri. Pharmaceutical strategies
utilizing recombinant human serum albumin. Pharm. Res. 2002;19(5):569—577.
Gradishar, W. J. Albumin-bound paclitaxel: A next-generation taxane. Expert.
Opin. Pharmacother. 2006;7(8):1041—1053.

Gupta, P. K. and C. T. Hung. Albumin microspheres. I: Physico-chemical
characteristics. J. Microencapsul. 1989;6(4):427—462.

Gupta, P. K. and C. T. Hung. Albumin microspheres. II: Applications in drug
delivery. J. Microencapsul. 1989;6(4):463—472.

Kratz, F. Albumin as a drug carrier: Design of prodrugs, drug conjugates and
nanoparticles. J. Control. Release 2008;132(3):171—183.

Perez, E. A. Novel enhanced delivery taxanes: An update. Semin. Oncol. 2007;34(3)
(suppl):1-5.

Abraham, L. C., E. Zuena, B. Perez-Ramirez, and D. L. Kaplan. Guide to collagen
characterization for biomaterial studies. J. Biomed. Mater. Res. B Appl. Biomater.
2008;87(1):264—285.

Friess, W., Collagen—biomaterial for drug delivery. Eur. J. Pharm. Biopharm.
1998;45(2):113—136.

Lee, C. H., A. Singla, and Y. Lee. Biomedical applications of collagen. Int.
J. Pharm. 2001;221(1—-2):1-22.

Miyata, T., T. Taira, and Y. Noishiki, Collagen engineering for biomaterial use.
Clin. Mater. 1992;9(3—4):139—148.

Olsen, D., C. Yang, M. Bodo, R. Chang, S. Leigh, J. Baez, D. Carmichael,
M. Perala, E. R. Hamalainen, M. Jarvinen, and J. Polarek. Recombinant collagen
and gelatin for drug delivery. Adv. Drug Deliv. Rev. 2003;55(12):1547—1567.
Paul, R. G. and A. J. Bailey. Chemical stabilisation of collagen as a biomimetic.
Scient. World J.2003;3:138—155.

Rao, K. P., Recent developments of collagen-based materials for medical applica-
tions and drug delivery systems. J. Biomater. Sci. Polym. Ed. 1995;7(7):623—645.
Ruszczak, Z. and W. Friess. Collagen as a carrier for on-site delivery of
antibacterial drugs. Adv. Drug Deliv. Rev. 2003;55(12):1679—1698.

Stenzel, K. H., T. Miyata, and A. L. Rubin. Collagen as a biomaterial. Annu. Rev.
Biophys. Bioeng. 1974;3(0):231-253.

Stol, M., K. Smetana, P. Korbela, and M. Adam. Poly(HEMA)-collagen compo-
site as a biomaterial for hard tissue replacement. Clin. Mater. 1993;13(1—4):19—20.
Esposito, E., R. Cortesi, and C. Nastruzzi. Gelatin microspheres: Influence of
preparation parameters and thermal treatment on chemico-physical and biophar-
maceutical properties. Biomaterials 1996;17(20):2009—2020.

Sakai, S., K. Hirose, K. Taguchi, Y. Ogushi, and K. Kawakami. An injectable, in
situ enzymatically gellable, gelatin derivative for drug delivery and tissue engineer-
ing. Biomaterials 2009;30(20):3371—3377.

Young, S., M. Wong, Y. Tabata, and A. G. Mikos. Gelatin as a delivery vehicle for
the controlled release of bioactive molecules. J. Control. Release 2005;109
(1-3):256—-274.

des Rieux, A., A. Shikanov, and L. D. Shea. Fibrin hydrogels for non-viral vector
delivery in vitro. J. Control. Release 2009;136(2):148—154.



52

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.
275.

276.

277.

278.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Eyrich, D., F. Brandl, B. Appel, H. Wiese, G. Maier, M. Wenzel, R. Staudenmaier,
A. Goepferich, and T. Blunk. Long-term stable fibrin gels for cartilage engineering.
Biomaterials 2007;28(1):55—65.

San-Galli, F., G. Deminiere, J. Guérin, and M. Rabaud. Use of a biodegradable
elastin—fibrin material, Neuroplast®), as a dural substitute. Biomaterials 1996;17
(11):1081—1085.

Silver, F. H., M.-C. Wang, and G. D. Pins. Preparation and use of fibrin glue in
surgery. Biomaterials 1995;16(12):891—903.

Wozniak, G. Fibrin sealants in supporting surgical techniques: The importance of
individual components. Cardiovas. Surg. 2003;11(Suppl 1):17-21.

Ijntema, K., W. J. M. Heuvelsland, C. A. M. C. Dirix, and A. P. Sam.
Hydroxyapatite microcarriers for biocontrolled release of protein drugs. Int.
J. Pharm. 1994;112(3):215—224.

Matsumoto, T., M. Okazaki, A. Nakahira, J. Sasaki, H. Egusa, and T. Sohmura.
Modification of apatite materials for bone tissue engineering and drug delivery
carriers. Curr. Med. Chem. 2007;14(25):2726—2733.

Paul, W. and C. P. Sharma. Ceramic drug delivery: A perspective. J. Biomater.
Appl. 2003;17(4):253—-264.

Sopyan, 1., M. Mel, S. Ramesh, and K. A. Khalid. Porous hydroxyapatite for
artificial bone applications. Sci. Technol. Adv. Mater. 2007;8(1—2):116—123.
Wahl, D. A. and J. T. Czernuszka. Collagen-hydroxyapatite composites for hard
tissue repair. Eur. Cell Mater. 2006;11:43—56.

Yoshikawa, H. and A. Myoui. Bone tissue engineering with porous hydroxyapatite
ceramics. J. Artif. Organs 2005;8(3):131—136.

Yoshikawa, H., N. Tamai, T. Murase, and A. Myoui. Interconnected porous
hydroxyapatite ceramics for bone tissue engineering. J. Rog. Soc. Interface 2009;6
(Suppl 3):S341-348.

Tamada, J. A. and R. Langer, Erosion kinetics of hydrolytically degradable
polymers. Proc. Natl. Acad. Sci. U. S. A. 1993;90(2):552—556.

Gopferich, A. Erosion of composite polymer matrices. Biomaterials 1997;8
(5):397—403.

Gopferich, A. and R. Langer. Modeling of polymer erosion. Macromolecules
1993;6:4105—4112.

Langer, R. Drug delivery and targeting. Nature 1998;392(6679 Suppl):5—10.

Langer, R., D. Lund, K. Leong, and J. Folkman. Controlled release of macro-
molecules: Biological studies. J. Control. Release 1985;2:331—-341.

Mathiowitz, E., J. S. Jacob, Y. S. Jong, G. P. Carino, D. E. Chickering,
P. Chaturvedi, C. A. Santos, K. Vijayaraghavan, S. Montgomery, M. Bassett,
and C. Morrell. Biologically erodible microspheres as potential oral drug delivery
systems. Nature 1997;386:410—414.

Gorna, K. and S. Gogolewski. In vitro degradation of novel medical biodegrad-
able aliphatic polyurethanes based on e-caprolactone and Pluronics® with various
hydrophilicities. Polym. Degrad. Stab. 2002;75(1):113—122.

Lao, L. L., S. S. Venkatraman, and N. A. Peppas. Modeling of drug release
from biodegradable polymer blends. Eur. J. Pharma. Biopharm. 2008;70(3):
796—803.



279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

REFERENCES 53

Reed, A. M. and D. K. Gilding. Biodegradable polymers for use in surgery—poly
(glycolic)/poly(Iactic acid) homo and copolymers: 2. In vitro degradation. Polymer
1981;22(4):494—498.

Barbanti, S. H., A. R. Santos, Jr., C. A. Zavaglia, and E. A. Duek. Porous and
dense poly(L-lactic acid) and poly(p,L-lactic acid-co-glycolic acid) scaffolds: In
vitro degradation in culture medium and osteoblasts culture. J. Mater. Sci. Mater.
Med. 2004;15(12):1315—1321.

Djemai, A., L. F. Gladden, J. Booth, R. S. Kittlety, and P. R. Gellert. MRI
investigation of hydration and heterogeneous degradation of aliphatic polyesters
derived from lactic and glycolic acids: A controlled drug delivery device. Magn.
Reson. Imaging 2001;19(3—4):521—-523.

Li, S. and S. McCarthy. Further investigations on the hydrolytic degradation of
poly (dl-lactide). Biomaterials 1999;20(1):35—44.

Siepmann, J., K. Elkharraz, F. Siepmann, and D. Klose. How autocatalysis
accelerates drug release from PLGA-based microparticles: A quantitative treat-
ment. Biomacromolecules 2005;6(4):2312—2319.

Wang, Z., S. Wang, R. Guidoin, Y. Marois, and Z. Zhang. In vitro homogeneous
and heterogeneous degradation of poly(-caprolactone/polyethylene glycol/l-
lactide): The absence of autocatalysis and the role of enzymes. J. Biomed. Mater.
Res. A 2006;79(1):6—15.

Belbella, A., C. Vauthier, H. Fessi, J.-P. Devissaguet, and F. Puisieux. In vitro
degradation of nanospheres from poly(d,l-lactides) of different molecular weights
and polydispersities. Int. J. Pharm. 1996;129(1-2):95—102.

Braunecker, J., M. Baba, G. E. Milroy, and R. E. Cameron. The effects of
molecular weight and porosity on the degradation and drug release from
polyglycolide. Int. J. Pharm. 2004;282(1—2):19—34.

Farrar, D. F. and R. K. Gillson. Hydrolytic degradation of polyglyconate B: The
relationship between degradation time, strength and molecular weight. Biomater-
ials 2002;23(18):3905—3912.

Park, T. G. Degradation of poly(d,l-lactic acid) microspheres: Effect of molecular
weight. J. Control. Release 1994;30(2):161—173.

Saha, S. K. and H. Tsuji. Effects of molecular weight and small amounts of
d-lactide units on hydrolytic degradation of poly(l-lactic acid)s. Polym. Degrad.
Stab. 2006;91(8):1665—1673.

Yoon, J.-S., H.-J. Jin, 1.-J. Chin, C. Kim, and M.-N. Kim. Theoretical prediction
of weight loss and molecular weight during random chain scission degradation of
polymers. Polymer 1997;38(14):3573—3579.

Allen, N. S., M. Edge, M. Mohammadian, and K. Jones. Hydrolytic degradation
of poly(ethylene terephthalate): Importance of chain scission versus crystallinity.
Eur. Polym. J. 1991;27(12):1373—1378.

Chan, C.-K. and I. M. Chu. In vitro degradation of poly(sebacic anhydride-co-
ethylene glycol). Mater. Chem. Phys. 2004;88(1):59—66.

Miyajima, M., A. Koshika, J. i. Okada, M. Ikeda, and K. Nishimura. Effect
of polymer crystallinity on papaverine release from poly (L-lactic acid) matrix
J. Control. Release 1997;49(2—3):207—215.

Montaudo, G. and P. Rizzarelli. Synthesis and enzymatic degradation of aliphatic
copolyesters. Polym. Degrad. Stab. 2000;70(2):305—314.



54

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Schliecker, G., C. Schmidt, S. Fuchs, R. Wombacher, and T. Kissel. Hydrolytic
degradation of poly(lactide-co-glycolide) films: Effect of oligomers on degradation
rate and crystallinity. Int. J. Pharm. 2003;266(1—2):39—49.

Tsuji, H. and S. Miyauchi. Poly(L-lactide): VI. Effects of crystallinity on enzymatic
hydrolysis of poly(L-lactide) without free amorphous region. Polym. Degrad. Stab.
2001;71(3):415—424.

Zilberman, M. Dexamethasone loaded bioresorbable films used in medical support
devices: Structure, degradation, crystallinity and drug release. Acta Biomater.
2005;1(6):615—624.

Hurrell, S. and R. E. Cameron. The effect of initial polymer morphology on the
degradation and drug release from polyglycolide. Biomaterials 2002;23
(11):2401—2409.

Klose, D., F. Siepmann, K. Elkharraz, and J. Siepmann. PLGA-based drug
delivery systems: Importance of the type of drug and device geometry. Int. J.
Pharm. 2008;354(1—-2):95—-103.

Shen, E., M. J. Kipper, B. Dziadul, M. K. Lim, and B. Narasimhan. Mechanistic
relationships between polymer microstructure and drug release kinetics in bioer-
odible polyanhydrides J. Control. Release 2002;82(1):115—125.

Witt, C., K. Médder, and T. Kissel. The degradation, swelling and erosion
properties of biodegradable implants prepared by extrusion or compression
moulding of poly(lactide-co-glycolide) and ABA triblock copolymers. Biomaterials
2000;21(9):931-938.

Andrianov, A. K. and A. Marin. Degradation of polyaminophosphazenes: Effects
of hydrolytic environment and polymer processing. Biomacromolecules 2006;7
(5):1581—1586.

Gogolewski, S., M. Jovanovic, S. M. Perren, J. G. Dillon, and M. K. Hughes.
The effect of melt-processing on the degradation of selected polyhydroxyacids:
Polylactides, polyhydroxybutyrate, and polyhydroxybutyrate-co-valerates. Polym.
Degrad. Stab. 1993;40(3):313—322.

Reich, G. Ultrasound-induced degradation of PLA and PLGA during microsphere
processing: Influence of formulation variables. Eur. J. Pharm. Biopharm. 1998;45
(2):165—171.

Sodergard, A. and M. Stolt. Properties of lactic acid based polymers and their
correlation with composition. Prog. Polym. Sci. 2002;27(6):1123—1163.

Yasin, M., S. J. Holland, and B. J. Tighe. Polymers for biodegradable medical
devices: V. Hydroxybutyrate-hydroxyvalerate copolymers: Effects of polymer
processing on hydrolytic degradation. Biomaterials 1990;11(7):451—454.
Johnson, L. R. and N. H. Stoller. Rationale for the use of Atridox therapy for
managing periodontal patients. Compend. Contin. Edu. Dent. 1999;20(4 Sup-
pD):19-25; quiz 35.

Page, R. C. The microbiological case for adjunctive therapy for periodontitis.
J. Int. Acad. Periodontol. 2004;6(4 Suppl):143—149.

Southard, G. L., R. L. Dunn, and S. Garrett. The drug delivery and biomaterial
attributes of the ATRIGEL technology in the treatment of periodontal disease.
Expert. Opin. Investig. Drugs 1998;7(9):1483—1491.

Jonat, W. Goserelin (Zoladex)—its role in early breast cancer in pre- and
perimenopausal women. Br. J. Cancer.2001;85(Suppl 2):1-5.



311.

312.

313.

314.

315.

316.

317.

318.

319.
320.

321.

322.

323.

324.

325.

326.

327.

REFERENCES 55

Mitchell, H. Goserelin (‘Zoladex’)—offering patients more choice in early breast
cancer. Eur. J. Oncol. Nurs. 2004;8(Suppl 2):S95—103.

Schlaff, W. D. Extending the treatment boundaries: Zoladex and add-back. Int. J.
Gynaecol. Obstet. 1999;64(Suppl 1):S25-31.

Tsukagoshi, S. A new LH-RH agonist for treatment of prostate cancer, 3-month
controlled-release formulation of goserelin acetate (Zoladex LA 10.8 mg depot)—
outline of pre-clinical and clinical studies. Gan To Kagaku Ryoho. 2002;29
(9):1675—1687.

Agarwal, N., D. Fletcher, and J. Ward. Obesity and treatment of prostate cancer:
What is the right dose of Lupron Depot? Clin. Cancer Res. 2007;13(13):4027.
Dlugi, A. M., J. D. Miller, and J. Knittle. Lupron depot (leuprolide acetate for
depot suspension) in the treatment of endometriosis: A randomized, placebo-
controlled, double-blind study. Lupron Study Group. Fertil Steril. 1990;54
(3):419—427.

Machluf, M., A. Orsola, and A. Atala. Controlled release of therapeutic agents:
Slow delivery and cell encapsulation. World J. Urol. 2000;18(1):80—83.
Anonymus. Product Portfolio. Available from: http://www.takeda.com/about-
takeda/product-portfolio/article_73.html; 2009.

Richtering, W., J. Siepmann, and F. Siepmann. Microparticles used as drug
delivery systems. In Smart Colloidal Materials. Springer Berlin/Heidelberg, 2006,
pp. 15-21.

Anonymus, Eligard. Tiny implant fights prostate cancer. Nursing 2002;32(5):18.

Sartor, O. Eligard: Leuprolide acetate in a novel sustained-release delivery system.
Urology 2003;61(2 Suppl 1):25-31.

Sartor, O. Eligard® 6: A new form of treatment for prostate cancer. Eur. Urol.
Supple. 2006;5(18):905—-910.

Flogstad, A. K., J. Halse, S. Bakke, I. Lancranjan, P. Marbach, C. Bruns, and J.
Jervell. Sandostatin LAR in acromegalic patients: Long-term treatment. J. Clin.
Endocrinol. Metab. 1997;82(1):23—28.

Grass, P., P. Marbach, C. Bruns, and I. Lancranjan. Sandostatin LAR (micro-
encapsulated octreotide acetate) in acromegaly: Pharmacokinetic and pharmaco-
dynamic relationships. Metabolism 1996;45(8 Suppl 1):27—30.

Heijckmann, C. A., P. P. Menheere, J. P. Sels, E. A. Beuls, and B. H.
Wolffenbuttel. Clinical experience with Sandostatin LAR in patients with acro-
megaly. Neth. J. Med. 2001;59(6):286—291.

Lancranjan, 1., C. Bruns, P. Grass, P. Jaquet, J. Jervell, P. Kendall-Taylor, S. W.
Lamberts, P. Marbach, H. Orskov, G. Pagani, M. Sheppard, and L. Simionescu.
Sandostatin LAR: A promising therapeutic tool in the management of acromegalic
patients. Metabolism 1996;45(8 Suppl 1):67—71.

Cook, D. M., B. M. Biller, M. L. Vance, A. R. Hoffman, L. S. Phillips, K. M. Ford,
D. P. Benziger, A. Illeperuma, S. L. Blethen, K. M. Attie, L. N. Dao, J. D. Reimann,
and P. J. Fielder. The pharmacokinetic and pharmacodynamic characteristics of a
long-acting growth hormone (GH) preparation (nutropin depot) in GH-deficient
adults. J. Clin. Endocrinol. Metab. 2002;87(10):4508—4514.

Silverman, B. L., S. L. Blethen, E. O. Reiter, K. M. Attie, R. B. Neuwirth, and
K. M. Ford. A long-acting human growth hormone (Nutropin Depot): Efficacy



56

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.
340.

341.

342.

343.

344.

345.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

and safety following two years of treatment in children with growth hormone
deficiency. J. Pediatr. Endocrinol. Metab. 2002;15(Suppl 2):715—722.

Anonymus. Gliadel wafers for treatment of brain tumors. Med. Lett. Drugs Ther.
1998;40(1035):92.

Attenello, F. J., D. Mukherjee, G. Datoo, M. J. McGirt, E. Bohan, J. D. Weingart,
A. Olivi, A. Quinones-Hinojosa, and H. Brem. Use of Gliadel (BCNU) wafer in
the surgical treatment of malignant glioma: A 10-year institutional experience.
Ann. Surg. Oncol. 2008;15(10):2887—2893.

Brem, H. and P. Gabikian. Biodegradable polymer implants to treat brain tumors.
J. Control. Release 2001;74(1—3):63—67.

Perry, J., A. Chambers, K. Spithoff, and N. Laperriere. Gliadel wafers in the
treatment of malignant glioma: A systematic review. Curr. Oncol. 2007;14
(5):189—194.

Wang, C. C., J. Li, C. S. Teo, and T. Lee. The delivery of BCNU to brain tumors.
J. Control. Release 1999;61(1—2):21—41.

Li, L. C., J. Deng, and D. Stephens. Polyanhydride implant for antibiotic
delivery—from the bench to the clinic. Adv. Drug. Deliv. Rev. 2002;54(7):963—986.
Harrison, T. S. and K. L. Goa. Long-acting risperidone: A review of its use in
schizophrenia. CNS Drugs 2004;18(2):113—132.

Keith, S. Use of long-acting risperidone in psychiatric disorders: Focus on efficacy,
safety and cost-effectiveness. Expert Rev. Neurother. 2009;9(1):9—31.

Knox, E. D. and G. L. Stimmel. Clinical review of a long-acting, injectable
formulation of risperidone. Clin. Ther. 2004;26(12):1994—2002.

Lessem, J. and A. Hanlon. A post-marketing study of 2805 patients treated for
periodontal disease with Arestin. J. Int. Acad. Periodontol. 2004;6(4 Suppl):
150—153.

Van Dyke, T. E., S. Offenbacher, L. Braswell, and J. Lessem. Enhancing the value
of scaling and root-planing: Arestin clinical trial results. J. Int. Acad. Periodontol.
2002;4(3):72—76.

Anonymus. Capronor. Hypotenuse 1985;2—5.

Darney, P. D., C. M. Klaisle, S. E. Monroe, C. E. Cook, N. R. Phillips, and
A. Schindler. Evaluation of a 1-year levonorgestrel-releasing contraceptive
implant: Side effects, release rates, and biodegradability. Fertil. Steril. 1992;58
(1):137—143.

Darney, P. D., S. E. Monroe, C. M. Klaisle, and A. Alvarado. Clinical evaluation
of the Capronor contraceptive implant: Preliminary report. Am. J. Obstet.
Gynecol. 1989;160(5 Pt 2):1292—1295.

Gettig, J., J. P. Cummings, and K. Matuszewski. H.P. Acthar gel and cosyntropin
review: Clinical and financial implications. P. T. 2009;34(5):250—257.

Miller, M. A. and H. E. Bass. Effect of Acthar-c (ACTH) in sarcoidosis. Ann.
Intern. Med. 1952;37(4):776—784.

Kim, S. C., D. W. Kim, Y. H. Shim, J. S. Bang, H. S. Oh, S. Wan Kim, and M. H.
Seo. In vivo evaluation of polymeric micellar paclitaxel formulation: Toxicity and
efficacy. J. Control. Release 2001;72(1—-3):191-202.

Kim, T. Y., D. W. Kim, J. Y. Chung, S. G. Shin, S. C. Kim, D. S. Heo, N. K. Kim, and
Y. J. Bang. Phase I and pharmacokinetic study of Genexol-PM, a cremophor-free,



346.

347.

348.

349.

350.

351.

352.

353.

354.
355.

356.

357.

358.

359.

360.

REFERENCES 57

polymeric micelle-formulated paclitaxel, in patients with advanced malignancies.
Clin. Cancer Res. 2004;10(11):3708—3716.

Lee, K. S., H. C. Chung, S. A. Im, Y. H. Park, C. S. Kim, S. B. Kim, S. Y. Rha,
M. Y. Lee, and J. Ro. Multicenter phase II trial of Genexol-PM, a Cremophor-
free, polymeric micelle formulation of paclitaxel, in patients with metastatic breast
cancer. Breast Cancer Res. Treat. 2008;108(2):241—-250.

Lim, W. T., E. H. Tan, C. K. Toh, S. W. Hee, S. S. Leong, P. C. Ang, N. S. Wong,
and B. Chowbay. Phase I pharmacokinetic study of a weekly liposomal paclitaxel
formulation (Genexol(R)-PM) in patients with solid tumors. Ann. Oncol. 2009;21
(2):382—388.

Fu, Q., J. Sun, W. Zhang, X. Sui, Z. Yan, and Z. He. Nanoparticle albumin-bound
(nab) technology is a promising method for anti-cancer drug delivery. Recent Pat.
Anticancer Drug Discov. 2009;4(3):262—272.

Green, M. R., G. M. Manikhas, S. Orlov, B. Afanasyev, A. M. Makhson, P. Bhar,
and M. J. Hawkins. Abraxane, a novel Cremophor-free, albumin-bound particle
form of paclitaxel for the treatment of advanced non-small-cell lung cancer. Ann.
Oncol. 2006;17(8):1263—1268.

Henderson, I. C. and V. Bhatia. Nab-paclitaxel for breast cancer: A new
formulation with an improved safety profile and greater efficacy. Expert Rev.
Anticancer Ther. 2007;7(7):919—943.

Mcllwain, C., S. J. Enna, and B. B. David. Abraxane. In xPharm: The Compre-
hensive Pharmacology Reference. Elsevier: New York, 2008, pp. 1-5.

Miele, E., G. P. Spinelli, F. Tomao, and S. Tomao. Albumin-bound formulation of
paclitaxel (Abraxane ABI-007) in the treatment of breast cancer. Int. J. Nanomed.
2009;4:99—105.

Anonymus. Dabur pharma introduces Nanoxel in India. Available from http://
www.daburpharma.com/pdf/nanoinindia.pdf, 2007.

Krishnan, G. S. Big problem, nano solution. Businessworld 2007;44:1—2.

Cirkel, U., H. Ochs, and H. P. Schneider. A randomized, comparative trial of
triptorelin depot (D-Trp6-LHRH) and danazol in the treatment of endometriosis.
Eur. J. Obstet. Gynecol. Reprod. Biol. 1995;59(1):61—69.

Dal Prato, L., A. Borini, M. Cattoli, M. A. Bonu, E. Sereni, and C. Flamigni.
GnRH analogs: Depot versus short formulations. Eur. J. Obstet. Gynecol. Reprod.
Biol. 2004;115(Suppl 1):S40—S43.

Filicori, M., C. Flamigni, G. Cognigni, P. Dellai, R. Arnone, A. Falbo, and
M. Capelli. Comparison of the suppressive capacity of different depot gonadotropin-
releasing hormone analogs in women. J. Clin. Endocrinol. Metab. 1993;77(1):
130—133.

Heger, S., C. J. Partsch, and W. G. Sippell. Long-term outcome after depot
gonadotropin-releasing hormone agonist treatment of central precocious puberty:
Final height, body proportions, body composition, bone mineral density, and
reproductive function. J. Clin. Endocrinol. Metab. 1999;84(12):4583—4590.
Schneider, F., B. Heleil, H. Alm, H. Torner, F. Becker, T. Viergutz, G. Nurnberg,
and W. Kanitz. Endocrine, morphological, and cytological effects of a depot
GnRH agonist in bovine. Anim. Reprod. Sci. 2006;92(1—2):9—28.

Anonymus. Naltrexone (vivitrol)—a once-monthly injection for alcoholism. Med.
Lett. Drugs Ther. 2006;48(1240):63—64.



58

361.

362.

363.

364.

365.

366.

367.

368.

369.
370.

371.

372.

373.

BIODEGRADABLE POLYMERS IN DRUG DELIVERY

Johnson, B. A. Naltrexone long-acting formulation in the treatment of alcohol
dependence. Ther. Clin. Risk Manag. 2007;3(5):741—749.

Mannelli, P., K. Peindl, P. S. Masand, and A. A. Patkar. Long-acting injectable
naltrexone for the treatment of alcohol dependence. Expert Rev. Neurother. 2007;7
(10):1265—1277.

Aro, J., M. Ruutu, H. Juusela, E. Hansson, and J. Permi. Polyestradiol phosphate
(160 mg/month) or LHRH analog (buserelin depot) in the treatment of locally
advanced or metastasized prostatic cancer. The Finnprostate Group. Ann. Chir.
Gynaecol. Suppl. 1993;206:5—8.

Schliecker, G., C. Schmidt, S. Fuchs, A. Ehinger, J. Sandow, and T. Kissel. In vitro
and in vivo correlation of buserelin release from biodegradable implants using
statistical moment analysis. J. Control. Release 2004;94(1):25—37.

Waxman, J., J. Sandow, H. Thomas, N. James, and G. Williams. A pharmaco-
logical evaluation of a new 3-month depot preparation of buserelin for prostatic
cancer. Cancer Chemother. Pharmacol. 1989;25(3):219—220.

Waxman, J. H., J. Sandow, P. Abel, N. Farah, E. P. O’Donoghue, J. Fleming, J.
Cox, K. Sikora, and G. Williams. Two-monthly depot gonadotropin releasing
hormone agonist (buserelin) for treatment of prostatic cancer. Acta Endocrinol.
(Copenh.) 1989;120(3):315—318.

Waxman, J. H., J. Sandow, A. Man, M. J. Barnett, W. F. Hendry, G. M. Besser,
R. T. Oliver, and P. J. Magill. The first clinical use of depot buserelin for advanced
prostatic carcinoma. Cancer Chemother. Pharmacol. 1986;18(2):174—175.
Anonymus. Abarelix: Abarelix-depot-F, abarelix-depot-M, abarelix-L, PPI 149, R
3827. Drugs R. D 2003;4(3):161—166.

Hogle, W. P. Abarelix (plenaxis). Clin. J. Oncol. Nurs. 2004;8(6):663—665.

Reddy, G. K. Abarelix (Plenaxis): A gonadotropin-releasing hormone antagonist
for medical castration in patients with advanced prostate cancer. Clin. Prostate
Cancer 2004;2(4):209-211.

Angelova, N. and D. Hunkeler. Rationalizing the design of polymeric biomater-
ials. Trends Biotechnol. 1999;17:409—421.

Kohn, J. and R. Langer. Bioresorbable and bioerodible materials in biomaterials
science. In An Introduction to Materials in Medicine. Ratner, B. D., A. S. Hoffman,
F. J. Schoen, and J. E. Lemons (Eds.). Academic Press: New York, 1996, pp.
64—72.

Pillai, O. and R. Panchagnula. Polymers in drug delivery. Curr. Opin. Chem. Biol.
2001;5:447—451.



PART II

BIODEGRADABLE POLYMERS OF
NATURAL ORIGIN: PROTEIN-BASED
POLYMERS




CHAPTER 2

COLLAGEN

WAHID KHAN," DEEPAK YADAV,' ABRAHAM J. DOMB,? and

NEERAJ KUMAR'

" Department of Pharmaceutics, National Institute of Pharmaceutical Education and
Research (NIPER), Punjab, India

2 |nstitute for Drug Design, Medicinal Chemistry, School of Pharmacy - Faculty of
Medicine, The Hebrew University of Jerusalem, Jerusalem, Israel

CONTENTS
2.1 Introduction. . . . ... 62
2.2 OCCUITENCE. .« o vt oottt e et e e e e e e e e e e e e 62
23  Functions . . ... .. ... 62
2.4 SHUCIUrE . .. .. 63
241 Amino Acid Sequence. . ............ i e 63
2.4.2 Triple-Helical Structure . . .......... ... ... ... ... ........ 64
2.4.3 Hydroxyproline and Hydroxylysine . . . ..................... 64
244 Glycosylation . .. ... 65
25 Typesand Properties . . ... 65
2.5.1 Fibril-Forming Collagens . ... .......... ... ... ... . . .. ... 66
2.5.2 Network-Forming Collagens. . . . ........ ... .. ... . ... 66
2.5.3 Fibril-Associated Collagens (FACIT). . .. ... ... .. ... ... 67
2.6 Biosynthesisof Collagen . .. ... ... .. 68
2.6.1 Formation of Pro-a-Chains .. ............ ... . ... .. ...... 69
2.6.2 Hydroxylation . ... ... ... .. 69
2.6.3 Glycosylation . ... ...... .. 69
2.6.4 Assembly and Secretion . .. ...... ... ... ... . .. 69
2.6.5 Extracellular Cleavage of Procollagen Molecules . ............ 70

Biodegradable Polymers in Clinical Use and Clinical Development, First Edition. Edited by
Abraham J. Domb, Neeraj Kumar, and Aviva Ezra
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.

61



62 COLLAGEN

2.6.6 Formation of Collagen Fibrils. . ... ....................... 70
2.6.7 Crosslink Formation . ............ ... ... ... .. .. . . .. ... 71
2.7 Degradation . .. ... ... ... 71
2.8 Collagen DisOrders . . ... ..ottt 72
2.9 SOUICE . . o vttt 72
2.10 Clinical Applications of Collagen .. .......... .. ... .. . i i... 72
2.10.1 Collagen Injections/Dermal Fillers ... .................... 74
2.10.2 Matrix Collagen Sponges. . .. ............ ... 75
2.10.3 Minipellets and Tablets for Protein Delivery . ............... 80
2104 CollagenGels. . ......... . i 81
2.10.5 Collagen in Ophthalmology . .......... ... ... ... ....... 82
References . . ... . 84

2.1 INTRODUCTION

The name collagen comes from Greek meaning “glue producer.” When collagen
is heated in water, it gradually breaks down to produce soluble derived protein,
that is, gelatin or animal glue. It is the most abundant protein in the animal
kingdom and is a major component of the extracellular matrix and connective
tissues. It has a unique ability to form insoluble fibers that provide strength.
There are more than 30 collagens and collagen-related proteins but the most
abundant are collagens I and II [1].

2.2 OCCURRENCE

Collagens are the major structural elements of all connective tissues and are
also found in the interstitial tissue of virtually all parenchymal organs, where
they contribute to the stability of tissues and organs and maintain their
structural integrity. Its type and organization is dictated by the structural
role it plays in a particular organ [2]. It is found in tissues such as tendons,
cartilage, organic matrix of bone, and the cornea of the eye. In some tissues,
collagen may be dispersed as a gel that gives support to the structure, as in the
extracellular matrix or the vitreous humor of the eye. In other tissues, collagen
may be bundled in tight, parallel fibers that provide great strength, as in
tendons. In the cornea of the eye, collagen is stacked so as to transmit light with
a minimum of scattering. In bone, collagen forms a framework for the
deposition of calcium phosphate crystals, acting like the steel cables in
reinforced concrete so as to resist mechanical shear from any direction.

2.3 FUNCTIONS

Collagens are the structural building blocks of the body. They are the most
abundant group of organic macromolecules in an organism and serve important
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mechanical functions within the body, particularly in connective tissues. They
surround the cells and give each tissue its characteristic structure, texture, and
shape. In bone, tendon, fascia, and articular cartilage, fibrillar collagens provide
most of the biomechanical properties essential for their functioning [2]. In
tendons, collagen has the strength equal to light steel wire. Collagen in the
cornea is transparent, in heart valves it is fatigue resistant, and in renal glomeruli
it provides an excellent filtration system [3]. Second, collagens also exert
important functions in the cellular microenvironment and are involved in the
storage and release of cellular mediators (growth factors, cytokines, etc.) [4, 5].

2.4 STRUCTURE

A typical collagen molecule is a long, rigid structure in which three polypep-
tides (referred to as « chains) are wound around one another in a ropelike triple
helix (Fig. 2.1) with a length of approximately 300 nm and a diameter of 1.5 nm
[6]. Fibers made up of collagen have a high tensile strength. The collagen helix
is left handed and has three amino acid residues per turn. The tight wrapping of
the « chains in the collagen triple helix provides tensile strength greater than
that of a steel wire of equal cross section.

2.4.1 Amino Acid Sequence

Each a-chain peptide is composed of about 1050 amino acid residues, which consist
of approximately 33% glycine, 25% proline, and 25% hydroxyproline, and a
relative abundance of lysine [3]. Proline and glycine are important in the formation
of the triple-stranded helix. Proline facilitates the formation of the helical
conformation of each a chain because its ring structure causes “kinks” in the
peptide chain. Glycine, the smallest amino acid, is found in every third position of
the polypeptide chain. This position is crucial as glycine is the only amino acid that
is small enough to fit in the narrow core of the triple helix [7]. The amino acid

Collagen a-chain

FIGURE 2.1 Triple-stranded helix of collagen.
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—{Gly — Leu — Hyp —{Gly - Pro — Hyp —i Gly — Ala — Hyl -

FIGURE 2.2 Primary amino acid sequence of a portion of a1 chain of collagen (Hyp is
hydroxyproline and Hyl is hydroxylysine).

sequence can be represented by a repeating tripeptide unit, Gly—X—Y, where Gly is
glycine, X is often proline, and Y is often hydroxyproline or hydroxylysine [8].
Thus, most of the « chain can be regarded as a polytripeptide whose sequence can
be represented as (—Gly—X—Y —)s33 (Fig. 2.2).

2.4.2 Triple-Helical Structure

Collagen is also a coiled coil, that is, three separate polypeptides, called « chains
are supertwisted about each other (Fig. 2.3). The three « chains are held together
by interchain hydrogen bonds. The superhelical twisting is right handed in
collagen, opposite in sense to the left-handed helix of its constituent « chains
[9, 10]. For example, type I collagen triplex is a heteropolymer consisting of two
al chains and one a2 chain of over 1000 residues in length [11].

Unlike most globular proteins that are folded into compact structures,
collagen, a fibrous protein, has an elongated structure that places many of its
amino acid side chains on the surface of the triple-helical molecule. (This allows
bond formation between the exposed R groups of neighboring collagen
monomers, resulting in their aggregation into long fibers). The triple helices
are staggered by 67 nm with an additional gap of 40 nm between succeeding
molecules (Fig. 2.4). Seen through an electron microscope, the linear polymers
of fibrils have banding patterns, reflecting the regular staggered packing of the
individual collagen molecules in the fibril (Fig. 2.5).

2.4.3 Hydroxyproline and Hydroxylysine

Collagen contains hydroxyproline (Hyp) and hydroxylysine (Hyl), which are not
present in most other proteins. These residues result from the hydroxylation of
some of the proline and lysine residues after their incorporation into polypeptide
chains (Fig. 2.6). This hydroxylation is a result of posttranslational modification.
Hydroxyproline is important in stabilizing the triple-helical structure of collagen
because it maximizes interchain hydrogen bond formation.

IS

FIGURE 2.3 Secondary left-handed helix and tertiary right-handed triple-helix struc-
ture showing two «l chains (black colored) and one a2 chain (light shade colored) of
collagen I molecule.
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FIGURE 2.4 Schematic representation of staggered quaternary structure forming the
collagen fibril (showing dark and light banding pattern of negatively stained isolated fibril).

FIGURE 2.5 Staggered arrangement of collagen molecules causes striated appearance
of fibrils as seen in electron micrographs of collagen fibers.

2.4.4 Glycosylation

The hydroxyl group of the hydroxylysine residues of collagen may be
enzymatically glycosylated. Most commonly, glucose and galactose are sequen-
tially attached to the polypeptide chain prior to triple-helix formation.

2.5 TYPES AND PROPERTIES

There are 29 collagen types, which differ in size, structure, and function
(numbered I-XXIX with roman numerals in the order of their discovery;
some with common names) [12]. Variations in the amino acid sequence of the «



66 COLLAGEN

TABLE 2.1 Most Abundant Types of Collagen

Collagen Type Tissue Distribution

Fibril Forming

Type 1 Most connective tissues like skin, bone, dermis, tendon, ligaments,
cornea, blood vessels

Type 11 Hyaline cartilage, intervertebral disk, vitreous body

Type III Blood vessels, fetal skin

Network Forming

Type IV Basement membranes

Type VII Beneath stratified squamous epithelia

Fibril Associated

Type IX Cartilage

Type XII Tendons, ligaments, some other tissues

chains result in structural components that are about the same size (approxi-
mately 1000 amino acids long) but with slightly different properties. These «
chains are combined to form the various types of collagen found in tissues. The
collagens can be organized into three groups, based on their location and
functions in the body (Table 2.1).

2.5.1 Fibril-Forming Collagens

The most abundant and widespread family of collagens with about 90% of the
total collagen is represented by the fibril-forming collagens [2]. In the form of
fibers it acts to transmit forces, dissipate energy, and prevent premature
mechanical failure in normal tissues [13]. Types I, II, and III are the fibrillar
collagens and have the ropelike structure described above for a typical collagen
molecule. Type I is the most abundant and diversely located member of the
collagen family, found principally in fibril form [14].

Type 1 collagen fibers are found in supporting elements of high tensile
strength, for example, tendon and cornea, whereas fibers formed from type II
collagen molecules are restricted to cartilaginous structures and provide the
tissue with its shock-absorbing properties and its resiliency to stress [15]. The
fibrils derived from type III collagen are prevalent in more distensible tissues
such as blood vessels.

2.5.2 Network-Forming Collagens

Types IV and VII form a three-dimensional mesh rather than distinct fibrils.
For example, type IV molecules assemble into a sheet or meshwork that
constitutes a major part of basement membranes, which separate cell types or
divide cell layers from underlying connective tissue [16] and function as a
semipermeable filtration barrier for macromolecules in organs such as the
kidney and the lung.
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2.5.3 Fibril-Associated Collagens (FACIT)

Types IX and XII bind to the surface of collagen fibrils, linking these fibrils to
one another and to other components in the extracellular matrix. Despite the
rather high structural diversity among the different collagen types, all members
of the collagen family have one characteristic feature: a right-handed triple
helix composed of three a chains. See Table 2.2.

TABLE 2.2 Collagen Family

Collagen Type Structure

Tissue Distribution

Type 1 Fibril-forming collagen

Type 11 Fibril-forming collagen

Type 111 Fibril-forming collagen

Type IV Network-forming collagen

Type V Fibril-forming collagen

Type VI Beaded filament-forming
collagen

Type VII Collagen of anchoring
fibrils

Type VIII Hexagonal network-
forming collagen

Type IX FACIT? collagen

Type X Hexagonal network-
forming collagen

Type XI Fibril-forming collagen

Type XII FACIT collagen

Type XIII Collagen with a
transmembrane domain

Type XIV FACIT collagen

Type XV Endostatin-containing
collagen

Type XVI FACIT collagen

Most connective tissues like skin, bone,
dermis, tendon, ligaments, cornea,
blood vessels

Hyaline cartilage, intervertebral disk,
inner ear, vitreous body, nucleus
pulposus

Distensible and developing connective
tissues, blood vessels, fetal skin

Basement membranes

Tissues containing type I collagen,
hyaline cartilage, nervous system

Bone, hyaline cartilage, soft connective
tissues; blood vessels, skin,
intervertebral disk, peripheral nerves

Anchoring fibrils; skin, epidermal
joints

Many tissues, especially endothelium

Hyaline cartilage, intervertebral disk,
vitreous humor, cornea
Hypertrophic cartilage

Hyaline cartilage, intervertebral disk,
inner ear

Tissues containing type I collagen; fetal
cartilage,tendons, ligaments

Many tissues like epidermis, hair
follicle, nail root cells, endomysium,
intestine, chondrocytes

Embryonic cartilage

Many tissues in the basement
membrane zone; muscle, kidney,
pancreas

Many tissues; smooth muscle,
fibroblasts, amnion, keratinocytes

(Continued)
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TABLE 2.2 Continued

Collagen Type

Structure

Tissue Distribution

Type XVII
Type XVIII
Type XIX
Type XX
Type XXI
Type XXII
Type XXIII
Type XXIV
Type XXV

Type XXVI

Type XXVII

Type XXVIII

Type XXIX

Collagen with a
transmembrane domain

Endostatin-containing
collagen

FACIT collagen

FACIT collagen

FACIT collagen

FACIT collagen

Collagen with a
transmembrane domain

Fibril-forming collagen

Collagen with a
transmembrane domain

Beaded filament-forming
collagen

Fibril-forming collagen

Beaded filament-forming
collagen

Beaded filament-forming
collagen

Hemidesmosomes; skin, dermal
epidermal junctions

Many tissues in the basement
membrane zone

Many tissues in the basement
membrane zone

Embryonic skin, tendon, sterna
cartilage, corneal epithelium

Many tissues (blood vessel walls)

Tissue junctions

Heart, metastatic prostate
cancer cells

Tissues containing type I collagen;
developing bone, cornea

Brain, heart, testis, neurons

Testis, ovary

Embryonic cartilage, epithelial cell
layers (stomach, lung, gonad, skin,
cochlea, tooth)

Basement membranes around
Schwann cells in the peripheral
nervous system

Epidermis

“FACIT, fibril-associated collagen with interrupted triple helices.
Source: From [2, 17—19].

2.6 BIOSYNTHESIS OF COLLAGEN

The polypeptide precursors of the collagen molecule are formed in fibroblasts
(or in the related osteoblasts of bone and chondroblasts of cartilage) and are
secreted into the extracellular matrix. Biosynthesis of collagens is a complex
multistep process that starts with the transcription of genes within the nucleus
to the aggregation of collagen heterotrimers into large fibrils [20, 21]. Collagens
undergo extensive posttranslational modification in the endoplasmic reticulum
prior to triple-helix formation. A number of enzymes and molecular chaper-
ones assist in their correct folding and trimerization [8]. The collagen may be
further modified to form intra- and intermolecular crosslinks, which aid in the
formation of collagen fibers, fibrils, and then macroscopic bundles that are used
to form tissue [22].
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2.6.1 Formation of Pro-a-Chains

Collagen is one of many proteins that normally function outside of cells. Like
most proteins produced for export, the newly synthesized polypeptide precursors
of a chains contain a special amino acid sequence at their N-terminal ends. This
acts as a signal that the polypeptide being synthesized is destined to leave the cell.
The signal sequence facilitates the binding of ribosomes to the rough endoplas-
mic reticulum (RER) and directs the passage of the polypeptide chain into the
cisternae of the RER. The signal sequence is rapidly cleaved in the endoplasmic
reticulum to yield a precursor of collagen called a pro-a-chain.

2.6.2 Hydroxylation

The pro-a-chains are processed by a number of enzymatic steps within the
lumen of the RER while the polypeptides are still being synthesized. Proline
and lysine residues found in the Y position of the —Gly—X—Y— sequence
can be hydroxylated to form hydroxyl-proline and hydroxyl-lysine residues
(Fig. 2.6). These hydroxylation reactions require molecular oxygen and the
reducing agent vitamin C (ascorbic acid), without which the hydroxylating
enzymes, prolyl hydroxylase and lysyl hydroxylase, are unable to function.
Hydroxyproline serves to stabilize the collagen triple helix [23], its absence
resulting in structurally unstable collagen [24, 25], which is not secreted from
cells at a normal rate [10]. Hydroxylysine is necessary for formation of the
intermolecular crosslinks in collagen [26]. In the case of ascorbic acid deficiency
(and, therefore, a lack of prolyl and lysyl hydroxylation), collagen fibers cannot
be crosslinked, greatly decreasing the tensile strength of the assembled fiber.
One resulting deficiency disease is known as scurvy.

2.6.3 Glycosylation

Some hydroxylysine residues are modified by glycosylation with glucose or
glucosyl-galactose. Glycosylation is required for the formation of a stable
tertiary structure and is an alternative way of stabilizing the collagen triple helix
that is independent of the presence of hyp [27].

2.6.4 Assembly and Secretion

After hydroxylation and glycosylation, pro-a-chains form procollagen, a
precursor of collagen that has a central region of triple-helix flanked by the
nonhelical amino- and carboxyl-terminal extensions called propeptides (Fig.
2.6). The formation of procollagen begins with the formation of interchain
disulfide bonds between the C-terminal extensions of the pro-a-chains. This
brings the three « chains into an alignment favorable for helix formation. The
procollagen molecules are translocated to the Golgi apparatus, where they are
packaged in secretory vesicles. The vesicles fuse with the cell membrane,
causing the release of procollagen molecules into the extracellular space.
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FIGURE 2.6 Major events in the biosynthesis of fibrous collagens. (From [28, 29].
Copyright © 2000 W. H. Freeman and Company.)

Modifications of the pro-a-chain polypeptide in the endoplasmic reticulum
include hydroxylation, glycosylation, and disulfide-bond formation. Interchain
disulfide bonds between the C-terminal propeptides of three pro-collagens
align the chains in register and initiate formation of the triple helix. The process
continues, zipper like, toward the N-terminus. All modifications occur in a
precise sequence in the rough ER, Golgi complex, and the extracellular space,
and allow lateral alignment and formation of the covalent cross-linkers
that enable helices to pack into 50-nm-diameter fibrils. The «a-helical region is
colored red.

2.6.5 Extracellular Cleavage of Procollagen Molecules

After their release, the procollagen molecules are cleaved by N- and C-
procollagen peptidases, which remove the terminal propeptides, releasing
triple-helical collagen molecules.

2.6.6 Formation of Collagen Fibrils

Individual collagen molecules spontaneously associate to form fibrils. They
form an ordered, overlapping, parallel array, with adjacent collagen molecules
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arranged in a staggered pattern, each overlapping its neighbor by a length of
approximately three-quarters of a molecule.

2.6.7 Crosslink Formation

The fibrillar array of collagen molecules serves as a substrate for lysyl oxidase. This
extracellular enzyme oxidatively deaminates some of the lysyl and hydroxylysyl
residues in collagen. The reactive aldehydes that result (allysine and hydroxyally-
sine) can condense with lysyl or hydroxylysyl residues in neighboring collagen
molecules to form covalent crosslinks. (This crosslinking is essential for achieving
the tensile strength necessary for proper functioning of connective tissue. There-
fore, any mutation that interferes with the ability of collagen to form crosslinked
fibrils almost certainly affects the stability of the collagen.) Sequence of intra and
extracelluler collagen biosynthesis have been summarized in Fig. 2.7.

2.7 DEGRADATION

Normal collagens are highly stable molecules, having half-lives as long as
several months. However, connective tissue is dynamic and is constantly being
remodeled, often in response to growth or injury of the tissue. Breakdown of
collagen fibrils in vivo is dependent on the proteolytic action of collagenases,
which are part of a large family of matrix metalloproteinases [28]. For type I
collagen the cleavage site is specific, generating three-quarter and one-quarter
length fragments. These fragments are further degraded by other matrix
proteinases to their constituent amino acids [29—31].

The triple helix is resistant to proteolytic cleavage by protein hydrolyzing
enzymes such as pepsin, trypsin, and papain. Clostridium histolyticum produces

/1. Assembly pro-a chains (directed by\ /1 Amino terminal extension cleavage \

specfic mRNAs) 2. Carboxyl terminal extension cleavage
2. Proline hydroxylation 3. Microfibril formation

3. Lysine hydroxylation 4. Lysine hydroxylysine terminal NH2
4. Hydrioxylysine glycosylation oxidation (Cu-containing lysyl oxidase)
5. Disulfide bond formation 5. Fibril formation

6. Triple-helix formation 6. Reducible crosslink formation

7. Secretion 7. Maturation of crosslinks. Growth and

K / Qorganization of fibers /

(@) (b)

FIGURE 2.7 Summary of the different steps in collagen biosynthesis: (a) Sequence of
intracellular collagen biosynthesis and (b) Sequence of extracellular collagen
biosynthesis.
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collagenases that cleave triple helices at numerous sites. The ability of collagens to
resist cleavage by pepsin and trypsin, and their sensitivity to cleavage by bacterial
collagenase, are used as research tools to identify and characterize collagens.

2.8 COLLAGEN DISORDERS

Collagens are the most abundant proteins in the body. Alterations in collagen
structure resulting from abnormal genes or abnormal processing of collagen
proteins results in numerous diseases. Defects in any one of the many steps in
collagen fiber synthesis can result in a genetic disease involving an inability of
collagen to form fibers properly. More than 1000 mutations have been
identified in 22 genes coding for 12 of the collagen types. Some of the discases
that result from defective collagen synthesis include osteogenesis imperfecta,
ehler danlos syndrome, lupus erythematosus, scleroderma, scurvy, polyarteritis
nodosa, epidermolysis bullosa, rheumatoid arthritis, Crohn’s disease, and
Wegener’s granulomatosis. Recent research suggests that collagens in the sclera
also play an important role in the development of myopia [32].

2.9 SOURCE

Collagen has been, traditionally, isolated from the skins of land-based animals,
such as cow and pig. Nondenatured collagens from these sources find applications
in the cosmetics, biomedical, and pharmaceutical industries [33]. Denatured
collagen, known as gelatin, finds applications in the food and biomedical industries.

2.10 CLINICAL APPLICATIONS OF COLLAGEN

Due to its excellent biocompatibility and safety, the use of collagen in
biomedical applications has been rapidly growing and widely expanding to
bioengineering areas. Collagen and collagen-based biomaterials have been widely
used for a number of tissue engineering and medical applications (Fig. 2.8).
Collagen sutures were used by Egyptian surgeons as far back as 3750 Bc [3]. The
main applications of collagen are collagen shields in ophthalmology, sponges for
burns/wounds, minipellets for protein delivery, and as basic matrices for cell
culture systems and in bone, tendon, and peripheral nerve repair [34]. Collagen
can be processed into a number of forms such as sheets, films, tubes, rods,
sponges, powders, injectable solutions, and dispersions [34, 35]. In most drug
delivery systems made of collagen, in vivo absorption of collagen is controlled by
the use of crosslinking agents, such as glutraldehyde. In order to render collagen
suitable for tissue engineering applications, the mechanical strength of collagen
must be enhanced. Also, the collagen-based biomaterial must be sterilized prior
to use in tissue engineering applications. In recent years, studies of collagen and
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FIGURE 2.8 Different collagen marketed products: (a) Evolence, (b) TenoMend
Collagen Tendon Wrap, (c) INFUSE Bone Graft, (d) Apligraf, (e) OssiMend Bone
Graft Matrix, (f) OrCel, (g) NeuroMatrix/Neuroflex, and (h) Minipellets.
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collagen-based materials have become an investigative hotspot especially in
tissue engineering and drug delivery. Some new collagen-based drug delivery and
engineered materials have been highlighted, which will promote their clinical
applications [36].

2.10.1 Collagen Injections/Dermal Fillers

These are soft tissue fillers for injection into the mid to deep dermis for the
correction of moderate to severe wrinkles and folds meant for restoring a
smoother and younger appearance. The demands for dermal fillers have
evolved dramatically during the past two decades. It has been over 25 years
since the approval of the first dermal filler device, whereas the majority of the
currently marketed dermal fillers were approved in the last 10 years [37].
Marketed wrinkle fillers are made up of various types of materials. The types of
materials approved for dermal fillers vary from biologic to synthetic materials
and absorbable to nonabsorbable compounds [38]. The ideal dermal filler
should be nonpermanent but with a durable effect lasting between 1 and 2
years. Collagen was the first material to be approved by the U.S. Food and
Drug Administration (FDA) for injection into facial scars, furrows, and lines in
the form of dermal filler injections. Like collagen injections most of these
wrinkle fillers are temporary because they are eventually absorbed by the body.
Available literature strongly suggests that these dermal fillers are increasingly
used these days to augment and contour tissues to improve the appearance of
wrinkles. Discussion of some approved dermal fillers follows:

Zyderm Collagen Implant, Zyplast. They are bovine collagen implants
approved by the FDA in 1981. Zyderm collagen implant is a sterile device
composed of highly purified bovine dermal collagen (95% type I and 5% type
III collagen) that is crosslinked with glutaraldehyde. It is dispersed in
phosphate-buffered physiological saline containing 0.3% lidocaine. Lidocaine
is used to numb the skin at the injection site. Zyderm collagen implant is
available in two forms: Zyderm 1 collagen implant and Zyderm 2 collagen
implant. Zyderm 2 collagen implant contains almost twice the collagen
concentration of Zyderm 1 collagen implant [39].

CosmoDerm, CosmoPlast. Type 1 collagen loss in the dermis is one of the
primary causes of wrinkles seen in aged skin. Dermal fillers using type I collagen
derived from bioengineered skin are now being used with the trade names of
CosmoDerm and CosmoPlast. Many aesthetic physicians are using them
alone or in combination with hyaluronic acid fillers to replace both of these
natural components of the skin [40]. CosmoDerm and CosmoPlast are sterile
devices composed of highly purified human-based collagen that is dispersed in
phosphate-buffered physiological saline containing 0.3% lidocaine. These are
injected into the superficial papillary dermis for correction of soft tissue contour
deficiencies such as wrinkles and acne scars.
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Evolence Porcine Collagen Dermal Filler. Evolence is a new porcine-
derived collagen gel based on the Glymatrix crosslinking technology, which
results in a more natural and longer-lasting collagen product [41]. Evolence
collagen filler is composed of 3.5% homogenous type I collagen that was
extracted and purified from porcine tendons and suspended in phosphate-
buffered saline and crosslinked with a ribose-mediated technology. Evolence is
injected into the inner layers of facial skin (mid to deep dermis) in order to
correct moderate to deep facial wrinkles and folds such as those around the
nose and mouth [42, 43].

Injection of dermal fillers is one of the most commonly performed cosmetic
procedures. Serious complications from fillers are rare but potentially devastat-
ing to patients and physicians. Granulomatous reactions to dermal fillers for
tissue augmentation are rare but possible late complications occurring both
with permanent (more frequent) and resorbable products. Skin necrosis, such
as nasal alar necrosis, is one of the most feared serious complications of dermal
fillers. Physicians should be aware of early intervention and treatment options
should impending necrosis become apparent [44, 45].

2.10.2 Matrix Collagen Sponges

Matrix collagen sponge is an absorbent, porous collagen matrix intended for
the management of moderately to heavily exudating wounds, for bone forma-
tion, and for drug delivery purpose [34].

Collagen Sponges for Wound Healing. The global wound care market was
approximately $10 billion in 2007 and is projected to grow to $12.5 billion by
2012. The broad variety of wound types has resulted in a wide range of new
wound dressings being frequently introduced into the market. The ideal
dressing should achieve rapid healing at reasonable cost with minimal incon-
venience to the patient. Pharmacological agents such as antibiotics, vitamins,
minerals, and growth factors take active part in the healing process, hence,
direct delivery of these agents to the wound site is desirable [46]. The
development of actively hemostatic wound dressings for use in severe trauma
is a major public health and military goal. Although some manufacturers claim
that existing dressings activate platelets and/or blood coagulation, mechanistic
evidence is often lacking [47].

Wound healing is an area in which there have been many recent advances
using various different polymers. Collagen sponges have following properties
making it suitable for purpose of wound healing.

1. Collagen sponges have the ability to easily absorb large quantities of
tissue exudates preventing moist climate and secondary bacterial infec-
tions, few such marketed products include CollaStat, CollaCote, and
Helistat absorbable collagen wound dressing and hemostatic products.
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2. Coating of collagen sponge with growth factors further facilitates fast
wound healing [48, 49].

3. Delivery of platelet-derived growth factor with sponges plays an im-
portant role in tissue regeneration and wound repair [50].

4. Collagen sponges are appropriate for delivery of antibiotics, such as
gentamicin, to achieve high concentration of gentamicin at the local sites
for treatment of implant-related infections [51] and for diabetic foot
ulcers [52]. Ciprofloxacin-loaded sponges have also been proposed as an
on-site delivery system [53].

5. Controlled delivery of silver sulfadiazine from collagen scaffold is
achieved in infected deep burn wounds where dermis is lost [54].

6. For highly resilient activity, collagen sponges are combined with other
materials such as elastin, fibronectin, or glycosaminoglycans [55].

A few marketed products include the following:

CellerateRx. CellerateRx is available for acute and chronic wounds, which
include pressure ulcers of stage II-1V, diabetic ulcers, surgical wounds, ulcers
due to arterial insufficiency, venous stasis ulcers, traumatic wounds, burns, and
superficial wounds. It can also be used as an adjunct to current wound care
therapies, helping to increase the efficacy of traditional and/or more expensive
advanced wound care management.

Promogran. Promogran matrix wound dressing is a primary dressing comprised
of 55% collagen and 45% oxidized regenerated cellulose. Promogran is indicated
for the management of exuding wounds including diabetic ulcers, venous ulcers,
ulcers caused by mixed vascular etiologies, full thickness and partial thickness
wounds, donor sites and other bleeding surface wounds, abrasions, traumatic
wounds healing by secondary intention, and dehisced surgical wounds [56, 57].

FloSeal Matrix. FloSeal Matrix is a new, two-component (collagen granules
and thrombin) topical hemostatic sealant. FloSeal Matrix is an effective
hemostasis adjunct in patients undergoing lacrimal surgery. It has the added
benefits of ease of use and high patient satisfaction [58].

Collagen Sponges as Bone Substitutes. In the United States alone,
approximately 500,000 patients annually undergo surgical procedures to treat
bone fractures [59]. Favorable influence of collagen on cellular infiltration
and wound healing is well known, subsequently, the matrix collagen sponge as
an absorbent porous matrix is used for osteoinduction in the bone formation
process. Bone serves as a powerful marker for regeneration, and its formation
serves as a prototype model for tissue engineering based on morphogenesis.
Collagen in combination with other polymers or chemicals was also used for
orthopedic defects. Collagen sponges containing bone morphogenetic protein
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(BMP) were tested with and without antibiotic for the evaluation of the efficacy
of BMP on promoting bone healing to induce bone formation [60, 61]. For
optimal effect, BMP must be combined with an adequate matrix, which serves
to prolong the residence time of the protein. Therefore, in clinical use
recombinant human bone morphogenetic protein (rhBMP-2) was soaked
onto an absorbable collagen sponge for bone regeneration [34, 59].

Reparation of bone defects remains a major clinical and economic concern,
with more than 3 million bone grafts performed annually in the United States
and Europe [62]. The search for alternatives to autologous bone grafting led to
the approval by the U.S. FDA of an absorbable collagen carrier combined with
rhBMP-2 for the treatment of certain bone diseases and fractures [62].
Demineralized bone collagen is also used as a bone graft material for the
treatment of acquired and congenital orthopedic defects either by itself or in
combination with hydroxyapatite.

Demineralized bone collagen in combination with hydroxyapatite is an
excellent osteoinductive material and could be used as a bone substitute. In
recent years, excipient systems have been used increasingly in biomedicine in
reconstructive and replacement surgery, as bone cements, drug delivery
vehicles, and contrast agents. The most bioefficient in terms of collagen
formation and apatite nucleation materials are those that are able to provide
soluble mineralizing species (Si, Ca, PO,4) at their implant sites and/or are
doped or have been surface activated with specific functional groups [63].

A few marketed products include the following:

INFUSE Bone Graft. Local delivery of recombinant human bone morphoge-
netic protein-2 (rhBMP-2) as a bone graft substitute in spinal fusion was
approved in July 2002 by the U.S. FDA as INFUSE Bone Graft. It consists of
rthBMP-2 placed on an absorbable collagen sponge. INFUSE®™ Bone Graft
induces new bone tissue at the site of implantation. This same product was
FDA approved for a tibia long bone fresh fracture bone grafting application in
August 2004, and for sinus elevation and alveolar defects associated with
extraction sockets in March 2007. In addition, a new carrier is under clinical
evaluation that will offer longer rhBMP-2 sustained release and compression
resistance, further expanding the clinical utility of rhBMP-2 [64].

BIO-OSS K, BIO-OSS Blocks, and BIO-OSS Collagen. These are natural
nonantigenic, porous bone mineral matrices, produced by the removal of all
organic components from bovine bone. Due to their natural structure, BIO-
OSS K, BIO-0OSS Blocks, and BIO-OSS Collagen are physically and chemically
comparable to the mineralized matrix of human bone. It is available as cortical
granules and blocks [65, 66].

TenoMend Collagen Tendon Wrap. 1t is a resorbable type I collagen matrix
that provides a nonconstricting encasement for injured tendons. TenoMend
Collagen Tendon Wrap is designed to be an interface between the tendon and
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tendon sheath or the surrounding tissue [67]. When hydrated, TenoMend
Collagen Tendon Wrap is a conformable, nonfriable, self-curling collagen sheet
designed for easy placement under, around, or over the injured tendon.
TenoMend Collagen Tendon Wrap was successful in providing a protective
environment for tendon repair.

OssiMend Bone Graft Matrix. OssiMend is an all-natural mineral—collagen
composite bone graft material that, combined with autologous bone marrow, is
used to fill bony voids or gaps of the skeletal system, including spine, extremities,
and pelvis. OssiMend is ideal for use in spine fusion procedures; it is conform-
able, nonfriable, with high absorption capacity. OssiMend is provided as a
sterile, dry material that is hydrated with autologous bone marrow at the point
of use. OssiMend strips and pads can be cut into shapes and are designed to
retain their shape and physical integrity following implantation into a bony site,
while the granular form can be molded to fit the bone defect. The product is fully
resorbed during the natural process of bone formation and remodeling.

Collagen Sponge Skin Replacement. Skin grafting is an important proce-
dure to cover skin defects. Both artificial and natural polymers have been used
to substitute connective tissue matrix and to reconstitute dermis. In the last
decade, the main interest has been on the development of an in vitro
reconstructed skin that can be transplanted directly to the wound bed and
permanently replacing the missing tissue [68, 69]. Collagen is a natural
substrate for cellular attachment, growth, and differentiation and is generally
treated as a self-tissue by recipients into whom it is placed. Collagen has
functional properties and certain sequences of the collagen fibrils are chemo-
tactic and promote cellular proliferation and differentiation.

To constitute a composite skin substitute that can proliferate well with
epidermal stem cells and fibroblasts on collagen sponge is needed [70]. Recon-
stituted type I collagen is suitable for skin replacement and burn wounds due to
their mechanical strength and biocompatibility. In cultured skin substitutes,
contracted collagen lattice has been used as a support for epithelial growth and
differentiation to replace pathological skin. Allogenic cultured dermal substitute
prepared by plating fibroblasts on to a collagen sponge matrix and subsequently
freeze dried from a 1% aqueous solution of collagen provided a good environ-
ment for epithelialization [34]. Addition of selected antimicrobial drugs such as
amikacin to the implantable collagen managed to control microbial contamina-
tion and increased healing of skin wounds. To address limitations such as
deficient barrier function in vitro and delayed keratinization after grafting can be
prevented by modifications of collagen-based systems by the combination of
collagen with other proteins, such as glycosaminoglycans, fibrin, and biotin [34].
A few marketed products include the following:

Apligraf (Graftskin). Diabetic foot ulcerations can be a devastating complica-
tion of diabetes, causing prolonged hospitalization and significant morbidity.
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Apligraf is a bioengineered living skin equivalent that consists of a dermal layer
of allogenic human fibroblast cells, type I bovine collagen cells, and an
epidermal layer of allogenic human keratinocyte cells. Apligraf is used for
the treatment of noninfected partial and full thickness skin ulcers and for the
treatment of neuropathic diabetic foot ulcers. Studies have demonstrated that
Apligraf works through the delivery of growth factors and cytokines to the
chronic wound environment [71].

OrCel. OrCel is a bilayered cellular matrix in which normal human allogeneic
skin cells (epidermal keratinocytes and dermal fibroblasts) are cultured in two
separate layers into a type I bovine collagen sponge. Extracellular secretion of
cytokines and growth factors by the living cells in OrCel is a major contributing
factor to the ability to accelerate wound healing. The product closes difficult
wounds, such as skin ulcers in limbs or from diabetes, using a collagen matrix
with embedded cells that form skin cells [72].

Collagen Sponges Repair Peripheral Nerve Damage. Approximately 300,
000 people in the United States live with the effects of spinal cord injury and
approximately 200,000 nerve repair procedures are performed annually in the
United States. Peripheral nerve injuries have traditionally been the most
challenging cases for surgeons. The treatment for long nerve injuries requires
removing a donor nerve from a different location and using it to join together
the severed nerve. Limitations of this method include requiring two incisions
(for donor harvest and repair), creating donor site morbidity, and not always
resulting in full functional recovery. To determine the rate of achieving
electrophysiologically proved the functional recovery by autonomic nerve
regeneration, with the aid of an artificial nerve conduit [73].

Recombinant human basic fibroblast growth factor (rhbFGF) is a peptide
with many bioactivities such as promoting proliferation and migration of
various cells. It plays an important role in neuroprotection and enhancement of
nerve regeneration. To prolong the bioactivity of rhbFGF and to enhance its
biological effects, absorbable collagen sponges were used to control the release
of thbFGF [74]. Thus, the goal of using collagen sponges is to produce
biodegradable drug delivery scaffolds using collagen as nerve substitute for
peripheral nerve repair to integrate with the damaged tissue and to promote
consistent fully functional recovery following potential advantages:

e Clinical effectiveness in tensionless repair

e Eliminates donor site morbidity associated with autografts
® No second surgery required to harvest autograft

® Designed to be noninflammatory and resorbable

A few marketed products include the following:

NeuroMatrix/Neuroflex. Neuroflex and NeuroMatrix are safe, resorbable,
collagen-based tubular matrices intended for use in the repair of severed
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peripheral nerves. Both products are implanted using an efficient entubulation
technique. The tubular nerve guide bridges the severed nerve and provides a
protective environment to guide the regeneration of the nerve across the gap.
These products are resorbable, semipermeable, collagen tubular matrix de-
signed to create a conduit for axon growth across a nerve gap.

Collagen Sponges for Drug Delivery. Due to its biocompatibility and well-
established safety profile, collagen represents a favorable matrix for on-site
drug delivery. The applications covered includes: treatment and prophylaxis of
bone and soft tissue infections, wound healing, as well as ophthalmic and
periodontal treatment [75]. Based on the tissue repair and hemostyptic proper-
ties of collagen sponges, combinations of sponges with various drugs were
developed. Advantages of drug-incorporated collagen particles have been
described for the controlled delivery system for therapeutic actions.
A few marketed products include the following:

Collatamp G Topical and CollaRx®™ Bupivacaine Implant. The Collatamp G
surgical implant is designed for site-specific delivery of pharmaceuticals, parti-
cularly antibiotics and anaesthetics. The topical application of Collatamp G
comprises a gentamicin-impregnated collagen sponge that combines an active
dressing with local antibiotic delivery for the treatment or prevention of infected
skin ulcers, such as those caused on the legs and feet by diabetes. The CollaRx
bupivacaine surgical implant is designed to provide local postoperative pain
relief and thereby also reduce opioid dependency. The implant is a leave-behind
collagen matrix loaded with the local anaesthetic bupivacaine, which has broad
applicability across a wide range of general and orthopedic surgery [76].

2.10.3 Minipellets and Tablets for Protein Delivery

Minipellet is a matrix-type cylindrical solid collagen preparation for injection
that has been developed for delivery of various compounds. Collagen minipel-
lets have shown to be useful for controlled release of various protein drugs such
as interferon, nerve growth factor, interleukin-2, fibroblast growth factor, and
granulocyte colony-stimulating factor [35, 77]. Minipellets are also used to
examine the effects of various additives on the profiles of rhBMP-2 release from
minipellet, it is useful as a controlled-release formulation to release rhBMP-2
around the implanted site [78, 79]. Collagen pellets have also been studied
extensively as a gene delivery carrier [80]. The advantages of the minipellet
include [78] the following:

e Carrier material is a biodegradable natural protein collagen.

e Manufactured under mild processing conditions without any organic
solvent or heating process, thus preventing denaturation of collagen and
incorporated drug.
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e Minipellet has sufficient mechanical strength for easily administration
using conventional injection.

® Minipellet is small enough to be injected into the subcutancous space
through a syringe needle and yet spacious enough to contain large
molecular weight protein drugs [34].

e A single subcutaneous injection of a minipellet causes prolonged retention
of drugs and decreases its maximal concentration in the serum.

e Gradual slow release is obtained from collagen minipellet and exhibit less
swelling as compared to sponge and film formulations.

® Minipellet was used as carrier for local delivery of various drugs including
minocycline and lysozyme [34].

2.10.4 Collagen Gels

Hydrogels have been widely used as a drug carrier due to its ease of
manufacturing and self-application. The production of a large and constant
surface area is one of the major merits to be widely used for clinical and
fundamental applications [34]. Collagen gels are flowable, suggesting the
possibility of an easily injectable, biocompatible matrix for drug delivery [79]
and tissue engineering [81]. These gels have been employed as scaffolds in tissue
engineering [82] and as delivery matrices for cells and genes in gene therapy.
They exhibit the following properties [79]:

® Good cell and tissue compatibility
® Drug release from matrices in a controlled manner

e Viscoelastic in nature, that is, semi-solid when at rest but can be induced
to flow under, that is, stress

® No interference with normal function at the site of implantation and
systemically

A few marketed products include the following:

Collatek Hydrogel. 1t is a sterile wound dressing consisting of polyacrylic acid
and collagen. This dressing encourages healing by maintaining a moist
environment at the wound site in dry to lightly exudating wounds. Collatek
Hydrogel is intended for use on dry, light, and moderately exudating wounds of
the following types: first- and second-degree burns, severe sunburns, abrasions,
cuts, surgical wounds, pressure ulcers, venous stasis ulcers, ulcers caused by
mixed etiologies, diabetic ulcers, donor sites, and grafts.

CollaWound Hydrogel. 1t is a collagen-based emulsion/liquid formulation
comprising collagen derived from porcine hides. It is intended for the manage-
ment of partial and full thickness wounds, pressure ulcers, diabetic ulcers,
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venous ulcers, surgical wounds, first- and second-degree burns, superficial
injuries, cuts, and abrasions.

2.10.5 Collagen in Ophthalmology

Successful treatment of eye diseases requires effective concentration of the drug
in the eyes for a sufficient period of time. Conventional ocular drug delivery
including eye drops, systemic administration, and ophthalmic ointments is no
longer sufficient to combat ocular diseases [83]. Medical devices based on
collagen have numerous applications in ophthalmology as grafts for corneal
replacement, suture material, bandage lenses, or viscous solutions for use as
vitreous replacements or protectants during surgery.

Inserts/Plugs. One of the most widely studied drug carrier applications of
collagen are inserts and plugs for drug delivery to the corneal surface. The
concept of using ocular collagen inserts to provide prolonged delivery of
medication to the eye was initiated in the early 1970s [84]. Collagen plugs may
be used as follows:

® As a diagnostic aid to determine the potential effectiveness of long-term
lacrimal occlusion

e To prevent complications due to dry eyes after surgery

e To evaluate the dry component of ocular surface disease including
conjunctivitis, corneal ulcer, pterygium, blepharitis, keratitis, red lid
margins, recurrent corneal erosion, and filamentary keratitis

e To temporarily enhance the efficacy of topical medications. Release of
pilocarpine can be extended for over 25 min, whereas when succinylated
collagen insert was loaded with erythromycin estolate, effective concen-
tration release was observed for more than 12 h [84].

A marketed product include the following:

UltraPlug Collagen Plugs. These collagen plugs are intended for temporary
use with patients experiencing dry eye symptoms such as redness, burning,
itching, or foreign body sensations, which can be relieved by blockage of the
canaliculus. The UltraPlug collagen plug is composed of purified collagen,
derived from the serosal layer of bovine intestines.

Shields. Collagen shields are manufactured from porcine or bovine collagen.
The thin collagen films match the shape of the cornea when applied to the eye,
provide sufficient oxygen transmission to allow corneal metabolism, and act as
short-term bandage lenses. As the shields dissolve, they provide a layer of
collagen solution that seems to lubricate the surface of the eye, minimize
rubbing of the lids on the cornea, and faster epithelial healing [34]. The shields
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come in a dehydrated form and have to be soaked with liquid prior to
application. These devices could also be used to deliver ophthalmic medication
when immersed in an aqueous drug solution/suspension immediately before
placement in the eye. Collagen matrix may [84]

® Reversibly absorb drug molecules that were subsequently released.

® Act as a reservoir for drug and increasing the contact time between drug
and cornea.

® Reduce the likelihood of systemic toxicity since dose reduction is possible
[84, 85].

Presoaking the collagen shield in a pharmacological agent with adjunctive topical
treatment represents the most efficacious method of utilizing collagen shields for
drug delivery: for example, penetration of commercially available gatifloxacin
and moxifloxacin into the anterior chamber of a rabbit eye was evaluated using
collagen shields presoaked in the antibiotics. Results suggested that collagen
shields can be more effective as a drug delivery system for these drugs [85].

An example of a marketed product follows:

Ocusert. It is an insoluble ophthalmic insert classified in the group of
diffusional systems. It consists of a central reservoir of pilocarpine enclosed
between two semipermeable membranes that allow the drug to diffuse from the
reservoir at a precisely determined rate for a period of 7 days.

Hydrogels. The efficacy of ophthalmic semisolid hydrogels is mostly based on
an increase of ocular residence time; this may be achieved by enhanced viscosity
and mucoadhesive properties. Various formulations are reported using a
variety of polymers that are initially liquids but gel after administration to
the eye. When applied, the gels will remain in place in the cul-de-sac of the eye
substantially longer than liquid formulations and will allow a sustained delivery
of drugs or antibiotics [84]. Composite collagen hydrogel containing protein
encapsulated alginate microspheres has been developed for ocular applications.
The composite hydrogel supports human corneal epithelial cell growth and has
adequate mechanical strength and excellent optical clarity for possible use as
therapeutic lens for drug delivery or as corneal substitute for transplantation
into patients who have corneal diseases [86].

Corneal Replacement Grafts. The need for corneas suitable for transplanta-
tion, combined with the decreasing supply, has fueled interest in the development
of a corneal replacement [87]. Cornea is a fairly simple, sparsely populated,
avascular, multilaminar structure and comprised of different cell types that
require successful culturing techniques if a cornea is to be constructed by tissue
engineering methods. In spite of initial success, no corneal construct has been
produced so far that is appropriate for clinical use.
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3.1 INTRODUCTION

Gelatin is an important fibrous protein obtained from collagen by partial
hydrolysis derived from mammalian, avian, and fish species. Today cattle
bones, cattle hide, and pork skin serve as a principal raw material for gelatin
production [1]. In addition to fish skin, fish bone and chicken bone can also
serve as the source of raw material for gelatin manufacture. The preferred
collagen source for producing high-quality gelatin is cow bone and hides [2].

For the last few decades the demand for gelatin has increased substantially
worldwide. Recent reports show that the annual world production of gelatin is
approximately 326,000 tons of which pig-skin-derived gelatin accounts for the
highest (46%) amount followed by bovine hides (29.4%), bones (23.1%), and
other sources (1.5%). The majority of gelatin is produced in western Europe
with 40% output; the rest is produced in eastern Europe 2%, North America
20%, Latin America 17%, and 21% elsewhere [3].

However, though gelatin has such a wide range of applications, pessimism
and strong concerns still persist among consumers with regard to its usage [4].
This is mainly due to religious sentiments (Judaism and Islam forbids the
consumption of pork-related products while Hindus do not consume cow-
related products) as well as the enhanced and stricter adherence to vegetarian-
ism throughout the world [5]. In addition, there is an increasing concern among
researchers about whether animal-tissue-derived collagens and gelatins are
capable of transmitting pathogenic vectors such as prions [6]. However, studies
conducted by various authorities have shown that the production process of
gelatin is an effective barrier against possible bovine spongiform encephalo-
pathy (BSE) prions.

In March 2003, the scientific steering committee of the European Union
confirmed “the risk associated with bovine bone gelatin is close to zero.” The
European Food Safety Authority (EFSA) issued a statement on January 18,
2006, announcing that the residual BSE risk in bone-derived gelatin is regarded
as being very small [7].

Significant amount of gelatin used in food and pharmaceutical industries
is derived from either pig skin or cow hide and bone. The outbreak of zoonotic
problems such as BSE and religious concerns have led to intensive research
to find an alternative source for mammal-derived gelatin. Furthermore, the
strong competition between manufacturers for the procurement of pig skin or
other mammalian source resulted in increased demand and cost. However,
today only a few alternatives are available, and as a result it has not been
possible to eliminate gelatin derived from mammalian sources. Researchers
from industry and academia are continuously searching for an alternative to
either gelatin or mammalian gelatin, for example, gelatin from fish and poultry
by-products. Poultry skin and bones are expected to yield gelatin in the near
future, but commercial production is currently very low. Fish gelatin is also a
better alternative to mammalian gelatin particularly with qualities such as lower
melting point (resulting in faster dissolution). However, the production of fish
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gelatin is also very low, accounting for just 1% of the annual world gelatin
production [8].

3.2 GELATIN STRUCTURE

Gelatin is a protein derived from collagen, which is the major structural protein
in the connective tissue of animal skin and bone. The fundamental unit of
collagen is the tropocollagen rod, a triple-helical protein structure. Collagen
and gelatin consist of varying amounts of 18 amino acids, of which glycine
(Gly), proline (Pro), and hydroxyproline (Hyp) are the most abundant. The
proline content is particularly important as it tends to promote formation of
the polyproline II helix, which defines the tropocollagen trimer. The primary
structure of gelatin closely resembles to that of collagen, whose triple-helical
structure can have two different compositions. The triple helix of type I
collagen from skin and bone is composed of two a1 (I) and one a2 (I) chains,
while type III collagen from skin (not present in bone) is made up from three
al (ITI) chains [9]. Collagen is composed of three o chains intertwined in
such a way as to provide a three-dimensional structure that provides an ideal
conformation for interchain hydrogen bonding [10]. The main difference
between these three a-chain types is in the amino acid composition. The triple
helix is approximately 300 nm in length and the chain has a molecular weight of
approximately 10° kDa. The triple helix is stabilized by the interchain hydrogen
bonds. Collagen denaturation causes separation of the rods and total or partial
separation of the chains due to the destruction of hydrogen bonds causing loss
of triple-helix conformation, and following the polymer exist in a coiled form.
Industrial gelatins are mixtures of different components: o chains (one polymer
chain), @ chain (a-chain dimer) and ~ chains (a-chain trimer, higher molecular
weight), and some lower-molecular-weight fragments. Gelatin that contains
more « chains would show higher gel strength. Table 3.1 gives the composition
of an alkaline hide sample and an acid pig skin sample, both with very similar
bloom and viscosity values [11].

Table 3.1 shows that the main differences between the samples are contents
of a structure and (3 peptides. In general, the Bloom value is proportional to
the sum of the o and $ fractions, together with their larger peptides, while the

TABLE 3.1 Composition of Gelatin

8 Bloom  Viscosity
Source <4 A o Peptide 3 ~ v—X 1-4 Q (g) (mPa s)
Limed hide 28 4 30 6 13 3 8 4 3 250 5.7
Acid pig 35 4 10 12 11 6 11 7 4 250 5.5

skin

Source: From Johnston-Banks [11].
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viscosity is proportional to the content of higher-molecular-weight fractions.
The triple-helical structure of gelatin does not fit any of the common structural
categories, such as the o helix, 3 sheet, or 3 turn found in most globular proteins.

3.3 USES OF GELATIN

Gelatin is a special and unique hydrocolloid serving multiple functions with a
wide range of applications. Because of its unique functional and technological
properties among which is the ability to form thermoreversible gel, it is widely
used in food, pharmaceutical, cosmetic, and photographic applications.

Because of its nonimmunogenic, biocompatible, and biodegradable nature,
it is used in the food industry: Gelatin is utilized in confectionaries, low-fat
spreads, fat reduction and for mouth feel, dairy, baked goods, and meat
products [7, 11]. In the pharmaceutical and medical fields, gelatin is also used as
a matrix for implants [12], in injectable drug delivery microspheres [13] and in
intravenous infusions [14]. Gelatin is used for biomedical applications such as
tissue engineering. It is preferred for biomedical applications over collagen
because collagen is known for antigenicity; gelatin does not exhibit antigenicity
and it is one of the most convenient proteins for such application [15]. There
are also reports in which live unattended viral vaccines used for immunization
against measles, mumps, rubella, Japanese encephalitis, rabies, diphtheria, and
tetanus toxin contain gelatin as a stabilizer [16]. In the pharmaceutical industry,
gelatin also is widely used for the manufacture of soft and hard capsules,
microspheres, plasma expanders, and in wound care (wound dressing material
and wound healing agents) bone repairing matrices, ligament substitutes, and
scaffolds for tissue engineering purpose.

Gelatin, being low in calories, is normally recommended for use in food-
stuffs to enhance protein levels and is especially useful in body-building foods.
In addition, it is also used to reduce carbohydrate levels in foods formulated for
diabetic patients.

3.4 MANUFACTURING OF GELATIN
There are four different methods [17] used to manufacture gelatin:

1. Acid process

2. Alkali process

3. Heat pressure method

4. Enzymatic process (recombinant microbial process)

All gelatin manufacturing processes consist of three main stages, namely (a)
pretreatment of the raw material, (b) extraction of the gelatin, and (c)
purification and drying of gelatin.
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Manufactured gelatin is often blended to produce trade-quality gelatin, with
specific properties for specific applications [18]. Depending on the method in
which collagens are pretreated, two different types of gelatin (each with
different characteristics) can be produced. Type A gelatin (isoelectric point at
pH 6-9) is produced from acid-treated collagen, and type B gelatin (isoelectric
point at pH 5) is produced from alkali-treated collagen [19]. See Figure 3.1.
Acid treatment is most suitable for the less covalently crosslinked collagens
found in pig or fish skins, while alkaline treatments are more suitable for the

Acid Process for Type A Alkaline Process for B Type
Gelatin Gelatin
Pig Skin Bones Split
Washing Degreasing Washing
' I }
Grinding Grinding Grinding
Hydrolysis < Macerating > Liming
Washing Washing Washing
Extraction Ossein Neutralization
S GelaFm <«— Neutralization
Solution

!

Filtration, Evaporation, Gelation, Drying, and Grinding

FIGURE 3.1 Manufacturing process for gelatin.



96 PROPERTIES AND HEMOSTATIC APPLICATION OF GELATIN

more complex collagens found in bovine hides. Among all of these processes,
acid and alkaline processes are the best and the most widely used [20].

3.4.1 Acid Manufacturing Process

The acid process is mainly used for the preparation of gelatin from pig skin,
fish skin, and sometimes for bones. In this method the following steps are
performed in order to make material ready for the main step: size reduction,
washing, removing hairs, and degreasing. After pretreatment the material is
acidified to about a pH 4 and then heated stepwise from 50°C to boiling.
This takes 10—40 h. Thereafter the denaturated collagen or gelatin has to be
defatted and filtered to a high clarity. It is then concentrated either by vacuum
evaporation or by membrane ultrafiltration to a reasonably high concentration
of gelatin. The material is then dried by passing dry air grounded and blended
as needed.

3.4.2 Alkali Manufacturing Process

This method is suitable for more complex collagen such as the one obtained
from bovine hides where the animals are relatively old at slaughter. Compared to
the acid process, the alkali process requires longer time, normally several weeks
(4—6 weeks). After pretreatment, the raw material is digested with caustic
soda. During this process the asparagine and glutamine side chains are quickly
hydrolyzed to aspartic and glutamic acid, respectively, which affects their
isoionic point (4.8—5.2). However, a shortened alkali treatment (7 days) may
produce gelatin with an isoionic point as high as 6.

After alkali treatment the material is washed with water to make it free from
alkali and acidified to a desired extraction pH. It is then denaturated by heating
and demineralized by using ion exchange or ultrapurification, dried by vaccum
evaporation, grinded, and blended.

3.4.3 Heat Pressure Method

The heat pressure process is used for gelatin extraction from bones. This
process is relatively fast and requires no chemicals compared to acid and alkali
processes, which usually take longer time and require chemicals and a large
amount of water.

Typically, bones are crushed and washed with water after degreasing. The
crushed bones are then treated in a high-pressure tank along with water
at a ratio of 1 : 3 (bones : water) at 104°C and 1.2 atmospheric pressure for
5—6 h. They are then filtered in order to remove all the solid material.
The solid is then defatted by phase separation followed by concentration,
drying milling, and blending. The gelatin obtained by this method is of a
limited quality and use, but the advantages are short processing time and no
chemicals used.
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3.4.4 Enzymatic Process

Recombinant microbial production offers the only known technology for the
cost-effective manufacturing of gelatin with consistent quality that is free from
animal components. It offers high productivity and consistent quality gelatin
suitable for tissue engineering applications. For this method genetically
engineered microorganisms such as yeast (Pichia pastoris, Saccharomyces
cerevisiae, Hansenula polymorpha) and bacteria (Escherichia coli, Bacillus
brevis) are used on synthetic media [21].

3.5 RHEOLOGICAL PROPERTIES OF GELATIN

Gelatin is categorized as a physical gel, that is, the interactions or bonds
between the chains that physically make up the material in nature (van der
Waal’s interactions and hydrogen bond’s with £~ 2 K cal/mol). Some physical
gels, such as alginate, are not thermally reversible. However, the bonding
energy in gelatin is relatively week, and, as a result, gelatin is capable of forming
thermoreversible gels. Apart from gelatin, casein (a milk protein that forms
spherical aggregates approximately 20—300 nm in diatemer), agarose, pectin,
and carrageens also form reversible gels [22].

Gel strength and gel melting point are the major physical properties of gelatin
gels. These are governed by molecular weight, as well as complex interactions
determined by the amino acid composition and the ratio of /3 chains present in
the gelatin [23]. According to Schrieber and Garies [7] the gel strength mainly
depends on the proportion of fractions having a molecular weight of approxi-
mately 100,000 g mol~'. In addition, there is a strong correlation between gel
strength and the a-chain content in gelatin. Gelatin containing more « chains
would thus show higher gel strength. On the other hand a high ratio of peptides
with molecular weight higher or lower than the o chains would decrease the gel
strength [24]. The gel strengths of commercial gelatins are expressed using
Bloom values. The Bloom value is the weight in grams that is required for a
specified plunger to depress the surface of a standard thermostated gel to a
defined depth under standard condition [7]. The gelling strength of commercial
gelatins ranges from 100 to 300, but gelatins with Bloom values of 250—260 are
the most desirable [25]. Table 3.2 shows the Bloom values, gelling temperatures,
and melting points of gelatins obtained from bovine, porcine, and fish collagen
as reported in the literature [3].

Fish gelatin typically has a Bloom value ranging from as low as 0 to 270
(tested under the conditions of the standard Bloom test) compared to the high
Bloom values for bovine or porcine gelatin, which have Bloom values of
200—240. The wide range of Bloom values found for the various gelatins
arises from the different sources and is associated with the amino acid
composition and extraction conditions, which influence the physical properties
of gelatins such as gelling point and gelling strength; for example, the use of high
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TABLE 3.2 Gel Strength and Melting Point of Various Fish Gelatins

Type of Gelatin Bloom Value (g) Gelling Temp. (°C) Melting Point (°C)
Sole fish gelatin 350 18—19 19.4

Tilapia fish gelatin 273 Not reported 254

Grass fish gelatin 267 19.5 26.8

Tuna fish gelatin 426 18.7 24.3

Cat fish gelatin 243-256 15-18 23-27

Porcine gelatin 220—240 22-25 31-35

Bovine gelatin 210—-240 20-24 30—-33.8

concentration of sulfuric acid, sodium hydroxide, and citric acid has been
reported to result in low Bloom values [26], indicating that the gel-forming
ability of the gelatin is sensitive to acid and alkali hydrolysis, as both affect the
degree of crosslinking in the collagen.

The most remarkable characteristics of gelatin are its solubility in water
and the ability to form thermoreversible gels. As a thermoreversible gel, gelatin
gels will start melting when the temperature increases above a certain point, which
is called the gel melting point and is usually lower than human body temperature.
This melt-in-the mouth property has become one of the most important charac-
teristics of gelatin gels and is widely exploited in the food and pharmaceutical
industries. The rheological properties of thermoreversible gelatin gels are primar-
ily a function of temperature (below the melting point of the gel) and concentra-
tion of gelatin for a given gelation type. The transformation of collagen to gelatin
is interpreted as the disintegration of the helical structures into random coils.
Upon cooling, the random coils undergo a coil-to-helix transition during which
they attempt to reform the original structure. The resulting three-dimensional
network is responsible for the strength and integrity of the gelatin gel [3].

Emulsifying and Foaming Properties of Gelatin. Gelatin and to some
extent also collagen are used as foaming, emulsifying, and wetting agents in
food, pharmaceutical, medical, and technical applications due to their surface-
active properties. The hydrophobic areas on the peptide chain are responsible
for giving gelatin its emulsifying and foaming properties. However, gelatin is
generally a weaker emulsifier than other surface-active substances such as globular
proteins and gum arabic. Therefore, when used alone, gelatin often produces
relatively droplet sizes during homogenization, and it has to be either hydro-
phobically modified by the attachment of nonpolar side groups or used in
conjunction with anionic surfactants to improve its effectiveness as an emulsifier.

3.5.1 Methods for Rheological Properties of Gelatin

Following are some methods used for the rheological characterization (viscoe-
lasticity and gel strength) and chemical properties (amino acid composition,
molecular weight distribution) of gelatin.
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Amino Acid Analysis. For amino acid analysis typically dry gelatin is
dissolved in distilled water and hydrolyzed in vaccum-sealed glass tubes at
108°C for 18 h in the presence of 5.7 N HCI containing 0.1% phenol and
norleucin as internal standard. After hydrolysis the sample is vaccum dried,
dissolved in a buffer, and analyzed for amino acid composition [27].

Determination of Total Protein Content. Although protein determination
could be carried out by the Kjeldahl method, because of time and sample
consumption it is not used for routine determination. For total protein deter-
mination Biuret and Lowry assays are commonly used, as both the methods are
simple, rapid, and relatively more precise [1]. In this method the color response of
gelatins in the Biuret assay is determined at 540 nm, while the color response
of gelatin in the Lowry assay is determined at 650 nm. Bovine serum albumin is
used as the reference protein for both assays. The concentration of bovine serum
albumin is determined by using the absorbance at 320 nm serving as background
scattering correction.

Electrophoretic Analysis. Gelatin is dissolved in distilled water at 60°C
and then a two- or threefold concentration loading buffer containing
B-mercaptoethanol is added. Samples are then heat denaturated for 5 min at
90°C and analyzed by sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis (SDS—PAGE) using 4% stacking gels and 5% resolving gels. Protein bands
are stained with Coomassie Brilliant Blue R-250. The protein bands stained
on the gel are scanned; fetal calf skin is used as the marker for «, 3, and ~
components mobility [27].

Viscoelastic Properties. The rheometer is used for the determination of
dynamic viscoelastic properties of gelatin. Dry gelatin and cold distilled water
are mixed for 60 min and then placed in to a water bath held at 45°C. The
gelatin solution is prepared by stirring the mixture for 20 min. The viscosity
measurement of the sample is performed at a scan rate of 1°C/min, frequency
1 Hz, an oscillating applied stress of 3.0 Pa, and a gap of 0.15 mm. The gelation
solution is cooled from 40 to 5°C, kept at 5°C for 10 min, and then heated
from 5 to 40°C, viscoelastic properties of gelatin slices that maturated in low
temperature are observed. The gel slices are heated and cooled on the rheometer.
The elastic modulus (G”), viscosity modulus (G”), and phase angle (rad) values are
represented as a function of temperature [24].

Gel Strength. The gel strength is determined by dissolving dry gelatin in
distilled water (6.6% w/v) at 60°C. The solution of gelatin matures at 10°C for
16—18 h in a refrigerator. The gel strength test is then carried out on a texture
analyzer with a 5-kN load cell equipped with a 1.27-cm diameter flat-faced
cylindrical Teflon plunger. The maximum force (in g) is determined when the
plunger has penetrated 4 mm in to the gelatin gel [24].
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3.6 HEMOSTATIC APPLICATION OF GELATIN

Hemostatic agents are defined by the FDA as devices intended to produce
hemostasis by accelerating the clotting process of blood [28]. Control of
intraoperative bleeding is a big challenge during surgery, and postoperative
hemorrhage is a significant risk; it increases operating room time and may
require blood transfusion. In most cases, continuous bleeding impedes identi-
fication of eloquent or pathological structures in microsurgical approaches
such as intraspinal surgery and affects clear visualization by the surgeon [29].
There are several conventional techniques in use to control bleeding and
minimize loss of blood during surgical procedures. Manual pressure, tourni-
quet application, and ligatures are some of the techniques in use to stop the
bleeding, but these methods are not very useful as they are laborious and often
add time to the operation [30]. Other techniques to achieve hemostasis include
electrical and chemical methods; the use of electrocauterization or laser has
limited application as these methods result in thermal injury to adjacent
vascular and neural structure, damage to wound edges, char, necrosis of tissue,
which impairs wound healing and may cause infection [31]. In contrast manual
pressure is safe, but it is not very effective to control bleeding from complex
injuries wherein the area of bleeding is not easily accessible. Among all these
methods, use of chemical hemostatic agents proved to be more useful under
such conditions.

Hemostatic agents are often used in surgery as they help a patient’s coa-
gulation system to quickly develop an occlusive clot. These agents are used
in intraoperative hemostatsis, hemorrhage control in dental extractions and
odontostomatology, intestinal, orthopedic, and ear surgery, and in urological
and for microcoil embolization in upper and lower gastrointestinal hemorrhage.

The biosaftey and compatibility of gelatin was evaluated in many studies
before application, for instance, biocompatibility and genotoxicity of gelatin
sponge was evaluated in vitro. Cytotoxicity was analyzed by neutral red uptake
and amino acid black staining test, where genotoxicity was analyzed by the
Ames test, Sister Chromatides Exchange (SCE), and chromosal aberrations.
The undiluated extract of gelatin sponge was found to be cytotoxic, but cell
viability was not affected by 1 : 2 and 1 : 10 diluted extract. The same material
was also found to be nongenotoxic by all three assays [32].

There are several types of hemostatic agents available commercially with
different configuration and combinations approved by the FDA for use as
hemostatic agents during and after operative procedures. The following are differ-
ent types of chemical hemostatic agents: collagen-based hemostat, albumin-based
hemostat, cellulose-based hemostat, gelatin-based hemostat, polysaccharide-based
hemostat, inorganic hemostat, fibrin-based hemostat, and polymeric hemostat.
These hemostats act in a variety of ways, some of them stimulate formation of
fibrin or inhibit fibrinolysis, whereas some others improve hemostasis, and
some hemostats provide tamponade at the site of bleeding and activate coagu-
lation. A topical hemostat is often necessary because of the choice of technique
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used, and one has to take into account the site of surgical procedure, type of
procedure, amount of bleeding, experience of application, cost, and preference
of the surgeon [33].

The gelatin sponge was first introduced in the 1940s by Dr. Gray for use in a
neurosurgical procedure. Commercial gelatin-based hemostats have been in
use to stop bleeding since 1945 [34] and are available commercially under
various names and configurations. These are water soluble and are widely used
to stop bleeding. Though the mechanism of action of gelatin-based hemostats is
not fully understood, it is believed that the hemostatic properties are the result
of induction of hemostasis by hastening the development of thrombus and
providing structural support to it. After application, gelatin-based hemostats
are absorbed in 4—6 weeks [35]; when applied during nasal surgery, it liquefies
within 2—5 days. It has been reported that gelatin induces a better quality of
clot than collagen-based agents [36]. Following are some commercial gelatin-
based hemostats:

® Gelfoam (Pharmacia & Upjohn): Porcine gelatin in powder form, non-
antigenic, can be used as dry or with sterile saline.

e Surgifoam (Ethicon): Porcine gelatin as sponge (off-white porous),
powder, or paste, more suitable for irregular cuts/wound in spinal,
vascular, or spinal applications, can be applied as paste (spreading) or
through applicator. (See Fig. 3.2.)

e Floseal Matrix (Baxter Healthcare): Bovine gelatin, human thrombin,
viscous gel, through syringe application.

3.6.1 Gelfoam

Gelfoam is a water-insoluble hemostat available since 1945 and approved on
July 8, 1983. It is an off-white, nonelastic, porous, pliable product prepared
from pure gelatin. It is capable of absorbing up to 45 times its weight of whole
blood [37]. It has been used widely in a number of clinical indications such as

(a) (b) (c)

FIGURE 3.2 Surgifoam: (a) gelatin powder, (b) gelatin sponge, and (c) gelatin paste.
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gastrointestinal bleeding, trauma, postpartum hemorrhage, and in preoperative
tumor embolization, retroperitonal and pelvic bleeding, and uterine artery
embolization to reduce hepatic hypertrophy of one lobe before surgical
resection of other lobe. When placed in soft tissues, it is usually absorbed
completely within 4—6 weeks without inducing excessive scar. When applied to
bleeding nasal, rectal, or vaginal mucosa, it liquefies within 2—5 days. Gelfoam
is available in a wide range of formulations, for example, Gelfoam Plus,
Gelfoam sponge, Gelfoam powder. It is effective in ebbing blood flow when
manual pressure, ligature, and conventional procedures are impractical. It is not
advisable to use Gelfoam in intravascular compartments or in the closure of
skin incisions. As Gelfoam swells, it limits its application to be used within
confined space such as the spinal formina where it can cause spinal cord nerve
and brain compression. There are some reports of neurological deficits due to
the intraspinal use of gelatin [38]. A study was carried out to assess the
hemostatic application of gelatin paste and gelation sponge (soaked in throm-
bin) and microfibrillar collagen from bone bleeding. A total of 45 hip replace-
ments were done with the use of the above-mentioned hemostatic agents to
reduce bleeding from cancellous bone (femoral surface of trochanteric osteo-
tomies) during hip replacement. Gelatin paste was more effective among these
with 85% reduction, followed by gelatin sponge soaked in thrombin (75%) and
microfibrillar collagen (47%) compare to control (11%, spontaneous bleeding
reduction in eight control hips to which no agent was given) [39].

The efficacy of Gelfoam powder as a bone hemostat in cardiopulmonary
surgery was evaluated by two randomized open-label clinical trials. The
objectives of the study were to evaluate the efficacy of Gelfoam as a hemostatic
agent in the treatment of sterna bone bleeding in cardiopulmonary bypass
surgery, to identify deleterious effects, if any, on interference with bone healing,
and to determine any systemic or local wound side effect from Gelfoam in situ.
A total of 215 patients between 18 and 74 years old undergoing cardiopulmonary
bypass surgery were enrolled and grouped into two groups: the Gelfoam group
(108) and the control group (107). The Gelfoam paste was applied to the cut
sternal surface immediately following sternotomy. The control group received
no treatment to the cut surface. Blood loss was monitored both during bypass
surgery and postoperatively. It was observed that the amount of blood loss in
the Gelfoam group was significantly less than that of the control group. The
mean blood loss in the Gelfoam group was 13.72 gm, whereas in the control
group it was more than double, 27.71 gm. At hospital discharge, normal bone
healing was reported for 105 patients (97%) in the Gelfoam group and 104
patients (97%) in the control group. At the 3-month follow-up 95% of patients in
the Gelfoam group and 93% of patients in the control group were healed.
A clinical study of gelfoam showed that the paste made from Gelfoam is safe
and effective in treating intraoperative bleeding when applied to cut surface of
cancellous bone.

Several reports of adverse reactions associated with the use of this material
have been reported and show that Gelfoam may serve as a nidus for infection
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and abscess formation and may potentiate bacterial growth. With the use of
Gelfoam, the foreign body reaction, “encapsulation” of fluid and hematoma
have been reported. When Gelfoam was used in laminectomy operations,
multiple neurological events were noticed such as cauda equine syndrome,
spinal stenosis, meningitis, headache, paresthesias, pain, bladder and bowel
disfunction, and impotence. Toxic shock syndrome has also been reported in
association with the use of Gelfoam in nasal surgery. Fever, failure of
absorption, and hearing loss are also adverse effects associated with the use
of Gelfoam in tympanoplasty [40].

3.6.2 Floseal

Floseal was approved on December 8, 1999, as an effective hemostat from
Baxter Corp. It works on wet, actively bleeding tissues and conforms to
irregular wound surfaces. It can be applied to both hard and soft tissues. It
is absorbed within 6—8 weeks. Floseal is well suited for application to a heavy
bleeding site [41]. Several studies have been carried out to compare Floseal with
gelfoam in combination with thrombin. It has been observed that Floseal
results in a faster and more effective hemostasis than Gelfoam in heparinized
patients [42]. It is useful in ear, nose, and throat interventions.

The usefulness of Floseal in many surgical disciplines has been reported
[43, 44]. In endoscopic neurosurgery and removal of tumor, the surgeon has to
face oozing or focal bleeding from mucosa, vascular structure, or lesion, which
results in reduction of the visibility for the surgeon and subsequently tumor
removal and the patient’s safety. Specific skills and techniques are required to
stop intradural bleeding so as to preserve neurovascular structures and
maintain the operating field clear. In such cases Floseal has been found useful.

When applied to the bleeding site, the Floseal granules adhere to the surface
and swells, resulting in restriction of blood flow, whereas thrombin activates
clot formation. After that it can be irrigated to make the operative field clear.
After application of Floseal matrix, homeostasis was observed immediately. This
matrix was found useful for both oozing and focal hemorrhage and effective for
high flow bleeding [45]. In one controlled randomized clinical trial (93 cardiac
patients) of the Floseal matrix versus thrombin-soaked Gelfoam as hemostatic
agents in cardiac surgery [42], demonstrated that Floseal matrix was safe
and effective with a faster time of coagulation and better efficacy (94%) than
Gelfoam (60%). After application of the Floseal matrix at the bleeding site the
gelatin particles swell and tamponade bleeding. The gelatin matrix—thrombin
composite slows blood flow and provides exposure to a high concentration of
thrombin, thus hastening clot formation.

Floseal has been found to be more effective in nasal packing during posterior
epistaxis. Removal of nasal packing may lead to pain, infection, rhinorrhea,
disturbance of breathing, necrosis, sleep apnea, and epistaxis. Several studies
have shown that nasal packing such as tampons and gauze are often uncomfor-
table to remove [46]. In a histopathologic study on the sheep model a loss of
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ciliated epithelial cells was shown on the removal of the cotton sponge [47].
Gelatin—thrombin matrix has been studied for its hemostatic effect after
endoscopic sinus surgery in a multicenter, prospective, single-arm study.
Thirty-five patients were enrolled (17 male, 13 female, age 48 = 15 years). Patient
satisfaction and postoperative healing were evaluated; 29 patients achieved
hemostasis 10 min after application (96.7% success rate). No complications such
as synechiae, adhesion, or infection were reported [48]. Floseal was also found to
be more useful in percutaneous nephrolithotomy (PCNL). Two patients were
treated with PCNL for evaluation of initial clinical use of Floseal followed by five
patients. Gelatin matrix sealant was injected down the nephrostomy tract. The
operative time was 75 and 180 min. After the procedure both patients had
stable postoperative hemoglobin and no evidence of bleeding or obstruction on
postoperative computerized tomography [49]. Safety and efficacy of the surgeon-
prepared gelatin as hemostat was compared with Floseal for hemostasis in
laproscopic partial nephrectomy (LPN). From August 2006 to July 2008 forty
LPNs were performed at two different institutes by the same surgeon for this
study. Estimated blood loss, operative time, transfusion rate, and complications
were taken into consideration while comparing gelatin versus Floseal. The study
demonstrated that the same efficacy was observed with surgeon-prepared gelatin
and Floseal [50].

Care must be taken while applying this agent; it should not be injected into
the blood vessels or allowed to enter the blood vessels. It should not be applied
in the absence of active bleeding. Care should be taken while using this agent to
stop wound bleeding, and it should not be used in closure of skin incisions as it
can interfere with the healing of wound/skin edges. If the patient has a known
history of allergies to material of bovine origin, the material should not be
applied. As it swells 10—20% when it comes in contact with blood or body
fluids, only an adequate amount of the material should be used, and excess of
material must be removed from the site of application using mild water
irrigation. This material should not be used along with methylmethacrylate
or other acrylate adhesive.

3.6.3 Surgifoam

The Surgifoam absorbable gelatin sponge is a sterile water-insoluble, malleable,
off-white porous sponge. In intraspinal surgery mechanical methods of hemo-
stasis are not helpful because of depth; electrical methods such as use of bipolar
forceps are also not suggestive as they may induce thermal injuries and most of
the intraspinal procedures are associated with removal of bone (less or more).
Blood starts oozing from the chipped bone, to stop this bleeding bone wax is
used commonly. Bone wax has certain limitations such as difficulty in molding.
In such cases Surgifoam powder has an advantage as it can form a paste that
can be spreaded or shaped to the irregular surface of the chipped bone [51]. It
was approved by the FDA as Surgifoam sponge for clinical use on September
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30, 1999. It was approved in a powdered form as Surgifoam powder in 2002.
In 2004 it was approved for clinical use as a mixture with thrombin for
improved hemostasis. Surgifoam sponge was compared to a control sponge in
unpublished trials of 281 patients and found to be effective without any
adverse effects. No randomized, controlled clinical trials have been published
to compare Surgifoam thrombin with other hemostatic agents. An open,
randomized, controlled, multicenter, and unmasked clinical trial (281 patients)
was designed to evaluate Surgifoam for hemostatic application and safety
compared to absorbable gelatin sponge. Cardiovascular, general surgical, and
orthopedic patients were enrolled for the study. The sponges were soaked with
saline or used as dry, and patients were followed for 2 months after surgery to
assess the safety of the study material. A total of 281 patients received treatment
with the study material. The hemostasis data was collected immediately during
surgery and the patients were examined at 2—4 weeks and again at 6—8 weeks
in order to obtain safety data. Statistical analysis showed that Surgifoam
and control sponge are equivalent in the ability to achieve hemostasis within
10 min [52].

A controlled, randomized, multicenter open clinical study was conducted
to evaluate safety and efficacy of Surgifoam with absorbable gelatin sponge.
206 patients were enrolled: patients were followed for 2 months after surgery
to assess the safety of the sponge. Hemostasis was achieved within 10 min.
Patient sera were tested for the immune response (antiporcine collagen immu-
noglobulin). Sera were collected prior to surgery, at 2—4 weeks and 6—8 weeks
following surgery. Only 1 of the tested patients had antibodies at baseline and
6 of the 206 patients had antibodies at the 6—8 weeks time point [53]. The safety
and effectiveness for use in urological procedures has not been established
through randomized clinical trial.

For less painful postoperative care use of absorbable nasal packing not only
helps in easy removal but is also more comfortable. Surgiflo hemostat matrix
with thrombin has gained popularity as nasal packing after sinus surgery. A
study was carried out with the use of Surgiflo hemostat in combination with
thrombin—JMI (Jones Pharma Inc., Bristol), when applied to a bleeding
surface allows intimate tissue contact and conformation to an irregular wound
bed and accelerates clot formation. The above mixture was effective in
controlling bleeding in 96.7% of patients undergoing endoscopic sinus surgery
and recommended for randomized controlled clinical trials.

Surgifoam can be stored at room temperature (15—30°C), the material is to
be used as soon as the packet is opened, with the unused part discarded. The
package should be opened and the material should be handled in sterile
condition. Surgifoam can be cut with scissors to desired shape and size. A
sponge of the required amount is to be used, manual compression of the sponge
before applying to bleeding site, and held with moderate pressure until
hemostasis is achieved should be followed. Excess sponge can be removed by
irrigation with sterile saline.
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3.7 CONCLUSION

For decades absorbable gelatin-based hemostatic agents have been used for
hemostatsis. No hemostatic agent is entirely safe and all have more or less
side effects. Though the safety of patient has first priority, knowledge, proper
handling, and use of minimal/required amount of these agents make them more
popular as hemosatats than other methods and are the first choice for surgeons
in the operating room. These agents not only help in improving a patient’s
condition but also reduce complications and lower direct or indirect cost [54].
Few randomized clinical studies have been carried out but most compare one
agent with another. More clinical data is needed. Safety and efficacy in many
areas, for instance, clinical data on the use of these agents in gynecology
surgery, is limited. In spite of these issues these agents are popular in surgical
field and will remain.

Note: Editors/contributors to this chapter have no commercial or any other
association with the companies that make/market the products summarized in
this chapter.
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4.1 INTRODUCTION

Chitosan (poly 1,4-3-pD-glucosamine) is a naturally occurring cationic poly-
saccharide and refers to a large group of polymers that differ in their molecular
weights (50—2000 kDa) and degree of deacetylation (40—98%) [1]. It is derived
by partial N-deacetylation of chitin from crustacean shells [2]. Chitosan possess
a rigid crystalline structure with inter- and intramolecular hydrogen bonds
(Fig. 4.1).

The pKa value of chitosan is around 6.2—7 and is insoluble in neutral and
alkaline pH solutions [3]. Chitosan degrades by hydrolysis of glycosidic links of
acetylated residues in the presence of lysozyme [4]. Thus the degradation rate
mainly depends on the degree of deacetylation [2]. In acidic medium, the amine
groups in chitosan get protonated, resulting in a positively charged soluble
polysaccharide with a high charge density. Thus at a high degree of deacetyla-
tion, chitosan adopts a more extended conformation due to charge repulsion,
whereas at a low degree of deacetylation, it becomes coiled [1].

Recently, chemical modifications to chitosan have received a great deal of
attention since the modifications can impart new biological activities and improve
the mechanical properties [2]. The presence of three kinds of functional groups—
amino group at C-2 and primary and secondary hydroxyl groups at C-6 and C-3
positions, respectively, in chitosan—allows chemical modifications of chitosan,
resulting in numerous functional derivatives with desirable properties. For example,
the sulfation process can alter the properties from cationic, hemostatic, and
insoluble at alkaline pH to anionic, anticoagulant, and water soluble material [5].
Similarly quaternization of chitosan improves the stability of polyplexes and
transfection efficiency [6]. Chitosan and its derivatives that have been used for
various biomedical applications are summarized in Table 4.1.

OH

HO NH,

n

FIGURE 4.1 Structure of chitosan.
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TABLE 4.1. Properties and Biomedical applications of various chitosan derivatives.

Derivatives Properties Applications Reference
Sulfanilamide Reduces oxidative Antioxidant and free 7
derivatives: damage caused to cells radical scavenging
(a) Chitosan activity
sulfates
(b) Sulfanilamide
derivatives of chitosan
Lauryl succinyl Increases the residence Oral peptide delivery 8
chitosan time and bioavailability
of drug and paracellular
permeability
TMC—N-trimethyl Widens the paracellular Permeability and 9,10
chitosan chloride route for passage of uptake of
PEG-TMC macromolecular drugs hydrophilic
molecules
Carboxy methyl Increases aqueous Delivery systems 11
chitosan solubility and zwitter
ion characters. Opens
the tight junctions
Chitosan acetate Permeability across Granulation binder 12
intestinal epithelia for tablets.
Sustained drug
release and
sustained release
Polyethyleneimine Encapsulation by Increased mechanical 13
chitosan beads emulsion phase stability and
inversion adsorption
capacity and limits
biodegradation
Deoxycholic acid Nonviral carriers 14
conjugated chitosan
oligosaccharide
Chitosan N-betainates Ability to condense gene Gene delivery and 15
into nanoparticles that can  high transfection
be endocytosed by cells efficiency
and enters the nucleus
Chitosan— Increased mucoadhesion Drug release 16
thioethylamidine
Carboxyl ethyl Decrease the Antimutagenic 17
chitosan deoxyribonucleic acid (Protect E. gracilis

(DNA) damage by
scavenging the ROS

and forms stable polymer
radical

from genotoxic
actions of
mutogens like
acridine orange and
ofloxacin)
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The chief constituent in chitosan is glucosamine, a natural material that is
present in the body and used to produce glycosaminoglycans, which form
cartilage tissue [4]. Chitosan exhibits excellent properties such as biodegrad-
ability and biocompatibility and is amenable to chemical modification [18].
Moreover, it possesses microbicidal [1], antihypercholesterolemic [2], and
immune stimulatory effects [19]. Chitosan promotes wound healing and has
high availability, thus making it and its derivatives the most extensively
investigated materials for pharmaceutical and biomedical applications [20].
This chapter presents an overview of recent research on various biomedical
applications of chitosan and its derivatives, highlighting its role as biosensor,
permeation enhancer, delivery vehicle, tissue engineering scaffold, and wound
healing material.

4.2 CATIONIC NATURE OF CHITOSAN AND ITS IMPLICATIONS IN
THERAPEUTICS

The cationic nature of chitosan is one of the key factors that render chitosan-
based materials as versatile with a broad range of therapeutic applications [21].
Most of the bioactive properties of chitosan such as biocompatibility, biode-
gradability, microbicidal, and mucoadhesiveness exclusively depend on the
cationic property of chitosan. The positively charged chitosan electrostatically
interacts with negatively charged glycosaminoglycans and proteoglycans, which
are linked with cytokines or growth factors [22]. This improves the cell adhesion
and proliferation property of chitosan-based scaffolds [23]. Chitosan possesses a
mucoadhesive property due to electrostatic interaction between positively
charged chitosan and negatively charged sialic acid residues on mucosal surfaces
[24]. The cationic property of chitosan has a high affinity toward the anions in
bacterial cell wall, thereby preventing the mass transport across the cell wall. This
microbicidal action of chitosan also plays a major role in the wound healing
process [21].

In neutral or alkaline solutions, chitosan possesses free amino groups. The
amine groups of chitosan aid in activation of macrophages and cytokines in
mice models, thereby demonstrating their role in the wound healing process [18].
Moreover, chitosan has both thrombogenic and platelet adhesive properties,
which also improve the wound healing process [18]. An antioxidant property has
been identified in all kinds of sulfated chitosans [22]. The addition of the
sulfanilamide group on chitosan and chitosan sulfates produce a stronger
scavenging ability against superoxide and hydroxyl radicals [7]. 1,3,5-Thiadia-
zine-2-thione derivatives of chitosan have been shown to actively scavenge
reactive oxygen species. Cationic chitosan shows the cytotoxic effects on various
tumor cell lines such as HeLa (cervical cancer), HT1080 (human brosarcoma),
A549 (lung cancer), and MRC-5 (human lung broblast) [25]. The antacid and
antiulcer characteristics of chitosan were found to be more useful to prevent
drug irritation in the stomach while delivering the drug [26].
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4.3 SAFETY OF CHITOSAN

The toxicity of chitosan depends upon its route of administration, molecular
weight, degree of deacetylation, and charge density [27]. The oral toxicity of
chitosan shows a low lethal dose (LDsg) value of 16 g/kg in rats [28]. In
rabbits, the oral administration of chitosan showed a significant amount
being metabolized in the gut due to the presence of chitinolytic enzymes [18].
The intestinal absorption of radiolabeled chitosan was investigated in rats. The
radiolabeled chitosan was digested into low-molecular-weight compounds
in the gastrointestinal tract and distributed in tissues extensively [29]. Oral
administration of chitosan up to 6.75 g in humans is reported as safe [18]. This
may be attributed to the fact the chitosan does not accumulate in the body since
it is converted into glucosamine derivatives, which are either excreted or used in
amino sugar pool [18]. Baldrik et. al., demonstrated that 6—18% of chitosan
was eliminated through feces after oral administration in dogs [18]. Moreover,
the administration into the jejunum and colon showed about 40% loss of
original weight [18]. Lee et al., evaluated the excretion rate of radiolabeled
glucosamine in urine, feces, and expired air in rats after oral administration
and observed that the clearance was found to be around 4, 17, and 54%,
respectively. The remaining 25% was distributed into cartilage or connective
tissue [30]. In vivo biodegradation of water-soluble chitosan in a mouse model
reported 50% of deacetylated material was degraded and cleared readily,
signifying no concerns of bioaccumulation [31].

Studies have also demonstrated the cytotoxic effects of high-molecular-
weight chitosan when administered intravenously due to blood contact [18].
The intravenous administration of chitosan at low (4.5 mg/kg/day) and high
doses (50 mg/kg/day) in rabbits for 10 days showed that at low dose no sign
of abnormality was observed whereas a high dose caused death due to blood
cell aggregation [18]. Chitosan administration through the subcutaneous
route showed clinical signs such as vigor loss, anorexia, increased white
blood cell count at 50 mg/kg/day, and death at 150 mg/kg/day [32]. As the
charge density increases, the toxicity also increases [32]. Thus chemical
modifications with little or no change in charge density produces little
effect on toxicity beyond the unmodified one [33]. Alternatively, chemical
modifications to mask the cationic charge may also lead to reduced toxicity
of chitosan.

4.4 CHEMICAL MODIFICATIONS OF CHITOSAN

Although chitosan is soluble in aqueous dilute acids below pH 6.5, it is
insoluble in water and most organic solvents [18]. Such limited solubility of
chitosan brings special attention toward the modification of chitosan. Cur-
rently, the study of various modified chitosans or chitosan derivatives for
biomedical applications are of more interest. The occurrence of reactive
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functional groups in chitosan offers huge potential for chemical modification,
which affords a wide range of derivatives such as N,N,N-trimethyl chitosan,
thiolated chitosan, and sugar-bearing chitosan [34]. Generally, addition of side
chain disrupts the crystal structure of the molecule and thereby increases the
amorphous fraction. This event reduces the stiffness of the material and
improves the solubility. Such chemical modifications of chitosan have been
proved to impart desired physiochemical properties such as solubility, hydro-
philicity, crystallinity, stability, charge density and the like into native chitosan.
Hence, changes in the biological and physiochemical properties of chitosan
depend on the nature of the side group. For example, O-(2-hydroxyl) propyl-3-
trimethyl ammonium chitosan chloride (O-HTCC) possesses higher charge
density than chitosan, resulting in a higher loading efficiency for model protein,
bovine serum albumin [35]. Similarly, galactosylated chitosan has been found to
be very effective to target asialoglycoprotein receptors in liver parenchymal cells
for the treatment of liver-related disease [36]. Anticancer drugs require efficient
intracellular delivery to kill the cancer cells. For example, the primary site of
action for paclitaxel is the microtubule. Development of N-acetyl histidine
conjugated glycol chitosan (NAcHis-GC) has been found to be proficient for
the intracytoplasmic delivery of paclitaxel where histidine acts as pH-responsive
fusogen [37]. Some widely used chitosan derivatives with specific properties are
discussed in the following section.

4.5 HYDROPHOBICALLY MODIFIED CHITOSAN

Self-assembled nanoparticles or micelles have received a great deal of atten-
tion as a carrier molecule since it protects the drug from the environment.
Chitosan derivative with amphiphilic property is essential for the formation of
self-assembled nanoparticles, and the amphiphlicity can be introduced by the
addition of hydrophobic moieties to chitosan [38]. Hydrophobic chitosan
derivatives self-assemble into a micelle with a hydrophobic core in an aqueous
media. Such a hydrophobic core of nanoparticles has been proved to be a
reservoir for various drugs, and, since nanoparticles are small in size, they can
be administered intravenously [34]. Additionally, conjugation of targeting
moiety on such nanoparticles improves the therapeutic efficiency of chitosan-
based material. Figure 4.2 shows the structures of the chitosan—linoleic acid
conjugate and the chitosan—deoxycholic acid conjugate. Oleoyl-chitosan,
which has a diameter of about 315.2 nm, has been evaluated as a carrier for
hydrophobic antitumor drugs [38]. Moreover, its high encapsulation effi-
ciency, sustained release profile, and no fibroblast cytotoxicity have also been
proved. There are a variety of hydrophobically modified chitosans devel-
oped using moiety such as deoxycholic acid, linolenic acid, and linoleic acid
[39—42]. These can form nanosized self-aggregates used to deliver hydro-
phobic drugs.
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FIGURE 4.2 Structure of hydrophobically modified chitosan: (a) chitosan—linoleic
acid conjugate and (b) chitosan—deoxycholic acid conjugate.

4.6 QUATERNIZATION OF CHITOSAN

4.6.1 Trimethyl Chitosan Chloride

Trimethyl chitosan chloride (TMC) is a derivative of chitosan that is com-
pletely soluble in neutral and basic pH at which native chitosan is not soluble,
and the solubility of TMC mainly depends on the degree of methylation [43].
This can be used to increase the paracellular transport of hydrophilic mannitol
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across the Caco-2 cells [44]. Moreover, the opening of a tight junction mainly
depends upon the degree of substitution in TMC. Chitosan-HCI and TMC with
varying degrees of deacetylation for enhancing the permeability of radiolabeled
mannitol in Caco-2 intestinal epithelia at pH 7.2 was investigated [45].
TMC with 60% substitution increases the permeability of '“C-labeled man-
nitol across Caco-2 monolayers where as chitosan-HCI and TMC with 12.8%
methylation failed to permeate the cell membrane [45]. Chitosan may not be a
suitable delivery system for targeting peptide drugs to jejunum or ileum since it
gets aggregated at above pH 6.5 [46]. This can be overcome by the substitution
of a primary amine with the methyl group, resulting in TMC. The investigation
of cytotoxic effects of TMC on Caco-2 monolayers during permeability
enhancement clearly stated that the TMC broadens the paracellular pathways
without affecting the cell membrane [47]. Effect of various quaternized
derivatives such as TMC, dimethylethylchitosan (DMEC), diethylmethylchi-
tosan (DEMC), and triethylchitosan (TEC) on opening of a tight junction and
transport of insulin across Caco-2 cells were observed in the order of TMC >
DMEC > DEMC > TEC > chitosan [48] (Fig. 4.3). This may be due to
steric hindrance of alkyl groups that shield cationic charge of quaternary
amines. An in vivo study in rats on buserelin absorption with or without
TMC60 at neutral pH indicated a significant increase in serum concentration of
buserelin after the coadministration of the peptide drug with TMC60 [49].
Hence, this can be used as a safe permeability enhancer for the transmucosal
delivery of peptide drugs.
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FIGURE 4.3 Structure of hydrophobically modified chitosan (a) trimethyl chitosan
(TMC) and (b) diethylmethyl chitosan (DEMC).
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FIGURE 4.4 Monocarboxy methylated chitosan (MCC).

4.6.2 Monocarboxy Methylated Chitosan

Monocarboxy methylated chitosan (MCC) was synthesized by the chemical
modification of amine groups with glyoxylic acid and sodium borohydride
as the reducing agent (Fig. 4.4) [50]. The introduction of the carboxyl group
bearing moiety on chitosan possesses polyampholytic or zwitter ionic char-
acteristics [50]. This property is very useful to make clear gels or solutions even
in the presence of polyanions (e.g., heparin) at neutral or alkaline pH [50].
However, chitosan and TMC were precipitated out of the solution in the
presence of heparin, but MCC promotes aggregation in an acidic environment
[50, 51]. Crosslinking of molecules can stabilize the chitosan derivative in
acidic condition by preventing the cationization of amino groups. Both TMC
and MMC found to have absorbtion enhancing properties [46, 52]. MMC has
been found to enhance the paracellular transport of an anionic macromolecule
through controlled, transient, and reversible opening of tight junctions without
affecting the functional integrity of Caco-2 intestinal cell monolayers [46].

4.6.3 Thiolated Chitosan

Chitosan-thioglycolic acid is one of the derivatives used as a tissue engineering
scaffold [53]. Thiolated chitosan is prepared by the modification of primary
amine groups with cysteine, thioglycolic acid, and 2-iminothiolane (Fig. 4.5)
[16]. Thiolation of chitosan augments its mucoadhesive property due to the
formation of disulfide bonds with cysteine-rich subdomains of mucus glyco-
proteins [34]. This material is liquid below 25°C and has the ability to become a
gel at 37°C [54]. The introduction of the thiol group makes the chitosan a more
suitable candidate for being a scaffold in terms of wettability, degradation rate,
and in situ gelling property [55]. The in vitro investigations of such conjugates
using L.-929 mouse fibroblast cells was found to be nontoxic [56].

4.6.4 PEGylated Chitosan

The limited solubility of chitosan due to its rigid crystalline structure restricts
its use in the biomedical field [57]. Many researchers have tried to improve its
solubility by grafting hydrophilic polymers onto chitosan [57, 58]. One such
polymer is polyethyleneglycol (PEG), which improves the half-life of a drug in
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FIGURE 4.5 Structure of (a) chitosan—thioglycolic acid and (b) chitosan—cystein.

plasma circulation [59]. In addition, PEGylated trimethyl chitosan has im-
proved the colloidal stability, biocompatibility, and transfection efficiency
for gene delivery when compared to unmodified TMC [10]. Moreover, graft
copolymerization onto chitosan effectively improves chitosan properties such
as its chelating property, its adsorption, and its bacteriostatic properties [60].

4.7 CLINICAL APPLICATIONS OF CHITOSAN AND ITS DERIVATIVES

Chitosan has been extensively examined for biomedical applications in which
attention has been focused on its absorption enhancing, mucoadhesive, and
controlled-release properties [16]. Due to its linear unbranched structure
and higher molecular weight, chitosan is an excellent viscosity-enhancing agent
in acidic conditions [2]. This viscosity regulates biological properties such as
wound healing, osteogenesis, and biodegradation [61]. The following sections
deal with the applications of chitosan and its derivatives in the use as penetration
enhancers in vaccine, drug, and gene delivery, antihyperlipidemic agents, for
treatment of cancer, coating material on drugs, biosensor, and regenerative
medicine.

4.8 PENETRATION ENHANCERS IN VACCINE AND DRUG DELIVERY

Chitosan at a high degree of deacetylation has been found to be very effective as
permeation enhancer at both a high and a low molecular weight, whereas in a low
degree of deacetylation it was only effective at a high molecular weight [62]. The
influence of molecular weight and degree of deacetylation on the permeability of
Caco-2 cells in intestinal monolayers was investigated [62]. By inhibiting the
permeation effects of chitosan using anionic heparin, it has been demonstrated
that the cationic charge of the chitosan only mediates the permeation effects [51].
The striking advantage of mucosal vaccination is the production of local
antibodies at the sites when the pathogen enters the host. As vaccines alone
are not sufficiently taken up after mucosal administration, it is necessary that it is
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coadministered with penetration enhancers such as adjuvants or encapsulated
particles. Bioavailability in an oral peptide drug is one of the major issues in
vaccine delivery due to the presence of various barriers such as an acidic
environment in the gastrointestinal tract, enzymatic barriers, and very limited
absorption through the gut wall [63]. The mucoadhesive property of chitosan is
very helpful to retain the peptide in the intestine for a longer period, thereby
improving the bioavailability [64]. The combination of bioadhesion and opening
of tight junctions between epithelial cells play a major role in chitosan-based
mucosal delivery [65].

Rekha et al., developed insulin-loaded novel lauryl succinyl chitosan
nanoparticles showing sustained release of insulin at a neutral pH [63].
Moreover, the low release at acidic pH (pH 1.2) reduces the insulin loss in
the stomach, and the mucoadhesive property of such derivatives improved
the retention time of insulin [63]. Ovalbumin-loaded chitosan microparticles
was found to be easily taken up by the epithelium of murine Peyer’s patches
and released by the model antigen after the intracellular digestion in Peyer’s
patches [66].

Chitosan easily forms microparticles and nanoparticles that have the
potential ability to encapsulate large amounts of antigens such as ovalbu-
min, diphtheria toxoid, or tetanus toxoid [66, 67]. It has been revealed that
ovalbumin-loaded chitosan microparticles are taken up by Peyer’s patches of
the gut-associated lymphoid tissue (GALT) [66]. Coadministration of chitosan
loaded with antigens in the nasal cavity, enhanced both mucosal and systemic
immune responses. In contrast to oral administration, nasally administered
vaccines have to be transported over a very small distance and are also not
exposed to low pH values and degrading enzymes. Therefore, in the case of
nasal delivery, the vaccine need not be incorporated into microparticles. Thus
chitosan particles, powders, and solutions are promising candidates for
mucosal and nasal vaccine delivery. Effective systemic and mucosal immune
responses against the antigens were observed when Bordedetella pertussis
filamentous hemaggulutinin and recombinant pertussis toxin were coadmini-
strated with chitosan [67].

4.8.1 Carriers in Peptide Drug Delivery

The development of new delivery systems that could protect proteins from the
environment, target to specific sites, and control the release for a prolonged
period of time represents an enabling technology for treating various diseases
and genetic disorders. Though the bioactive proteins and peptides are potential
therapeutic agents, they cannot be administered orally. Oral administration of
peptides is associated with the problems of very poor bioavailability due to
the degradation by proteolytic enzymes in the gastrointestinal tract and of the
impermeability to intestinal mucosa due to hydrophilicity, whereas parent-
eral route of administration requires repeated injections [63, 68]. Moreover,
chitosan opens the tight junctions between the epithelial cells, which allows
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the transport of oral vaccines and macromolecular drugs across the epithe-
lial barrier [28, 52, 69]. Chitosan nanoparticles increase the nasal absorption of
insulin to a larger extent in rabbits [25]. The coadministration of chitosan
hydrochloride improves the intestinal absorption of peptide drugs in rats [70].
Microspheres prepared from chitosan and sodium alginate were found to
release ibuprofen in a pH-dependent manner [47]. The cationic chitosan forms a
complex through electrostatic attraction. When this ionic complex transferred
to physiological pH, can dissociate the portion of polyanion, thereby releasing
drugs in a pH- dependent manner. YIGSR-chitosan showed higher inhibitory
activity against lung metastasis of B16Bl6 melanoma cells in mice than a
peptide alone [71]. Recombinant human interleukin-2-loaded chitosan micro-
spheres have been taken by model cells (HeLa, L-strain cells) and released the
interleukin-2 for up to 3 months in a sustained manner [66].

4.8.2 Opthalmic Drug Delivery

The efforts in ophthalmic drug delivery have been devoted to increase the corneal
penetration of drugs with the final goal of improving the efficiency of treatments
of different ocular diseases [72]. The attempts include the use of colloidal drug
delivery systems, such as liposomes, biodegradable nanoparticles, and nanocap-
sules [72]. The short residence time of these colloidal systems in the ocular mucosa
represents a limitation in the therapy of extraocular diseases, such as keratocon-
junctivitis sicca, or dry eye disease [72]. Chitosan nanoparticles have been used for
site-specific delivery of drugs to the ocular mucosa, using the immunosuppressive
peptide cyclosporin A (CyA) as a model drug [72]. The use of chitosan can also
increase the corneal residence time of antibiotics and enhance the intraocular
penetration of some specific drugs [73, 74].

The advantages of these systems in ocular drug delivery includes the ability
to contact intimately with the corneal and conjunctival surfaces, thereby
increasing delivery to external ocular tissues without compromising inner
ocular structures and systemic drug exposure and providing these target tissues
with long-term drug levels [72]. Consequently, these systems show great
promise with regard to the circumvention of the present limitations in the
management of external inflammatory or autoimmune ocular diseases, such as
keratoconjunctivitis sicca, or dry eye disease [72].

4.9 GENE DELIVERY VEHICLE

One of the major challenges in gene delivery is to protect the DNA from
the nuclease action. The cationic charge of chitosan is found to be very useful
to interact ionically with negatively charged DNA, thereby protecting the
DNA against the nuclease [5]. Chitosan and its derivatives have been used to
mediate DNA delivery into various cell types such as B16 melanoma cells, COS-I,
HeLa, human embryonic kidney (HEK) cells, human lung carcinoma cells, and
mesenchymal stem cells [75]. Galactosylated chitosan—dextran—DNA was found
to effectively transfect into liver cells [5]. Preparation of chitosan—plasmid DNA
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complexes are cost effective and protect the DNA against DNases action without
restricting plasmid size [76]. Moreover, the appropriate combination of the degree
of deacetylation (DDA) and molecular weight determine the maximum transgene
expression [76]. Similarly the gene transfection efficiency of quartenery chitosan
was affected by the degree of quartenization [77, 78]. Germershaus et al.,
described the effect of physiochemical properties such as hydrodynamic dia-
meter, condensation efficiency, and DNA release on transfection efficiency of
chitosan-based nonviral vectors [6]. They found that quartenization of chitosan
prevents polyplex aggregation and increases the transfection efficiency when
compared to chitosan. Improvement of the colloidal stability of polyplexes
and increased cellular uptake was observed in PEGylated TMC than in
unmodified TMC [6]. Topical application of chitosan-based nanoparticles loaded
with plasmid DNA has been utilized as a promising candidate for genetic
immunization [5].

4.10 OTHER DELIVERY SYSTEMS

Corrigan et al., describe the development and characterization of salbutamol-
sulfate-loaded spray-dried chitosan microparticles toward the delivery of drugs
for treating asthma [79]. Chitosan has been found to be a promising carrier for
colon drug delivery due to its colonic bacterial flora-mediated degradation [66].
Corticosteroid-loaded chitosan microspheres have been targeted to the colon for
the treatment of colitisulcerosa [80]. Chitosan films prepared by solvent casting
and evaporation technique have been investigated for the controlled release of
riboflavin as a model drug and found to be efficient for use as carrier in stomach
[81]. A chitosan-glycerol film was found to release colony-stimulating factor,
GM-CSF [59]. Magnetic chitosan microspheres have been found to deliver the
drug at the target site capillaries under the influence of external magnetic field
[59]. Various forms of chitosan-based drug delivery systems such as tablets,
capsules, microspheres, nanoparticles, beads, films, and gel are used to deliver the
drugs such as salicylic acid, aspirin, paclitaxel prednisolone, doxorubicin,
cyclosporin A, progesterone, and the like [65, 81, 82].

4.11 REGENERATIVE MEDICINE

Chitosan and its derivatives possess various special properties favorable to
regenerate various tissues such as skin, bone, liver, cartilage, and nerve [83].
The antimicrobial is more effective in the regeneration of skin especially in the
case of diabetic ulcer and burn victims [2, 81]. The incorporation of basic
fibroblast growth factor in chitosan improves the wound-healing property [84].
Bilayer physical chitosan hydrogel improved the reconstruction of full skin for
the treatment of third-degree burns [84]. A full thickness wound of 15 mm
diameter on the back of a rat healed perfectly using water-soluble chitosan
(WSC) complex ointment prepared from water-soluble chitosan and heparin
[85]. Skin appendages such as hair follicles and sebaceous glands completely
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regenerated similar to normal skin in WSC-complex-treated rat that cannot be
repaired in full thickness wounds [85]. The application of a collagen—chitosan
matrix as an implantable bioartificial liver was established due to its biological
property and excellent blood compatibility [2]. The mechanical property of
chitosan was increased threefold by the addition of alginate. The ionic
interactions between chitosan and alginate contributed the improved mechan-
ical property. This enables the mineral deposition in vitro and the formation
of vascular tissue and calcified matrix in vivo [86]. Microsphere-based
chitosan—PLAGA composite scaffolds showed excellent mechanical property
similar to that of trabecular bone. Moreover, it has been observed that the
presence of chitosan in chitosan—PLGA composite up-regulates the gene
expression osteoblast-like MC3T3-El cells [87].

Electrospun nanofibers have received much attention because they mimic
the extracellular matrix architecture. However, making electrospun chitosan
nanofibers is a tough challenge due to their rigid backbone. In our laboratory,
we have successfully spun a chitosan nanofiber mat for wound-healing
applications (Fig. 4.6).

In vitro studies demonstrated that chitosan-based matrices support chon-
drogenic activity and also allow the expression of cartilage ECM proteins by
chondrocytes [88]. Such matrices maintained the characteristics of differentiated
chondrocyte phenotype such as round morphology, expressing type II collagen,
aggregans and limited mitosis. Chitosan-gelatin, chitin/chitosan, and chitosan-
polyglycolic acid have been proved effective to regenerate nerves [42]. Addi-
tionally, Jio et al., have found that chitosan-PGA grafts restore long-term
delayed nerve defects (poor growth permisive environment due to the loss of
schwann cell basement membrane) in rats [42].

The antimicrobial and thrombogenic properties of chitosan have generated
considerable interest in wound-dressing applications [18]. The outer membrane
of erythrocytes and platelets are negatively charged. Thus the cationic chitosan
shows more affinity toward erythrocytes and platelets, resulting in platelet
activation and clot formation in the absence of coagulation factors [18]. Celox
is used to control the bleeding and maintain the hemostasis in animal models

FIGURE 4.6 Electrospun nanofibers of (a) chitosan and (b) chitosan—gelatin.
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[4]. Wound dressings made from chitosan-gelatin has showed its antibacterial
property and reduces the wound area with minimal healing time compared to
sterile vaseline guaze [89]. Meshes coated with triclosan-loaded chitosan gel
were used to reduce bacterial count and to prevent graft infection in rats [90].
The sustained release of sulfadiazine from chitosan gel was found to be effective
against infection in wound healing [91]. Chitosan-based wound dressings
enhance the wound-healing process on multiple levels, which induce chemo-
taxis of macrophages and neutrophils, stimulate granulation tissue and reepi-
thelization, carry growth factors, limit scar formation, possess antimicrobial
activity, and enable sustained release of exogenous antimicrobial drugs to the
site of infection [91, 92].

4.12 HYDROGELS

Currently, injectable in situ chitosan hydrogel systems have received a great deal
of attention for the treatment of various cancers [94]. Subcutaneous injection
of paclitaxel-loaded azide-chitosan-lactose hydrogel beneath the tumor was
found to treat lung cancer by inhibiting tumor growth and tumor angiogenesis
[93]. The intratumoral injection of chitosan/3-glycerophosphate hydrogel loaded
with paclitaxol or doxorubicin or camptothecin were proved to be effective
against the treatment of various cancers such as breast cancer and cervical cancer
[93, 94]. An N-succinyl chitosan drug (e.g., mitomycin C) conjugates showed
antitumor properties against various tumor cell lines (L1210, P388, or B16)
in mice [68, 95]. Chitosan nanoparticles loaded with gadopentetic acid have been
used as an intratumoral injectable device for gadolinium neutron-capture
therapy [66].

4.13 CHITOSAN AS A COATING MATERIAL ON DRUGS

Chitosan coating of drugs can improve the bioadhesive property, drug payloads,
and provide a sustained release of the drug [66]. The chitosan-coated polymeric
microspheres of polyglycolic acid—polycaprolactone have been prepared to
deliver the antiproliferative agents for the treatment of restenosis (narrowing of
blood vessel due to smooth muscle cell proliferation). [66]. Similarly, chitosan
coated with alginate microspheres and PLLA microspheres also has been found
to release the drug over a period of time [66, 95].

4.14 BIOSENSOR

The exciting property of chitosan as a carrier molecule in delivery systems
has been known for many years. In recent years, chitosan-based hybrid
composites have received more attention for the development of bio-
sensors [96]. The organic—inorganic hybrid nanobiocomposites improve the
biosensor characteristics by surmounting the existing problem of aggregation
and rapid degradation of metal oxide nanoparticles [96].
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Wang et al., have developed the amperometric biosensor based on iron
oxide—chitosan composite for the determination of ferritin [97]. Zinc oxide—
chitosan nanobiocomposite has been utilized for the estimation of urea and
cholesterol [98, 99]. Kaushik et al., have fabricated the chitosan—iron oxide
(CH-Fe30,) biosensor for glucose, urea, and ochratoxin [96, 100, 101]. Cross-
linked chitosan matrix has been used as an amperometric biosensor for the
estimation of hydrogen peroxide [102].

4.15 ANTIHYPERLIPIDEMIC EFFECT

Chitosan is also being investigated as an antihyperlipidemic agent [17]. The
underlying hypothesis is that the positively charged chitosan may bind to free
fatty acids and bile salt that disrupts lipid absorption in the gut. It has also been
proposed that higher solubility of chitosan in the stomach emulsifies fat [18].
This fat entrapped gel in the intestine prevents the intestinal absorption of fat.
Moreover, it has been found that the chitosan forms flocculus in duodenum,
which can entrap dietary oil. Chitosan supplements in a diet have been found to
reduce the cholesterol levels in rats [18]. However, the cholesterol-lowering
effect of chitosan remains contentious with later findings and needs to be
further evaluated [18].

4.16 CHALLENGES

Amazing systematic progress has been made on chitosan and its derivatives,
demonstrating its huge applications in the biomedical field. The cationic nature
of chitosan makes it a versatile material, not only for delivery applications
but also as an extracellular matrix analog in regenerative medicine and as a
versatile sensing element in biosensors. Moreover, all the applications mainly
depend upon the degree of deacetylation and the molecular weight of chitosan.
Additionally, the mucoadhesive property of chitosan appears to have potential
as an absorption enhancer supporting drug uptake across the epithelial barrier.
Extensive research has been carried out to demonstrate the safety of chitosan.
Chitosan is capable of activating wound healing and tissue repair. Experiments
are continuing on novel derivatives of chitosan to exert better biological
activities for the improvement of human life.
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5.1 INTRODUCTION

The manufacture of chemicals from brown seaweed is one of the oldest
branches of the chemical industry, dating back to 1720 when soda was first
produced from kelp in France, and soon after in Ireland, Scotland, and
Norway [1]. Toward the beginning of the nineteenth century, this was the
only source of this chemical, upon which the glass and soap industries were
developed. The kelp industry reached sizable proportions, as evidenced by the
fact that in 1820 more than 20,000 tons of kelp were produced, involving
the collection of several million tons of weed. However, by ca. 1870, this
industry was struggling for survival due to the discovery of less expensive
sources of potash and iodine. Foreseeing the end of the kelp industry, E. C. C
Stanford, chief chemist of the principal company operating in this field,
investigated that part of the seaweed that had been burnt during the previous
150 years in the hopes that it might contain further chemicals of potential value
to the industry. As a result, he discovered alginic acid in 1883, suggested a
formula for it, and found it to be a colloid not unlike cellulose in composition
and properties [1]. Stanford developed the procedure of alkali extraction of a
thick substance, algin, from the algae and later precipitated it using mineral
acid [2, 3]. In 1896, algin was isolated by Krefting, whose experimention on the
seaweeds of Norway produced a tang acid similar to Stanford’s alginic acid:
However, Krefting claimed that his preparation was nitrogen free [4—6]. It took
48 additional years before commercial production of algin began from the giant
brown seaweed Macrocystis pyrifera—known in the United States as kelp—by
the Kelco Co. in California. In addition to xanthan gum, Kelco has pioneered a
number of other biogums, chemical synthetics, and organic solvent-soluble
colloids. The first uses of the extracted material were as a boiler compound and
for can-sealing purposes. In 1934, alginate was first used in foods as an ice-
cream stabilizer. In 1944, propylene glycol alginate (PGA) was developed and
fabricated on a commercial basis. Alginate production facilities were then
founded in the United States, Europe, and Japan [7].
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Alginates comprise a group of naturally occurring polysaccharides extracted
from brown seaweed. They differ from agar and carrageenan, which are
extracted from red seaweed [8]. Numerous dissimilar species of brown seaweed
exist; the most widely used are Laminaria hyperborea, M. pyrifera, and
Ascophyllum nodosum. M. pyrifera comprises the main group of alginates in
the United States. It is a very large kelp found in sea beds ranging from 50 ft to
1 mile wide, several miles long, and 25—80 ft deep (Fig. 5.1). M. pyrifera affixes
itself to the rock-strewn bottom with a rootlike structure termed holdfast,
so-named because of the physically powerful ocean currents it battles. The
stipes arise from the holdfast and branch three or four times near the base.
Blades develop at irregular intervals along the stipe. The stipes are unbranched
and each blade has a gas bladder at its base [9—11].

The kelp is cut to ~0.9 m below the ocean surface by mechanical means to
allow sunbeam penetration and to support development. The cropped kelp is
processed a short while later. In North America, more than a few additional
Laminaria species can be found and are used in domestic production includ-
ing: Laminaria digitata (found mostly on exposed sites on shores in the lower
littoral where it can be the dominant algae, with a growth rate of 5.5% per day
and a carrying capacity of about 40 kg wet weight per square meter—it may
reach lengths of about 4 m and its distribution is limited by salinity, wave
exposure, temperature, desiccation, and general stress [12, 13]); Laminaria
cloustoni (a rigid and erect light-brown seaweed, with a cylindrical stem that is
0.9—1.8 m long and 5 cm thick at the base. Below the stem it divides into

FIGURE 5.1 Giant kelp (Macrocystis pyrifera). (http://en.wikipedia.org/wiki/File:
Giantkelp2_300.jpg; photograph, originally from the U.S. National Oceanic and
Atmospheric Administration.)
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rootlike branches, which spread and attach the plant to the submarine rocks.
The plants grow on these rocks in the Atlantic, Pacific, and Arctic Oceans), and
Laminaria saccharina (a brown alga in the Division Heterokontophyta, also
known by the common name Sea Belt). In Europe, Laminaria species and A.
nodosum are employed for manufacture, while the Japanese harvest Eklonia
cava and the South Africans Eklonia maxima.

Alginate is found as a mixed calcium/sodium/potassium salt of alginic acid
within the intercellular spaces and cell walls. Alginate molecules offer the
strength and flexibility essential for algal growth in the ocean. The gum, which
is generally sold as sodium alginate, is water soluble and used as a viscosity
former, in addition to its gel-forming ability in the presence of calcium and/or
other polyvalent metal ions. Trials to extract alginic acid from residual algae
using the hot-water method were performed [14], but were unsuccessful since
production is strongly influenced by the sulfated polysaccharide extraction
method [14]. Pseudomonas fluorescens (an obligate aerobe that can be found in
the soil and in water—certain strains are capable of using nitrate instead of
oxygen as a final electron acceptor during cellular respiration [15]) and
Pseudomonas putida (a gram-negative rod-shaped saprotrophic soil bacterium
[16]) grown in batch cultures on glucose and fructose (as carbon sources) can
serve as a source for the synthesis of alginate-like polysaccharides [17]. Batch
alginate production by immobilized Azotobacter vinelandii has also shown
potential. The quantity of the produced alginate corresponds to ~60% of that
recovered from a free-cell culture [18]. Another study dealt with the most
favorable conditions for the production of bacterial alginate by A. vinelandii
mutant NCIB 9068. The largest amount of bacterial alginate was obtained in
~110 h by a culture grown on optimal medium at 34°C and shaking at 170 rpm.
The solution of bacterial alginate was more pseudoplastic than that of algal
alginate, but no significant differences were observed among any of their other
properties [19].

5.3 STRUCTURE

Stanford proposed that alginate is a nitrogenous substance, with the formula
C7,6H760,,(NH,), [8]. However, complementary contemporary isolation tech-
niques have demonstrated that the pure product is nitrogen free. Throughout
the 1950s, alginic acid was considered a polymer of anhydro-1,4-3-p-mannuronic
acid [20], and it was only in the 1960s that L-guluronic acid was shown to be
present as well. Consequently, we now know that alginic acid (Fig. 5.2) is a
linear copolymer composed of p-mannuronic acid (M) and L-guluronic acid
(G) [21, 22] units. Regions can be made up of either one unit or the other, or
both in alternating sequence, that is, M blocks, G blocks, or heteropolymeric
MG blocks, respectively. The monomers have a tendency to stay in their most
energetically favorable structure in the polymer chain. For M-M, this is the
4C, chair form linked by a 3-(1,4) glycosidic bond. For G-G, it is the 'Cy4 chair
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FIGURE 5.2 Structure of alginic acid. (http://en.wikipedia.org/wiki/File:Algins%
C3%A4ure.svg; source: NEUROtiker.)

form linked by an a-(1,4) glycosidic bond. M blocks have an extended ribbon
form, G blocks are buckled, and the MG-block regions are of intermediate
rigidity [23]. The chemical composition of alginate has been determined by
nuclear magnetic resonance (NMR) spectroscopy [23]. The behavior of a
particular alginate depends on its molecular weight and on the proportion
and arrangement of the M and G units. The composition of marketable brown
seaweed has been investigated [24]: The percentage of M units ranged from 61%
in M. pyrifera to 31% in L. hyperborea. The alternating-block region varied
from 26.8% in Laminaria to 41.7% in Macrocystis. Diverse proportions of
monomer have been found in “high M” (e.g., Macrocystis and Ascophyllum)
and “high G” (Laminaria) alginates. Molecular weights of marketable alginates
are in the range of 32,000—200,000, matching a degree of polymerization of
180—930 [25].

5.4 ALGINATE SOURCES AND PRODUCTION

5.4.1 Raw Materials

Only a small number of the abundant species of brown seaweed are suitable
for commercial production. The three mentioned seaweeds, L. hyperborea,
M. pyrifera, and A. nodosum, are harvested by coastal gathering, mechanical
harvesting, or cutting by hand. The seaweed is then towed to the processing
plant where it can be processed either wet or after drying [8].

5.4.2 Processing and Production of Propylene Glycol
Alginate (PGA)

Today’s methods of manufacturing PGA are modifications of processes invented
by Green [26] and LeGloahec and Herter [27] in the 1930s, and information
regarding these processes can be located elsewhere [8, 25]. Even though proces-
sing modifications and improvements can be noted in the numerous existing
extraction plants, Stanford remains responsible for the fundamental process [25].
The extraction of calcium alginate includes size reduction of the raw material,
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acid treatment, formaldehyde treatment, alkaline extraction, separation of
insoluble seaweed residue including floatation, filtration, precipitation of calcium
alginate, bleaching, and conversion of calcium alginate to alginic acid, dewater-
ing of the alginic acid, and conversion of alginic acid to sodium alginate. A very
comprehensive description of the process is given by McHugh [28].

Alginic acid can be treated with sodium carbonate to produce alginate salts
or reacted with propylene oxide to produce PGA. PGA was first prepared ~ 63
years ago [29]. A better method was then published in a more informative
patent [30], and an improvement upon that method was also reported [31].
These modifications decreased the reaction time to 2 or 3 h, mostly by removing
inert gas from the reaction vessel. More recently, Noto and Pettitt [32]
described a process using liquid propylene oxide mixed with partially neutra-
lized alginic acid in a pressure vessel. Good esterification was achieved, even
with very low neutralization of the alginic acid.

As already stated, PGA is an ester of alginic acid in which some of the
carboxyl groups are esterified with propylene glycol, some are neutralized with
an appropriate alkali, and some remain free. It is used as an emulsifier,
stabilizer, and thickener in food products, with E number E405. Following
the reaction, up to 90% of the carboxyl groups are esterified, and the remaining
groups either remain free or are neutralized with sodium or calcium. Different
PGAs can be produced on demand [§].

5.4.3 Alginate-like Polymers

In addition to the recognized traditional hydrocolloid extraction from brown
seaweed, alginate-like polymers are manufactured by a number of bacteria as
an exocellular secretion. Pseudomonas aeruginosa is a gram-negative, aerobic,
rod-shaped bacterium with unipolar motility. It is a partially acetylated
secondary pathogen in patients with cystic fibrosis [33, 34], and the alginate
that it produces includes variable amounts of M and G units. A similar
polymer is produced by the soil bacterium A. vinelandii, which is a diazotroph
that can fix nitrogen under acrobic growth conditions. Additional nonpatho-
genic species can be exploited as possible producers of alginate. Enzymatic
modification with the enzyme mannuronan-C-5-epimerase from Azotobacter
yields alginates with high G content, but this technique is not yet being used
commercially. Another study described the optimal conditions of alginate
production from glucose-based media by A. vinelandii [35]. Empirical models
were used to estimate the C/N ratio (110 g-atom C per g-atom N) and
concentrations of acetate and phosphate associated with optimum alginate
yields, which ranged from 25 to 33% of the supplied glucose. More specifi-
cally, phosphate limitation (0.035 g/L) and no addition of acetate resulted in
maximum alginate production as compared to excess phosphate (3.5 g/L) and
acetate (3 g/L) [35].
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5.5 PROCEDURES FOR PREPARATION OF ALGINATE SOLUTION

Alginate has to be dispersed before dissolution can take place. High-shear
stirring and dry mixing with additional formulation components such as sugar
or starch, or dispersion in oils or glycerol, promote the separation of alginate
particles and subsequently their dissolution, provided these steps are taken
before water is added. If dispersion is not performed properly, clumps form
that are swollen on the outside, preventing contact between the water molecules
and their center. In this case, very high-shear mixing must be performed to
resolve the problem. Overheating during mixing must be avoided to eliminate
degradation of the alginate, which results in reduced viscosity or gel strength.
Soft water is suggested to avoid any undesirable crosslinking of the alginate by
calcium. A long flow property of the smooth alginate solution is achieved after
its dissolution in water. Solution viscosity can be tested by rotational visco-
meters designed for the study of non-Newtonian liquids.

A very weak gel may appear as a thick solution, making it difficult to
differentiate between thickening and gelling, the former often resulting from
limited calcium-alginate crosslinking. The flow characteristics of alginate solu-
tions are affected by chemical and physical variables, including the presence of
salts, sequestering agents, and polyvalent cations, polymer size, temperature,
shear rate, concentration of the gum in solution, and the presence of other
miscible solvents.

Solution viscosity relates to molecular weight, but it is also subject to the
level of residual calcium from the manufacturing process; moreover, the higher
the temperature, the lower the resulting viscosity of the hydrocolloid solution.
Also, at high temperatures thermal depolymerization might occur. This is
dependent on different variables, such as time, temperature, and pH. Depoly-
merization can be intentionally achieved via enzyme systems [36] for
many industrial, medicinal, and other purposes. Cooling of the gum solution
results in increased viscosity but does not result in gel formation. Frozen
alginate solution sustains its viscosity after thawing. The addition of alcohols
and glycols (water-miscible solvents) results in increased viscosity. pH
influences alginate solutions differently, depending on the type of alginate
used. Sodium-alginate solutions are not stable above pH 10, PGA is more
stable at acidic pH, and sodium-alginate precipitates at pH <3.5.

Sequestering agents prevent the calcium, which is inherent in the alginate,
from reacting with it or prevent alginate’s reaction with polyvalent ions in the
solution. The addition of sequestering agents decreases viscosity relative to
alginate without these agents. This holds true for both M- and G-type algin-
ates. Furthermore, monovalent salts reduce the viscosity of dilute sodium
alginate. The alginate polymer contracts as the ionic strength of the solution
increases. Maximal viscosity is achieved at a salt level of 0.1 N. This effect can be
reduced by both increasing the gum concentration and keeping the calcium level
low. The effect of salt is prominent following an extended storage period and
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depends upon the alginate source, the degree of polymerization, gum concen-
tration in the solution, and the character of the monovalent salt used.

5.6 MECHANISM OF ALGINATE GELATION

A number of divalent cations react with alginate to form gels [37]. Calcium
is particularly suitable for food applications due to its nontoxicity. Borax
(Fig. 5.3), also known as sodium borate, sodium tetraborate, or disodium
tetraborate, is an important boron compound, a mineral, and a salt of boric
acid, that dissolves easily in water and has a wide variety of uses, such as the
production of alginate gels for nonfood applications [8]. Until fairly recently,
gels in general were thought to be produced by the ionic bridging of calcium
ions of two carboxyl groups on adjacent polymer chains. However, even
though these bonds are important for gelation, they are not regarded as
energetically favorable enough to be solely responsible for it [38]. In poly-1-
guluronate segments (with chain lengths of over 20 residues), enhanced binding
of calcium ions takes place and a cooperative mechanism is involved in the
gelation. Crosslinking occurs via carboxyl groups by primary valences and via
hydroxyl groups by secondary valences. Coordinate bonds extend to two
nearby hydroxyl groups of a third unit, which may be in the same molecular
chain, to retain the macromolecule’s coiled shape, or in another chain, resulting
in the formation of a huge molecule with a three-dimensional (3D) netlike
structure [25]. No such effects are observed for M blocks or alternating blocks.

FIGURE 5.3 Ball-and-stick model of a unit cell of borax (sodium tetraborate
decahydrate), Na,B4O--10H,O, better described as Na,[B4O5(OH)4]- 8H,0. (http://
en.wikipedia.org/wiki/File:Borax-unit-cell-3D-balls.png; source: Ben Mills.)
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Gel formation and the resulting gel strength obtained from an alginate are
therefore very closely connected to the amount of G blocks and the average
G-block length. High G content and long G blocks produce alginates with high
calcium reactivity and the strongest gel-forming potential.

To obtain optimal gel strength, the degree of polymerization should be
>200. A mechanism whereby a cavity acts as a binding site for calcium ions
sandwiched between two diaxially linked G units is formed, producing a 3D
structure called an “egg-box” (Fig. 5.4), within which the calcium interacts with
the carboxyls and with the electronegative oxygen atoms of the hydroxyl
groups. Gelation engages in chain dimerization, followed by aggregation of the
dimers. Alginate gel is looked upon as a semisolid material, and the junction
zones in which the alginate polymers are bound represent the solid state.
Following gelation, the water molecules are actually entrapped by the alginate
matrix or network but preserve their ability to migrate. This has significant
outcomes for a range of applications. Gels with various consistencies can be
formed by reacting soluble sodium alginate with calcium. A minute amount of
calcium is sufficient to obtain a stiff texture. In fact, the stoichiometric reaction
is 0.75 mg calcium per gram of algin (depending on the viscosity grade of the
selected sodium alginate). The most favorable complexing of alginate and
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FIGURE 5.4 The “egg-box” model for alginate gel formation. (Adapted in part
from A. Nussinovitch [8].)
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calcium is obtained by using ~40% of the stoichiometric amount, which varies
with calcium source, the presence of other soluble solids, and pH, among other
things [39].

A mathematical model was developed to describe the kinetics of formation of
calcium alginate gels in thermally set carrier gels [40]. The Sharp—Interface
model was used to describe the crosslinking kinetics. The model presumes
diffusion of calcium ions through a preformed gel of sodium alginate and a
selected carrier, and an immediate reaction between the calcium and sodium
alginate. The model can be employed to predict processing effects on food gels
[40]. The structural changes in an alginate solution during the sol—gel transition
induced by two divalent cations, Ca®>* and Cu® ", were investigated by small-
angle X-ray scattering. Purified alginates exhibited polyelectrolytic behavior [41].
Copper ions demonstrated a higher affinity for alginate than calcium ions. In the
calcium-alginate system, the derived molecular parameters were correlated with
the macroscopic properties of gelation. This correlation was not observed in the
copper-alginate system, suggesting that different gelation mechanisms occur
with calcium alginate and copper alginate [41]. Glucono-6-lactone (GDL) E575
(Fig. 5.5) is a naturally occurring food additive used as a sequestrant, acidifier,
and curing, pickling, or leavening agent. It is a lactone (cyclic ester) of D-gluconic
acid. Pure GDL is a white odorless crystalline powder that is commonly found in
honey, fruit juices, and wine. GDL is neutral but hydrolyzes in water to gluconic
acid, which is acidic, adding a tangy taste to foods, with roughly one-third of the
sourness of citric acid. The rate of GDL hydrolysis is increased by heat and high
pH [42]. The effect of gum concentration on the strength and deformability
modulus of a GDL alginate gel was characterized by a curve having a maximum
strength for a particular concentration of hydrocolloid. Increasing the gum
concentration beyond that point decreased the strength and the deformability
modulus [43]. Sodium hexametaphosphate (SHMP) is a hexamer of composition
(NaPOs)e [44]. Commercial SHMP (Fig. 5.6) is typically a mixture of polymeric
metaphosphates, of which the hexamer is one, and is usually the compound
referred to by this name. SHMP hydrolyzes in aqueous solution, particularly
under acidic conditions, to sodium trimetaphosphate and sodium orthopho-
sphate [44]. Alginate gel set with SHMP exhibited similar mechanical behavior to

FIGURE 5.5 Glucono-b6-lactone: 2D skeletal diagram. (http://en.wikipedia.org/wiki/
Glucono_delta-lactone; source: Benjah-bmm?27.)
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FIGURE 5.6 Chemical structure of sodium hexametaphosphate (SHMP). (http://en
.wikipedia.org/wiki/File:Sodium_hexametaphosphate.png; source: Edgar181.)

GDL alginate gel, quite the opposite of an alginate gel set by calcium diffusion,
which is characterized by a linear relationship between gel strength and gum
concentration [43]. The stress—relaxation properties of alginate gels have been
studied as well, in relation to their possible role in potential novel foods
[45]. A strength—time study of alginate gels demonstrated that the compressive
strength increases rapidly for ~15 h, then tends to stabilize asymptotically [46].
An empirical two-parameter mathematical model was used to estimate the
asymptotic value on the basis of data obtained during the first 20 h. The common
procedure of testing gels after 24 h was concluded to be satisfactory, and a similar
two-parameter model was concluded to enable a reasonably accurate prediction
of the gel’s final weight [46].

5.7 ALGINATE GEL PREPARATION

5.7.1 Degree of Conversion and Thixotropy

Alginate gel properties depend on the type of alginate used, the degree of
conversion to calcium alginate, the source of the calcium ions, and the method
of preparation [8]. High-G alginates are required to form strong brittle gels.
High-M alginates result in the formation of extra-elastic weaker gels that are
less prone to syneresis. The degree of calcium conversion to calcium alginate
(replacing sodium with calcium) has various effects. A small level of conversion
results in increased viscosity. Higher conversion results in the development of
gel structures. Additional conversion results in increased gel strength and
thixotropic behavior whereby the produced gel converts into a fluid upon
applying shear, and reforms when the shearing stops. Supplementary calcium
leads to the production of irreversible gels: They do not reform with subsequent
shearing [8]. Combinations of alginate and high-methoxy pectin (exhibiting
synergism) can produce a gel at low solid contents and a wide range of pHs, in
contrast to high-methoxy pectins that produce gels with high solid sugar
contents [47, 48].
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5.7.2 Diffusion Setting

Diffusion setting is another mechanism used for the manufacture of alginate
gels. Gel beads (Fig. 5.7) can be produced by merely dropping alginate solution
into a calcium chloride bath. The time needed for calcium to diffuse into the
beads is not restrictive, predominantly if its concentration is deliberately
increased. Concentrations on the order of 15% can be used for short times
(on the order of seconds). For food purposes, less bitter calcium salts—such as
calcium lactate or calcium acetate, are required. Acidic baths can be used when
a calcium salt, which is only soluble under acidic conditions (e.g., calcium
hydrogen orthophosphate), is solubilized within the alginate solution prior to
extrusion [8]. When a product that contains low-molecular-weight ingredients
(e.g., sucrose, acids) is prepared, diffusion occurs both in and out of the gel
piece. Internal setting takes place when calcium is released under controlled
conditions from within the system. The rate of calcium release is managed by
pH and the solubility of the calcium salt. To avoid too rapid a reaction between
the alginate and a crosslinking agent, a sequestering agent (such as SHMP) is
added to the system and, depending upon pH, the system’s aptitude to entrap
or free the ions is changed [8]. Therefore, it is possible to make a preparation at
a neutral pH and to change the pH suddenly to an acidic one, inducing the
appropriate sequestering agent to release its entrapped ingredient, which then
reacts with the alginate. Calcium release should be monitored using a special
ion-selective calcium ion electrode. Full knowledge of the calcium concentra-
tion at any given stage of the process allows the creation of improved structured
products [8].

FIGURE 5.7 Alginate gel beads.
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5.7.3 Establishing Dissimilarities Among Alginate Gels

Gel properties such as strength can be tested using a universal testing machine
(UTM). Gel strength is regarded as the maximal stress (i.e., force divided by area)
that breaks a gel (stress at failure). The key parameters influencing gel properties
are temperature, pH, and the presence of proteins and neutral polymers [8].
Alginate gels are thermostable. In addition, once setting occurs, gels do not melt
upon reheating. When the alginate is internally set and each of its constituents
has been blended in, the system contains all the essentials for one-step gelation.
Nevertheless, an increase in solution temperature confers additional thermal
energy to the alginate chains, allowing their alignment, and consequently
gelation is postponed. Upon cooling, associations occur. In such systems, due
to the calcium’s availability to all alginate molecules, a smaller degree of syneresis
is detected. This is quite the opposite of systems in which gelation is induced by
diffusion: There the molecules closest to the calcium source react first, resulting
ininstability, which induces greater gel shrinkage and syneresis [8]. An increase in
alginate and calcium concentrations will require a higher temperature to prevent
gelation. At 0.6% sodium alginate, and enough calcium to give 60% conversion
(a molar ratio of 0.5 is theoretically sufficient for 100% replacement of the
sodium), a temperature of 80°C is required to prevent gelation. Manufacture of a
gel made of alginic acid (without calcium ions) is potentially possible by keeping
the pH at below 3.5 (acid setting bath). Nevertheless the resultant gels are grainy
and undergo syneresis. In a calcium setting bath, reducing pH lowers the amount
of calcium required to obtain a gel. Upon inducing more acidic conditions,
protein is also capable of interacting with sodium alginate [49] by electrostatic
interaction. A decrease in pH increases this interaction’s strength. At acidic pH,
proteins are destabilized and denatured in the presence of alginate, and high-
molecular-weight complexes are also produced [8].

5.8 CLINICAL APPLICATIONS, PRECLINICAL EXPERIMENTS AND
POSSIBLE FUTURE OPTIONS FOR ALGINATE IMPLANTATION

5.8.1 Clinical Applications of Alginate in Urology

Use of Alginate for Treatment of Vesicoureteral Reflux. Normally, the
distal ureter follows an oblique course through the bladder wall. When the
urinary bladder distends, the distal ureter is compressed, thereby preventing
urine reflux from the urinary bladder into the ureter and kidneys [50].
Vesicoureteral reflux (VUR) is caused by dysfunction of this mechanism, and
the consequent retrograde flow of urine to the ureter and kidneys [51]. VUR
increases the risk of recurrent ascending bacterial infections of the kidneys
(pyelonephritis) and eventually, renal scarring and failure [50]. A grading
system (I—V) has been established for the evaluation of VUR severity.
Endoscopic injection of polytetrafluoroethylene (Fig. 5.8) into the ureterove-
sical junction for the treatment of VUR has been widely used since the 1980s
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FIGURE 5.8 Polytetrafluoroethylene (PTFE), a synthetic fluoropolymer of tetrafluoro-
ethylene. (http://en.wikipedia.org/wiki/Polytetrafluoroethylene.)

with a high rate of success (over 85%), although long-term effects remain
unknown [52, 53]. Moreover, polytetrafluoroethylene has been found to
migrate to distant organs, such as the lungs and brain [53], and its consequences
there remain to be determined. The use of collagen for VUR treatment is of
more limited efficacy, with an up to 70 or 80% success rate [53]. Moreover, over
time, the use of collagen loses its efficacy [54]. It has been suggested that VUR
be treated with endoscopic injection of autologous chondrocytes delivered in an
alginate suspension [55]. Over time, the alginate biodegrades and is replaced
with a cartilage matrix [55]. This concept was proven in four mini-pigs with
induced VUR, in which chondrocytes were extracted from the auricle [52].
Injection of an alginate—chondrocyte—calcium sulfate solution resulted in
reversal of VUR in all animals without ureter obstruction [52].

In a clinical trial conducted at two medical centers, 29 children aged 115
years, with grades II-IV VUR on at least one side, were included [53]. Cartilage
was initially grafted from the ear concha, and chondrocytes were later extracted
from the tissue. The chondrocytes were grown for 6 weeks, and then mixed with
alginate. In the operating room, the mixture was further mixed with a solution of
calcium chloride and calcium sulfate in order to obtain a thickened solution. The
authors did not provide the concentration of calcium salts, but it is conceivable
that they were related to a low level of conversion. The mixture was injected into
the ureterovesical junction. The patients were followed for 3 months: 45% of the
patients required a second injection of the alginate—chondrocyte mixture,
resulting in an overall 83% success rate [53]. The adverse outcome rates were
similar to those reported in other endoscopic therapies [53]. A 1-year follow-up
of the study group found successful repair in 70% of the ureters, corresponding
to 65% of the patients [54]. These percentages were comparable to the results
following collagen injections. To improve the outcome, the authors reformu-
lated the matrix for injection, increasing its viscosity and volume. However, no
information is provided on the type of alginate used or the means used to
increase viscosity [54]. Shifting of the injected material from the ureterovesical
junction is the main cause of treatment failure. It is not yet known whether the
use of chondrocytes or alginate or both is responsible for successful VUR
treatment [54].

A phase I1II clinical trial is now being conducted to test prevention of surgery
or antibiotic therapy after endoscopic implantation of a chondrocyte—alginate
gel suspension (clinicaltrials.gov Identifier NCT00004487).
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Alginate for Treatment of Intrinsic Urethral Sphincter Deficiency. Intrinsic
urethral sphincter deficiency (ISD) may be congenital or acquired (e.g., following
pelvic surgeries and treatment of prostate-related diseases) [56, 57]. It usually
results in disabling stress urinary incontinence. Treatment may be surgical,
although transplantation of periurethral bulking agents is an acceptable
alternative [56]. Use of collagen as a bulking agent loses its efficacy in 3—19
months due to collagen biodegradation in some reports [56]. Nevertheless, it is an
approved and widely used procedure in the United States [57]. Due to undesirable
collagen degradation, an alternative was investigated: Chondrocytes (harvested
from the ear pinna) were formulated into a hydrogel suspension consisting of an
alginate—chondrocyte mixture. The alginate—chondrocyte suspension was added
to a calcium solution to form an injectable gel, which was transplanted
(transurethrally or periurethrally) in 32 patients with ISD. No information on
the concentrations of either alginate or calcium was provided. One year following
the procedure, it resulted in 50% full continence and an additional 31.3%
improvement of incontinence [56]. The results were superior to those with
commercial collagen implants (20—25% competency, and an overall 75%
improvement) [56]. Adverse effects of injecting a chondrocyte—alginate matrix
were minimal, except in patients that developed the inability to empty their
bladder normally and required self-catheterization for 1 month [56]. In general, it
can be concluded that alginate and autologous chondrocytes may be an efficient
alternative to collagen for the treatment of VUR and ISD. Moreover, an
alginate—chondrocyte mixture may have advantages over collagen in terms of
providing longer-lasting relief. As it is inert, biodegradable, and does not spread
systemically, alginate is suitable for these indications.

5.8.2 Clinical Applications of Alginate in Cardiology

Heart diseases are a common cause of morbidity and mortality. Coronary
vascular diseases are estimated to cause 39% of deaths in the United Kingdom
[58]. Myocardial infarction (MI) is caused by the sudden occlusion of a
coronary artery or one of its branches. It is estimated that in the United States
alone, 1 million patients develop MI annually [59]. Heart failure may result
from various congenital or acquired causes [60], but MI remains the most
common one, with a universal increase in prevalence in the last decade [60].
Heart failure is defined as the heart’s inability to deliver blood supply to meet
the body’s demands [60]. Cases of heart failure may be divided into two types:
systolic dysfunction due to contractile failure, and diastolic dysfunction caused
by abnormal relaxation of the myocardium. The prognosis of symptomatically
decompensated heart failure is very poor. It is frequently compared to the poor
prognosis that accompanies malignant disorders [61]. The treatment usually
includes inhibitors of angiotensin-converting enzyme (ACE), sympatholytic
agents, diuretics, Na'/K"-ATPase pump inhibitors, aldosterone antagonists,
and other pharmaceutical agents [60]. Nevertheless, treatment of advanced
disease may require surgical implantation of a ventricular-assist device or heart
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transplantation [58, 60]. Remodeling of the heart following initial damage is a
complex process that involves mechanical, hormonal, and possibly genetic
factors [61]. Remodeling may occur following MI and is characterized by
cardiomyocyte hypertrophy, cellular loss, and increased fibrosis [61]. Over time,
the infarcted area becomes thin, undergoes expansion, and loses its contractile
abilities (being hypokinetic or dyskinetic) [59]. Eventually, the remodeling
process causes a change in the normal myocardial geometry and myocardial
failure [61]. Moreover, cardiac remodeling is associated with increased risk of
early death. Reversal of the remodeling process may be induced in some
patients following the use of ACE inhibitors or beta blockers [61]. It has been
proposed that the process of remodeling and heart failure progression follow-
ing Ml is, in part, caused by damage to the extracellular matrix (ECM) during
the early inflammatory phase [62, 63]. During that phase, monocytes and
leukocytes infiltrate the affected tissue and secrete enzymes that damage the
ECM [63]. For instance, matrix metalloproteases (MMPs) have been found to
be secreted in the infarcted area and are believed to mediate some of the
damage to ECM components [59]. The first 7 days following infarction are
characterized by an acute-phase early inflammatory process, and early mani-
pulations of the myocardium might be associated with increased risk for
ventricular rupture. Therefore, treatments that attempt to prevent remodeling
and improve contractile function following MI are usually initiated 7 days post
infarction [59].

Alginate Injection for a Damaged Myocardium. Alginate, in the form of a
crosslinked hydrogel, might present mechanical properties similar to those of
the myocardial ECM [62]. Therefore, the use of alginate hydrogel as a
substitute for the damaged ECM has been attempted in both recent and older
MIs to reduce or reverse the remodeling. In one study, a calcium-crosslinked
alginate solution was prepared from an aqueous solution of 30—50 kDa sodium
alginate (1% w/v) by mixing it with a calcium gluconate solution (0.3% w/v)
using homogenization to distribute the calcium ions throughout the solution.
Calcium-crosslinked alginate (100—150 pL) of low viscosity (10—50 cP) or 150
pL of saline solution (as a control) was injected into the myocardium of 117
Sprague-Dawley rats: 67 of the rats had a recently induced MI (by intramural
sewing up of the proximal left coronary artery) and 40 rats had a fully evolved
MI, 2 months after induction [62]; 73 of the rats survived the MI induction and
were evaluated. Results were compared among the alginate-injected group, the
saline-injected control group, and a third group that was injected with 10° rat
neonatal cardiomyocytes. Echocardiography was used for functional and
dimensional evaluation. Eight weeks after the injections, the hearts were
reevaluated. Biotin-labeled alginate was detected by using avidin-peroxidase
immunostaining. It was demonstrated that 1 h post alginate injection, alginate
was evident in 45 + 4% of the infarcted scarred area. These levels decreased
dramatically during the course of a few weeks, to 6 = 1% at 6 weeks following
injection. As time elapsed, the injected alginate was slowly replaced with
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connective tissue and myofibroblasts [15]. The alginate injection was shown to
significantly increase scar thickness and anterior wall thickness compared to
saline or cardiomyocyte injection [62]. Both alginate and cardiomyocyte
injections decreased the remodeling process in rats with recently induced MI
[62]. Furthermore, the use of a low-viscosity alginate solution did not increase
wall rigidity and did not cause diastolic dysfunction [62]. Interestingly, injection
of alginate into the older infarcted area resulted in improvement of diastolic
functions, via an unknown mechanism [62]. It is suspected that injection of
alginate into the myocardial scar replaces the damaged ECM, provides
mechanical support, and reduces wall stress [62]. The physical and functional
similarities between alginate and ECM, and the potential use of alginate as a
synthetic ECM have been reported [64]. Moreover, dyskinesis of the infarcted
tissue decreases, along with a decrease in ventricular systolic dilatation [63].
This fact may be of clinical significance since the extent of systolic dilatation
following MI is associated with bad prognoses [63]. The injected alginate was
shown to undergo degradation over time, disappear from the myocardium, and
be excreted by the kidneys [62]. Compared to injection of cardiomyocytes,
alginate was superior in the prevention of remodeling [62].

In another study, a mixture of fibrinogen, fibronectin, factor XIII, and
plasminogen was dissolved in an aprotinin solution to which gelatin-grafted
alginate had been added. The mixture was injected intramyocardially with
thrombin and 40 mM calcium chloride solution. After injection, a fibrinalginate
composite formed within the myocardium, and this composite was tested for its
possible effects on MI evolution in eight mature Yorkshire pigs, 7 days after M1
induction [59]. Factor XIII is a coagulation factor that crosslinks fibrin
molecules and is important for clot stabilization. Aprotinin is a protein that
slows fibrinolysis. Thrombin is a coagulation protein that is important in the
activation of several other coagulation factors and fibrin formation. Results
were compared to those of nine pigs treated with saline. Injection of the
fibrin—alginate mixture was associated with lower infarct expansion [59]. In
the fibrin—alginate treatment group, the same infarction area was associated
with a lower end-diastolic volume [59]. Moreover, injection of fibrin—alginate
was found to be associated with a lesser degree of increase in MMP-2 in the
infarcted area [59].

Other studies have supported the beneficial findings of alginate implantation
in the aneurismal myocardial wall as a means of decreasing wall stress and
myocardial dilatation [65]. Both fibrin and alginate induced an increase in
ventricular function and restoration of myocardial geometry in rats with 5-week-
old infarcts [65]. However, unlike in rats injected with fibrin glue, the alginate
group showed persistent improvement in contractile function. Moreover, 5
weeks following transplantation, alginate was histologically evident, while fibrin
was not [65]. Another study evaluated the effect of modified alginate, to which
cell adhesion peptides containing the amino acid sequences arginine—
glycine—asparagine (RGD) and tyrosine—isoleucine—glycine—serine—arginine
(YIGSR) had been covalently attached, on an MI rat model [63]. The peptides



154 CLINICAL USES OF ALGINATE

GGGGRGDY, GGGGRGEY, and YIGSRYIGSRY were covalently attached
to alginate polysaccharides (30—50 kDa) via carbodiimide chemistry to yield a
0.2% rate of modification of uronic acid monomers by the peptide sequences.
The peptide-modified alginate product was purified by dialysis and then
lyophilized until dry. Solutions of calcium-crosslinked alginate (peptide-mod-
ified or unmodified) were prepared by thoroughly mixing an aqueous solution
of 1% (w/v) polysaccharide with a solution (0.3% w/v) of D-gluconic acid/
hemicalcium salt [63]. Both RGD and YIGSR peptides are frequently found in
ECM proteins such as collagen fibronectin and laminin, respectively. They serve
as cell recognition sites for some adhesive proteins found in the ECM. It was
speculated that alginate modified with ECM proteins would improve myocardial
healing and facilitate fibroblast recruitment: 29 rats survived the experiment and
developed sufficiently large infarctions for testing. They were injected with
different solutions 7 days after MI induction and were reevaluated 8 weeks
later [63]. The following treatments were compared: unmodified alginate, RGD/
YIGSR-modified alginate, RGE-modified alginate (a nonspecific peptide,
arginine—glycine—glutamic acid, which has no role in the ECM), and saline
solution. Injection of unmodified alginate was associated with preserved scar
thickness on an echocardiograph, while both RGD/YIGSR- and RGE-modified
alginates were associated with scar thinning, similar to saline controls [63].
Moreover, unmodified alginate injection was associated with an increase in
contractile indexes and prevention of remodeling. In contrast, both RGD/
YIGSR- and RGE-modified alginate injections were associated with remodeling
and myocardial failure, similar to that observed in the saline-injected control
group [63]. Compared to controls, microscopic observation of the tissue
showed that the unmodified alginate group had thicker scars and decreased
ventricular expansion [63]. Histologically, thicker scars and smaller expansion
compared to controls was observed in the RGD/YIGSR-modified but not
the RGE-modified alginate groups. The discrepancy between scar evolution in
the RGD/YIGSR-modified alginate group as observed by echocardiograph
and morphologically was explained to be a result of the different methods
employed [63]. Moreover, histologically, in both modified and unmodified
alginate groups there were cardiac cells in the infarcted area, compared to
no cells in the saline-injected hearts. Overall, it was concluded that the use
of unmodified alginate is superior to modified alginate in treating rats with
induced MI and in preventing myocardial remodeling [63]. The disadvantages
of the modified alginate may involve its enhanced viscosity (by four- to
sevenfold) and decreased spread in the infarcted area [63]. Therefore, the effect
of the modified alginate may be restricted to the small area of injection, and
multiple injections might be required to enhance alginate distribution in the
myocardial wall.

Use of Alginate as a Scaffold and Myocardial Implantation. Unmodified
or RGD-modified alginate was used as a scaffold, in which human umbilical
vein endothelial cells (HUVECs) were embedded [66]. The HUVECs were more
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viable in RGD-modified alginate, suggesting that RGD supports cell prolifera-
tion better than unmodified alginate [66]. Integrin-mediated association to cell
adhesion peptides, such as RGD, produces intercellular signal transduction,
which may in turn produce, in some instances, cellular proliferation [67]. Both
types of alginate and bovine serum albumin (BSA) in phosphate-buffered saline
(PBS) as a control were compared for effectiveness following injection in rats with
S-week-old MIs. At 5 weeks following transplantation, both alginate preparations
were associated with higher fractional shortening and other contractile indexes, a
thicker ventricular wall, and less ventricular dilatation compared with controls
[66]. It is probable that alginate injection alters mechanical stress on the
myocardial wall and thereby reduces remodeling and prevents contractile
dysfunction. Moreover, its mechanical properties prevent scar thinning and
mechanical weakness of the scar tissue and thereby prevent paradoxical outward
bulging of the scar during ventricular contraction (i.e., dyskinesis), which is
associated with ineffective contraction. The finding of thicker scars following
injection of unmodified alginate into infarcted areas is in line with previous
publications [62, 63].

The myocardium has limited regeneration ability since cardiomyocytes are
unable to divide. Moreover, there are limited pharmacological treatment
options for advanced heart failure. In addition, the limited availability of heart
donors is making heart transplantation a less feasible option for patients with
established heart failure [68]. Therefore, the engineering of contractile tissue
designed for implantation was attempted, based on an alginate scaffold [68, 69].
In one demonstrative study [68], scaffolds based on sodium alginate and
calcium gluconate were freeze-dried. Then (after freeze-dehydration), neonatal
rat cardiomyocytes were implanted at a concentration of 3 X 10° cells/scaffold
(6 mm diameter X 1.0 mm height). The grafts were transplanted 7 days after M1
induction in six rats, and compared to six sham-transplanted rats (in which the
scar was stitched once, without any graft implantation) serving as controls.
Alginate can be used to make hydrophilic porous 3D scaffold structures with
relatively large pores (50—150 pm in diameter), enabling large-scale transplan-
tation of cardiomyocytes [68, 69]. Cells were found to remain viable and
preserve their contractile abilities in the alginate scaffold [68]. Moreover, the
graft integrated into the scar tissue and neovascularization was demonstrated in
the implanted scaffold [68]. Nevertheless, it has yet to be determined whether it
is the alginate alone or a combination of the neonatal rat cardiomyocytes and
alginate that encourages neovascularization [58], although the implantation of
an unseeded scaffold was associated with significantly less neovascularization
than with the seeded graft [68]. It is also possible that the designed 3D porous
matrix facilitates neovascularization. A few weeks after implantation, the
alginate scaffold was absorbed and replaced by cell-driven ECM [68, 69].
Furthermore, the alginate scaffold prevented remodeling following MI and
preserved contractile function [68]. In another study, implantation of human
embryonic stem cells (hESCs) on an alginate scaffold made no significant
contribution to myocardial regeneration [58]. The use of centrifical force
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during cell implantation on the alginate scaffold resulted in a 3D structure with
high cell density [69].

Alginate and Restoration of Myocardial Blood Supply. Ischemia is
defined as restricted blood supply to an organ or its parts. Although ischemia
resides in the pathogenesis of MI evolution, and most cases of heart failure are
induced by ischemia, not all patients with cardiovascular heart disease are
candidates for revascularization, by either percutaneous coronary intervention
(PCI) or coronary artery bypass graft surgery (CABG) [70]. Moreover, up to
37% of the patients that undergo CABG will not obtain complete revascular-
ization [71]. Therefore, novel techniques to improve myocardial blood supply
have been sought. As mentioned above, an implanted alginate scaffold provides
new vascular distribution [68]. Promising approaches, including gene therapy
[70] and transmyocardial revascularization with laser [72], are being investi-
gated. Other studies have found that alginate may promote angiogenesis,
possibly via a proinflammatory response [65]. RGD-modified alginate (see
section on alginate injection for a damaged myocardium) promotes angiogen-
esis more strongly than unmodified alginate (via integrin—ligand interactions
and an effect on intercellular signaling pathways). Both regimens promote
neovascularization more strongly than control PBS injection [66]. In contrast, it
has also been reported that unmodified alginate injection into MI borders is not
superior to saline injection in the induction of angiogenesis [73]. Therefore, the
role of alginate in angiogenesis remains controversial. Bearing in mind that MI
is the consequence of vascular insufficiency and ischemia, many strategies have
attempted to induce angiogenesis by administration of growth factors, proteins,
and genes to the myocardium [73]. Nevertheless, both systemic absorption and
technical issues have limited the use of these approaches. Several growth factors
are potentially capable of inducing vascular formation in ischemic tissue [70].
The use of alginate as an injectable carrier for vascular endothelial growth
factor (VEGF) and platelet-derived growth factor BB (PDGF-BB) was
successful [73]. VEGF may induce angiogenesis, while PDGF-BB assists in
recruiting smooth muscle cells to the forming vessel [73]. A solution (100 pL)
containing alginate, 3 pL VEGF or 3 pL PDGF-BB, or both, was injected into
the border of the infarcted area 7 days after MI induction in rats. Alginate with
VEGF or both VEGF and PDGF-BB induced more angiogenesis than alginate
alone [73]. In that study, injection of alginate alone did not alter vascular
density compared with saline injection [73]. Furthermore, it was found that
proangiogenic therapy improves the systolic velocity—time integral but not
ejection function [73]. The conflicting results were explained by the different
measurement methodologies used for these indexes [73].

Basic fibroblast growth factor (bFGF) is another promising peptide that
was evaluated for its ability to induce angiogenesis [70]. bFGF enables
mesenchymal cell proliferation, angiogenesis, and growth of fibrous connec-
tive tissue [74]. Sterilized heparin sepharose beads were mixed with filter-
sterilized sodium alginate. The mixture was dropped into a solution of CaCl,
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(1.5% w/v) and heparin—alginate beads formed instantaneously [71]. First, it
was demonstrated that implantation of bFGF carried in heparin—alginate
beads in a swine model of MI results in significant angiogenesis [71]. Prompted
by these results, a phase I randomized double-blind placebo-controlled trial
was conducted in 16 CABG patients to examine the proangiogenic effect
of epicardial transplantation of heparin—alginate beads containing bFGF
(10 or 100 pg). Technically, the beads were transplanted in the epicardial fat
adjacent to an ischemic area that could not undergo revascularization with a
bypass graft. Results were compared to a control group consisting of eight
patients in which heparin—alginate beads with no bFGF were transplanted.
Implantation of high-dose bFGF—alginate beads during CABG was asso-
ciated with symptomatic improvement and improved perfusion in thallium
scans. On the other hand, a low dose of bFGF showed no major change in
the perfusion scan results, while 50% of the control group had deteriorated
perfusion results [71]. Polypyrrole (PPy), a conductive polymer, was mixed
with alginate and injected into 1-week-old infarctions in a rat model. The
alginate—PPy mixture was found to be superior to alginate alone and to PBS
in the induction of angiogenesis [75]. The role of alginate alone in the
induction of angiogenesis remains to be established. Further research is also
required to evaluate the connection between alginate-associated angiogenesis
and systolic function.

Conclusions. Alginate may have several future clinical applications in
cardiology in the prevention of myocardial remodeling, treatment of recent
or old MIs, use as a cellular vehicle in the engineering of 3D myocardial tissues,
as a means of delivering drugs or growth factors to the myocardium, and in the
induction of angiogenesis. Moreover, there is at least one encouraging phase I
study in humans that may promote the use of alginate in conjugation with
other materials for the treatment of myocardial ischemia. Today, cardiac
catheterization is performed on a routine basis and the myocardium is easily
accessible. Therefore, transplantation of cells and biologically compatible
compounds such as alginate directly into the myocardium is feasible [76], and
may become clinically routine based on accumulated experimental evidence.

5.8.3 Clinical Applications of Alginate in Treating Diabetes Mellitus

Diabetes mellitus (DM) is a disease associated with major morbidity that is
becoming increasingly common worldwide. Type 1 DM (DM1), also known as
insulin-dependent DM, is caused by autoimmune destruction of the insulin-
secreting 3 cells in the pancreas. DM type 2 (DM2) is a metabolic disease that is
far more common than DMI1 [77]. It was formerly known as non-insulin-
dependent DM and is caused by increased insulin resistance and a decreased
effect of circulating insulin. In DM, insulin is the preferred initial treatment.
In contrast, the initial therapies in DM2 include lifestyle modifications, drugs
that decrease the liver’s production of glucose, and drugs that increase the
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secretion of insulin from the pancreas due to hyperglycemia. Nevertheless,
insulin treatment can eventually be required in DM2. Several long-term
complications may be encountered in patients with DM: retinopathy that
may progress to visual loss, nephropathy that may be complicated by end-stage
renal disease, and neuropathy that may cause neuropathic pain [77, 78]. In
addition, diabetic foot may lead to amputation. Moreover, DM accelerates
atherosclerosis and is associated with increased risk of MI and stroke: 70% of
patients with DM2 die from cardiovascular complications [77]. Other morbid
conditions associated with DM?2 include increased risk for fractures, depres-
sion, and cognitive deterioration [78].

Since the 1970s, treatment of diabetes with pancreatic islet cell transplanta-
tion has been attempted in animal models [79]. Some of these attempts have
been successful. Islet transplantation has an advantage over pancreas trans-
plantation in that it requires a less extensive operation and less immunosup-
pression [80]. Lim and Sun [81] were the first investigators to propose the use of
encapsulated cells for transplantation. They demonstrated that microencapsu-
lated cells are functional for almost 3 weeks in a rat model of diabetes,
compared to 6—8 days for nonencapsulated cells [§1]. During the 1990s, human
trials of islet transplantation resulted in a roughly 6% success rate [82]. Not
surprisingly, it was suggested that implantation success depends on cell quality
and immunosuppression [82]. Nevertheless, the need for chronic immunosup-
pression poses a major disadvantage for transplantation [83]. A lack of
sufficient organ donors [80, 82, 83] is another problem that is not easily solved.
Moreover, transplantation of a partial pancreas segment from a living donor
may be complicated by a 25% chance of the donor developing diabetes or by
pancreatitis and pancreatic pseudocysts, which may be life-threatening [80].
The use of alginate for encapsulation of xenograft islet cells has the potential
of overcoming both obstacles since it may prevent immune reaction against
the graft [83, 84], and it enables the use of nonhuman tissue, which is far
more available.

The use of alginate with a high-M content for islet encapsulation resulted
in unstable beads. Therefore high-G alginate was used for islet encapsulation
by Soon-Shiong et al. [84]. Encapsulated islets were transplanted on two
different occasions in a 38-year-old patient with DM1. This patient received
low-dose immunosuppressants (i.e., cyclosporin and azathiopine) following
kidney transplantation that was required due to diabetes-associated end-stage
renal disease. During the 9 months of reported follow-up, the patient
developed no side effects and required lower doses of insulin supplements
until he could withdraw from the use of exogenous insulin altogether [84].
The functionality of the transplanted islets was confirmed by an elevation in
C-peptide (a by-product of insulin synthesis) [84]. Moreover, during the
follow-up, the patient reported less neuropathic pain and showed improved
axonal nerve function by electromyography, more rapid healing of diabetic
ulcers, and stable renal function. Furthermore, the patient reported an
improvement in quality of life [84].
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Elliott et al. [85] reported the case of a 41-year-old male with DM1 who had
undergone chronic insulin treatment for 9 years and who underwent trans-
plantation of fetal pig pancreatic islets embedded in alginate-poly-L-lysine
(PLL)—alginate beads. This involves a polyanion-polycation reaction. The
patient was not treated with immunosuppressant. In total, he was implanted
with 1.3 million islet equivalents. The beads were laparoscopically injected into
the peritoneal cavity. Following transplantation, the insulin required to
maintain normal glucose levels in the serum was reduced by up to 30% for
14 months [85]. At 4 months following transplantation, urine levels of porcine
C-peptide reached a maximum of 9.5 ng/mL in a 24-h collection. Nevertheless,
14 months after transplantation, the patient required the same insulin doses
used prior to transplantation; 9.5 years following transplantation, the patient
underwent a second laparotomy, during which nonfibrotic nodules were
apparent on the mesenterium. Histological examination revealed undamaged
capsules that contained viable porcine cells, most of which were glucagon-
secreting cells and a few were insulin-secreting cells (Fig. 5.9) [85]. This report
demonstrated that alginate may be a safe and efficient carrier for animal tissue
transplantation, and may provide long-term survival for some of the implanted
cells. It is possible that a different capsule design might enable long-term
survival of more transplanted cells, enabling the implant to provide insulin
support for longer periods of time.

A standardized procedure for the encapsulation of pancreatic islets for
clinical use was suggested by Calafiore et al. [83]: The islets (at least 400,000
islet equivalents with at least 80% purity) are placed in 1.6% alginate solution
and are dripped into 1.2% CaCl, solution. The ratio of islet to alginate should
result in one islet per bead and up to 5% empty alginate beads [83]. A
subsequent covering with poly-L-ornithine (PLO) and additional alginate
coating eventually produces alginate—PLO—alginate beads. The beads should
be incubated for 24 h and then diluted in 100 mL saline solution, and injected
into the peritoneal cavity [83].

Subsequently, Calafiore et al. [86] published some encouraging results of
encapsulated-islet transplantation in two DM1 patients who were followed
up for 6—12 months and showed a decreased need for external insulin. A
phase I clinical study is now underway (www.ClinicalTrials.gov identifier
NCT00790257) to test the immune reaction toward, and the insulin secretion
of, subcutaneously implanted allogeneic human pancreatic islets embedded in
an alginate-based matrix.

Immunoprotective Properties of Alginate Beads. Alginate beads form a
semipermeable matrix that protects grafted cells from the recipient’s immune
system. The matrix prevents antibodies, as well as cytotoxic cells, from reaching
the entrapped cells [87], especially those in alginate—PLL—alginate beads [88].
Alginate has a negative charge and therefore cells that have negatively charged
membranes are repelled by it [87]. Use of a positively charged PLL coating has
the opposite effect, accelerating macrophage and fibroblast adhesion to the
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FIGURE 5.9 (a) Laparoscopic view of encapsulated neonatal porcine islets at time of
implantation. (b) Laparoscopic view at time of biopsy showing the omentum embedded
with nodules of previously implanted capsules. Arrow points to a nodule. Positive
immunohistochemical staining for (c) insulin or (d) glucagon in porcine islets retrieved
from the peritoneum 9.5 years after implantation. (Adapted from Elliott et al. [85].)

beads [88]. Moreover, it is suggested that PLL can cause toxic damage to
encapsulated islets (the strongest effect encountered in alginate with high-G
content and PLL coating) [88]. In addition to the immune response that may be
mediated by macrophages, the attached cells are competing for nutrients and
thus may hamper the function of the transplanted cells [8§].

High-M content of alginate may cause stimulation of monocytes via CD14,
and toll-like receptor (TLR) 4 and 2 [87]. TLRs are membranous receptors
which play an important role in the functions of the innate immune system.
High-M content has been shown to stimulate the secretion of interleukin-1
(IL-1), IL-6, and TNFa [89], all of which are proinflammatory cytokines [90].
Moreover, cytokine excretion may cause dysfunction of the insulin-secreting
cells [88]. In addition, hypoxia should be avoided since it may cause excretion of
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stress proteins, facilitating the host immune response [88]. Finally, antibodies
against the M component have been detected in mice [87]. Both immune
reactions can be avoided by washing the beads before transplantation, thereby
removing some of the non-crosslinked M component [§7]. Nonpure alginate
contains endotoxins that cause an immune reaction. Therefore, the use of
ultrapure alginate (<100 EU/g endotoxin) is recommended for clinical appli-
cations [87].

Capsule design poses a challenge since the encapsulated cells should not be
in contact with the beads’ external surface, and one needs to allow for the free
diffusion of glucose, oxygen, and nutrients into and out of the beads and
proteins. It has been suggested that xenotransplantation be performed in a less
porous alginate matrix in order to prevent diffusion of foreign antigens out of
the beads because they may cause an exaggerated immune reaction [88].

Conclusions. The use of alginate encapsulation for transplanted pancreas
islets was first suggested about 30 years ago. Nevertheless, to date, experi-
ments have included only a small number of patients and have yielded
inconsistent results. Different types of alginate, different microcapsule sizes,
and different purification levels have been suggested as the cause of these
inconsistencies [91]. Moreover, some studies used barium and not calcium for
crosslinking (since barium—alginate gels provide higher mechanical strength
than calcium—alginate gels) and others used PLL coatings [91]. Although
transplantation has resulted in prolonged improvement of quality of life,
decreased dependence on insulin, and lower occurrence of hypoglycemia, no
complete lifetime cure has yet been achieved. This obstacle may be resolved by
improvements in alginate matrix design or by the use of repeat transplanta-
tions. Further research is also required to support the long-term survival of
functional beads.

5.8.4 Clinical Applications in Neurology

The human central nervous system (CNS) is a very complex structure. It is
vulnerable to various insults, such as trauma, infections, degenerative discases,
and autoimmune mechanisms, to name a few. All may result in major chronic
disability and decreased quality of life. Moreover, with age, axonal growth
potential decreases and consequently there is a decrease in the CNS’s capacity
for self-rehabilitation [92]. There are several explanations for the CNS’s limited
ability to correct neural damage. First, secretion of neurotrophic factors (which
facilitate neural growth and survival of neurons) decreases. Second, there is
increased expression of inhibitory factors that limit axonal growth [92].
Therefore, the medical world is striving for new therapeutic approaches to
CNS-directed treatments.

Treatment of Spinal Cord Dissection. Spinal injury may be associated with
severe disability, such as paralysis [93, 94]. Annually, 10,000 individuals are
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affected in the United States alone, most of whom are young adults [93].
Overall, there are about 250,000 people in the United States with spinal injuries
[95]. Following spinal injury, the transected axon undergoes Wallerian degen-
eration [95]. Despite encouraging results in rats, restoration of dissected spinal
cord function is currently impossible in humans [94]. In rats and mice, implanta-
tion of intercostal nerves, mouse embryonic stem cells (ESCs), or embryonic or
fetal spinal cord segments have resulted in restitution of neural functions [94].
Different approaches to neural regeneration have been attempted, most of which
have focused on cell therapy [93]. Several cells have been investigated for
implantation: peripheral nerve cells, ependymal cells derived from the choroid
plexus, olfactory ensheathing cells, hESCs, and Schwann cells [96 ,97]. Never-
theless, to date, these methods have shown inadequate efficacy and are also
limited by a lack of available cell sources and a possible immunological reaction
against the implant [96]. Moreover, transfer of disease remains a great concern
[98]. In some of these methods, axonal elongation was found to be insufficient
[97]. In addition, glial scar tissue formation and associated proteoglycans,
oligodendrocytes, and myelin-derived growth-inhibitory proteins all decrease
axonal regeneration [95, 97, 98]. Other therapeutic strategies for the induction of
neural regeneration have been attempted with the use of neurotrophic factors,
degradation of chondroitin sulfate proteoglycan (which is inhibitory to neural
growth, using MMP-2), or the use of genetically modified fibroblasts [99, 100].
Implantation of genetically modified Schwann cells with enhanced release of
neurotrophic factors has also been considered as a possible therapy for neural
damage [100]. Both synthetic and natural polymers were evaluated with variable
results [101]. The use of collagen for spinal cord regeneration yielded disappoint-
ing results [101]. Therefore, alginate, as a natural extracted polymer, was
evaluated. In one study, freeze-dried alginate gel was used in 30 rats as a
neural-gap filler following resection of two 2-mm gaps in the spinal cord [102].
After 45 days, the sensorimotor brain cortex was stimulated and motor-evoked
potentials (MEPs) were recorded. In addition, somatosensory-evoked potentials
(SEPs) were recorded following distal stimulation. The presence of both MEPs
and SEPs indicated bidirectional neural bridging of the spinal gaps [102].
Histological examination of the transplanted area revealed residual alginate,
replaced by connective tissue and a large number of myelinated axons, Schwann-
like cells, some perineural-like structures, and blood vessels [102]. Moreover,
another study reported that 6 weeks following alginate implantation in trans-
ected spinal cord, recorded SEPs were similar to those prior to spinal transaction
[98] (Fig. 5.10), suggesting that alginate enabled the formation of a synaptic
interface [98]. Restoration of motor function was poor in experiments following
complete spinal cord resection, but gain of coordination was reported following
treatment of partial resection [50].

In another experiment following a similar methodology, a 3-mm gap was
induced in the T9—10 spinal cord segment of 50 rats and was filled with alginate
sponges [96]. After 21 weeks, the gap was replaced with areas of myelinated and
nonmyelinated axons, as well as mast cells [96]. Labeling of the corticospinal
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FIGURE 5.10 Recorded SEPs 6 weeks following alginate implantation in transected
spinal cord were similar to those prior to spinal transaction. Evoked electromyogram (a)
before surgery, (b) 24 h after surgery (the same waveform in rats in both groups), (c) 6
weeks after surgery in a rat with implanted alginate, and (d) 6 weeks after surgery in a rat
in the control group. SEP (e) before surgery, (f) 24 h after surgery (the same waveform in
rats in both groups), (g) 6 weeks after surgery, and (h) 6 weeks after surgery in a rat in
the control group. (Adapted from Kataoka et al. [98].)

tract neurons with B-subunit-conjugated horseradish peroxidase demonstrated
extension of axons through the alginate-filled gap and up to 200—300 pm
caudal to the gap [96]. Moreover, the neurons grew 1—1.5 cm rostral to the
lesion [96]. Nevertheless, it was apparent that the ascending neurons possessed
a more significant proportion of regenerative neural tissue [96]. Electrophysio-
logical evaluation confirmed that the outgrown tissue was functional and hence
had developed synapses with distant nerves [96]. Dissection of a spinal cord
section without implantation of alginate or other biomaterial was associated
with the formation of a scar composed of connective tissue [97]. Therefore,
alginate transplantation prevents scar formation and thus enables axonal
regeneration and elongation of astrocytic processes [97]. In addition, alginate
offers an alternative to other attempted methods of controlling scar formation,
including irradiation and enzymatic digestion of chondroitin sulfate [97]. How
elongation of the astrocyte processes, enhanced astrocye migration, and
reduced gliosis occur in alginate implants, is unknown [98]. Nevertheless, all
of these processes promote axonal regeneration. Alginate was superior to
collagen in terms of number of regenerated axons and axonal penetration into
the implant [97]. Moreover, the collagen implant facilitated undesirable
connective tissue invasion [97]. It was suggested this connective tissue invasion
(which does not occur with alginate implantation) impedes the extension of
regenerating axons from the spinal cord [97].

Alginate was observed to enable axonal growth, which was limited and
disorganized [93, 96]. In an attempt to support organized axonal growth, a
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structured alginate anisotropic parallel capillary gel with approximately 27-pm-
wide capillaries was constructed [93]. The rationale for this ultra-3D structure
was the need to guide the transected axon growth caudally toward its original
continuation in the distal stump. Organized neural structures were demon-
strated both in vitro (using rat dentate gyrus of the hippocampus) and in vivo
(spinal cord implantation following dorsal column transection in rats) [45].
Moreover, the engineered alginate scaffold survived in the rat’s CNS for more
than 6 weeks and, therefore, potentially supports slow neural growth [93].
Nevertheless, further research is needed to evaluate the consequent restoration
of neural function. Such an alginate-based scaffold could also be used to deliver
regenerative cells to the neural system with 3D orientation.

Treatment for Peripheral Nerve Regeneration. Peripheral nerve injuries
are far more common than spinal cord transactions [103]. In cases of
traumatically transected peripheral nerve, the use of autologous nerve implan-
tation has a better clinical outcome than suturing the two stumps with applied
tension [103]. Nevertheless, the implantation method has several disadvantages,
namely, limited sources of nerves for grafting and the limited length of those
nerves. Moreover, harvesting a healthy nerve can result in iatrogenically
induced sensory loss and skin scarring [74, 103]. It is generally accepted that
the use of an implant is required in cases of peripheral nerve defects of more
than 20 mm [104].

The use of several synthetic materials as neural bridges has been attempted
(i.e., silicone, polyglactin, polyglycolic acid, collagen), but these were found to
support up to only 30 mm of neural growth [104, 105]. Implantation of ECM-
driven gap filler may encourage fibroblast growth as well [105], and ECM
substances are produced from animals that may carry a risk of disease transfer
(e.g., prion infections) when transplanted into humans [105].

Therefore, an implantable biomaterial may produce an alternative method
for the treatment of peripheral nerve damage. Alginate preparations with
ethylenediamine and water-soluble carbodiimide were freeze-dried, and then
later transplanted in rats with a surgically induced 1-cm gap in the right sciatic
nerve [106]. Four weeks after transplantation, the distal parts of the alginate
implant underwent degradation and were replaced by straight axonal regenera-
tion [106]. Moreover, both fibroblast and Schwann cells were found in the
lesion, as well as a few macrophages. This is an important observation as
Schwann cells enhance axonal regeneration [100], and mast cells may also
contribute to nerve regeneration [106]. Electrophysiologically, stimulation
proximal to the stump resulted in action potentials that were of smaller
amplitude and longer latency compared with normal action potentials [106].
It was suggested that alginate degradation supports the axonal elongation
process [106]. Another study described a similar composite of alginate and both
ethylenediamine and carbodiimide, which was freeze-dried and coated with
polyglycolic acid mesh. This was then implanted in 10 cats with a 50-mm gap in
the right sciatic nerve [105]. Compound muscle action potentials (CMAPs) and
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SEPs were recoded 3 and 13 weeks after implantation. The conduction’s latency
of peak amplitude in the implanted cats was 89 & 11% that of the contralateral
nerve, which served as a control [105]. A near-normal SEP suggested near-
normal conduction of sensory nerves following transplantation [105]. Seven
months after transplantation, the alginate had been entirely absorbed. Regen-
erated axons, some of which were myelinated, were arranged in a fascicular
structure and were smaller than normal axons [105].

In another study, two implantation methods were applied in 12 cats with a
5-mm gap of the right sciatic nerve: a tubular method in which the coated
alginate was implanted and connected to the nerves by sutures, and a
nontubular method in which alginate was merely positioned in the gap. In
both groups, 3 months after implantation, there was electrophysiological
activity with near-normal amplitude and latency [104]. Eight months after
surgery, the alginate had been absorbed and replaced with myelinated nerves,
although the regenerated nerves appeared smaller and with less myelin tissue.
The study showed that nontubular implantation of alginate may be an
important development in the treatment of nerve dissection [104]. Traumatic
injury to the 7th cranial nerve (i.e., the facial nerve) may be caused by blunt or
penetrating trauma or may be secondary to surgery. Among other functions,
the facial nerve is responsible for facial expressions. Any injury to this nerve is
associated with an asymmetrical face, hemifacial paralysis, eating difficulties,
and inability to close the eye on the affected side. Direct suturing is applied
when possible. Otherwise, the use of autologous or synthetic implants is usually
advised [107]. In one experiment, five cats underwent facial nerve dissection,
which was treated with alginate implants [107]. In that study, ethylenediamine
and carbodiimide were also dissolved in alginate to form a gel and later freeze-
dried. The alginate sponge was transplanted into the 5-mm gap of the facial
nerve without any suturing. Twelve weeks later, eyelid blinking had been
recovered and there was normalization of electrophysiological parameters
[107]. Histologically, there were no traces of alginate, and it had been replaced
by a high density of small axons [107]. Use of alginate for facial nerve injury
provides a sutureless alternative, especially in cases of distorted anatomy and
difficulties in reconnecting fine neural branches.

ECM proteins such as fibronectin can influence neural regeneration and can
induce Schwann cell proliferation [52]. A mixture of Schwann cells or 0.05%
fibronectin supplement or both was added to a formed alginate matrix.
Gelatinization was achieved by immersion in 0.1 M CaCl, solution. The matrix
was tested for its neural regeneration abilities in sciatic nerve gaps [100]. In
vitro, the alginate—fibronectin mixture enhanced Schwann cell proliferation.
Moreover, implantation of Schwann cells was associated with axonal regenera-
tion, especially when fibronectin was added to the alginate matrix [100]. It has
been suggested that it is the porous structure of alginate that makes it suitable
for axonal growth [104]. Moreover, alginate may enable the diffusion of
neurotrophic factors from the distal stump to the proximal regenerating nerve
and thereby both enhance growth, and guide the direction of growth in
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regenerating neurons [107]. Nevertheless, the mechanism by which alginate
enables neural regeneration remains to be determined [104, 105].

Surgical Uses of Alginate. Peripheral nerve disorders are a common medical
condition. Carpal tunnel syndrome (CTS) is caused by pressure on the median
nerve of the wrist. Severe CTS has an estimated prevalence of 4% in the general
population [108]. Surgical treatment of CTS may be unsuccessful in 3% of
surgeries, mainly due to fibrosis and adhesions [108]. These complications are
not easily treated and may require additional surgical decompression due to the
formation of scar tissue [108]. Therefore, it was speculated that injection of
alginate into the surgical bed may efficiently reduce postoperative scarring and
adhesions. Forty rats were experimentally operated on: The right sciatic nerve
was exposed and dissected, followed by local injection of 500 pL of 1-5%
alginate solution [108]. The left sciatic nerve served as a control. Six weeks later,
alginate treatment was associated with the presence of loose connective tissue
and recovery of the perineurium, compared to thick granulation tissue
surrounding the sciatic nerve in the untreated group [108].

Use for the Delivery of Neurotrophic Factors. Neurotrophic factors can
facilitate neural regeneration and growth, even in mature neural tissue [92].
There are several known neurotrophic factors that may play a role in enhancing
neural rehabilitation: brain-derived neurotrophic factor (BDNF), neurotro-
phin-3 (NT-3), neurotrophin-4 (NT-4), ciliary-derived neurotrophic factor
(CNTF), and others [92]. The use of an alginate vehicle for bFGF transfer
was attempted for the purpose of neural regeneration. bFGF enhances growth
of neural extensions and recruitment of astrocytes, oligodendrocytes, and
Schwann cells [74]. Because bFGF is vulnerable to photolytic degradation,
alginate may provide a stable slow-release matrix [74]. Ethylenediamine was
used for crosslinking of alginate and heparin in order to produce a matrix
compatible with the slow release of a total 0.05 ug bFGF. Later it was freeze-
dried and implanted in a 1-cm gap induced in the right sciatic nerve of rats [74].
Results of bFGF release were compared with a group that was implanted with
bFGF-free matrix. Axonal regeneration was found to be accelerated in the
alginate-containing bFGF group, although angiogenesis was found to be
decelerated [74].

Alginate as a Scaffold for Cell Implantation. Various cells can be used for
implantation into the CNS: Stem cells are potentially capable of replacing
damaged neural tissue, while genetically modified cells may be capable of
secreting neurotrophins and thereby encourage neural regeneration. Alginate
has several advantages under these circumstances because it can provide a
structural support for the implanted cells, as well as dampen the immune
response against the implanted cells [109]. BDNF is a neurotrophin capable of
regenerating axons and preventing neural atrophy [99]. However, implantation
of BDNF-producing fibroblasts (by using retroviral vector for cell transfection)
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requires the use of chronic immunosuppression. The use of an alginate coating
as a substitute for immunosuppression therapy was tested. BDNF-producing
fibroblast cells (Fb/BDNF) were added to low-viscosity alginate solution,
which was dropped into a CaCl, solution in order to form beads. Thirty-six
rats underwent subtotal hemisection of the spinal cord and received beads
containing Fb/BDNF cells, alginate beads without cells, or Fb/BDNF without
alginate encapsulation (with and without immunosuppression with cyclospor-
ine). Alginate-encapsulated Fb/BDNF cells remained viable and functional for
2 months in vitro [99]. Moreover, transplantation of the encapsulated cells into
the damaged spinal cord eliminated the need for immunosuppressants, induced
axon growth, and showed a marked improvement in motor functions compared
to other groups [99]. In addition, cells that were not encapsulated and without
administration of immunosuppressants were lost and consequently there was
no effect on neural regrowth [99]. In that particular experiment, alginate beads
that contained no cells did not induce axonal growth [99]. However, in that
experiment, and in contrast to earlier studies [98, 102], alginate was not freeze-
dried and was delivered in the form of beads and not scaffolding.

Alginate was also used as a delivery system for recombinant human colony-
stimulating factor 1 (hCSF-1) delivery. CSF-1 is hematopoietic growth factor
that is also produced by astrocytes in the CNS. Proliferation and survival of
microglial cells (immune cells in the CNS with phagocytic ability) are mediated
by CSF-1. CSF-1 has also been found to promote the survival of ischemic
neural tissue [110]. LM-10 is a fibroblast-like cell that produces CSF-1. LM-10
cells were incorporated into chitosan—alginate beads. These beads were
transplanted into the exposed brain tissue of osteopetrotic mice following
induction of cortical ischemia [110]. Ultimately, implantation of LM-10-
containing beads resulted in a 2.2-fold increase in neural survival relative to
nontransplanted mice [110]. Such a delivery system for long-term release holds
a great advantage because CSF-1 is easily degraded.

An alginate scaffold enables survival of neural progenitor cells (NPCs) [93].
NPCs may replace nonfunctional neural tissue and therefore may be used to
treat stroke, Parkinson’s disease, spinal cord injuries, amyotrophic lateral
sclerosis, and other diseases [109]. NPC implantation has also been proposed
to cause the recipient’s own neural regeneration (via the secretion of neuro-
trophins and enzymes that degrade proteins that are inhibitory to neural
regeneration) [109]. The neurotrophins found to be secreted by NPCs include
nerve growth factor (NGF), glial-derived neurotrophic factor (GDNF),
BDNF, and MMP-2. Integration of NPC in beads of several composi-
tions—alginate with high-G content (68%) and alginate with high-M content
(54%)—was tested. Both a PLL coating layer and noncoated matrices were
evaluated [109]. PLL provided mechanical stability to the alginate beads, as
well as additional immunoprotection by blocking IgG penetration [88, 109].
Moreover, PLL altered the porosity of the matrix [88]. Release of NGF,
BDNF, and GDNF from the beads was evaluated. High-G content alginate
beads with no PLL covering were the only beads that allowed release of all
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three factors. The PLL-coated high-M alginate beads were mechanically
unstable [109]. Both high-G and high-M alginate beads with no PLL covering
allowed NPC proliferation [109].

Alginate was also used as a scaffold for spinal implantation of fetal neural
cells, constructed into neurospheres [111]. First, alginate was implanted into a
1-mm-thick dissected spinal cord section. Later, the neurospheres were slowly
injected into the alginate-filled lesion. Four weeks after neural cell transplanta-
tion, a proportion of the fetal neural cells had migrated to the animal’s neural
tissue [111]. Without the use of alginate as a carrier, almost no transplanted
neural cells survived beyond 2 weeks of transplantation [111].

Treatment of Pain. Neuropathic pain may be resistant to available analgesic
therapies [112]. Adrenal chromaffin cells are capable of releasing catechola-
mines and met-enkephalin, which may have an analgesic effect [112]. Moreover,
adrenal chromaffin cells release neurotrophic factors that may reduce neural
degeneration [112]. Xenogenic cell transplantation may provide a source for
chromaffin cells. Nevertheless, the immune response limits such an approach
and immunosuppressants are required to mask the transplant from the immune
system. Therefore, bovine adrenal medullary tissue was added to a 1.4%
sodium alginate solution and later dropped into CaCl, to form beads with
dimensions of 100—300 pm, which were then covered with PLL [112]. The
sciatic nerve was tightened slightly to cause neural edema and chronic pain.
Fifteen rats were transplanted with beads containing chromaffin cells (into the
lumbar subarachnoid space). This group was compared to 15 other rats
transplanted with cell-free alginate beads [112]. With time, implantation of
chromaffin cells was associated with higher levels of catecholamines and met-
enkephalin in the cerebrospinal fluid, and rats suffered less from neuropathic
pain [112].

Due to a concern of prion-associated diseases (e.g., Jacob—Creutzfeldt
disease) that may be caused by the use of bovine chromaffin cells, other studies
tested porcine adrenal chromaffin cells [113]. In vitro experiments demon-
strated that porcine chromaffin cells produce larger amounts of analgesic
substances than bovine chromaffin cells [113]. Alginate beads consisting of
porcine or bovine chromaffin cells were produced [113] in a technique that was
similar to that in an earlier described study [112]. Beads were implanted in the
subarachnoid space as well. Pain reduction (evaluated by a mechanical
allodynia test) was superior in the porcine-driven cell group [113].

Although an alginate scaffold was not used in human subjects, the use of
pain relief in two cancer patients by injecting donor medullary cells into the
lumbar cerebrospinal fluid was reported [114]. The injected medullary cells
induced 1 year of sustained pain control and increased cerebrospinal levels of
met-enkephalin [114]. Experiments with chromaffin cells implanted into the
subarachnoid space were performed at two medical centers, with further
promising results [115].
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Treatment of Parkinson’s Disease. Parkinson’s disease (PD) is a degen-
erative neural disorder characterized by loss of dopamine-producing cells in the
substantia nigra and concomitant reduction of dopamine release in the corpus
striatum [116]. Clinically, patients with PD exhibit uncontrolled tremors,
rigidity, slowness of movement, and a shuffling gait [117, 118]. The disease is
progressive by nature and is associated with substantial disability and
decreased quality of life [118]. Current treatment of PD focuses on exogenous
supplementation of dopamine or its precursor with systemic absorption, along
with systemic side effects. Moreover, the desirable effects of levodopa (L-dopa)
decrease with time [117]. In addition, current treatment modalities do not
prevent further loss of dopaminergic cells: They merely provide symptomatic
treatment. Other therapeutic approaches have focused on restoration of
dopamine release through the use of cell therapy. Retinal pigment epithelial
(RPE) cells are capable of dopamine release as well as secretion of neurotrophic
factors such as BDNF and GDNF [116]. In one particular experiment, porcine
RPE cells were suspended in a 2.4% alginate solution and then entrapped in
beads following dripping of the mixture into a CaCl, solution. The beads were
covered with PLL and were then transferred to a 0.24% alginate solution for a
few hours. Subsequently, the beads were treated with a sodium citrate solution
(producing alginate—PLL—alginate beads). It is important to note that
embedding the RPE cells in alginate beads did not affect dopamine secretion
[116]. The 200- to 300-pm beads were implanted in the right corpus striatum of
nine rats with PD [116]. Results were compared to a PD group implanted with
empty alginate beads and another PD group treated with saline injection.
Response to treatment was evaluated by apomorphine-induced rotation (AIR).
The group treated with saline showed no alteration in AIR [68]. The cell-free
alginate beads caused a brief decrease, of less than 2 weeks, in AIR. Of the nine
rats treated with encapsulated RPE cells, three sustained a lasting reduction in
AIR, while six showed no beneficial effect [116]. Survival of the beads was
found to be consistent with improved symptoms, while mechanical disruption
of the beads was found in some nonresponsive rats [116].

Glial-derived neurotropic factor has been shown to improve survival of
dopamine-producing cells [117]. Nevertheless, there is some controversy
regarding its potential use for the treatment of PD in light of both encouraging
and discouraging results in clinical trials that included human subjects [117].
It was speculated that the lack of beneficial effect in some trials was due
to the short life of GDNF in the CNS in the absence of a slow-release
sustained matrix. Therefore, continuous release of GDNF from transfected
rat fibroblasts embedded in alginate—PLL—alginate beads was investigated
for the treatment of PD in a rat model following implantation into the
striatum [117]. Transplantation resulted in a continuous decrease in AIR
over 24 weeks [117].

The successful use of autologous medullary chromaffin cells in the cau-
date nucleus has been reported [119]. Nevertheless, autotransplantation of
chromaffin cells may carry high surgical risk despite its effectiveness in
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some patients [119]. Therefore, alternative sources for chromaffin cells were
evaluated. Alginate was proposed for decreasing rejection risks in the implan-
tation of animal tissue.

Implantation of bovine chromaffin cells was tested in a methylphenyltetra-
hydropyridine (MPTP)-induced PD model in monkeys. The embedding of
chromaffin cells in alginate—PLL—alginate beads was compared to cell-free
beads and implantation of chromaffin cells without encapsulation [120]. The
monkeys that were treated with empty beads showed no improvement in AIR.
In contrast, unencapsulated chromaffin cells induced a 1-month-long decrease
in AIR, while encapsulated chromaffin cells were associated with a 9-month
decrease in AIR [72]. Therefore, alginate encapsulation of chromaffin cells may
produce sustained improvement of PD in primates and possibly, in the future,
in humans.

The tobacco alkaloid nicotine may have a beneficial effect in PD [118]. To
prolong nicotine release from the alginate beads beyond 2 weeks, a bead
composition of alginate—hydroxyethylcellulose was investigated in vitro [118].
However, review of the medical literature revealed no in vivo attempts to
investigate a CNS-implanted slow-release nicotine system, most probably due
to the long experience with skin patches and nicotine gums, which do not
require complicated surgical procedures. Nevertheless, currently used methods
of nicotine supplementation involve systemic distribution of nicotine, which
may cause nausea and gastrointestinal side effects in some patients, potentially
resulting in low compliance [121].

Conclusions. Alginate’s bioabsorptive properties make it a good candidate
for neural regeneration [104]. It may have different potential applications in
neurological disorders, including use as a scaffold and as a vehicle for the
release of bioactive substances. The use of alginate for the treatment of
neurological diseases is currently in the preclinical stages. The use of alginate
as a carrier for chromaffin cells for pain management in cancer patients and for
the treatment of PD seems especially promising. We believe that the con-
comitant use of alginate as a scaffold with 3D orientation, which favors neural
regeneration, and as a matrix for the slow release of neurotrophins, holds
promise for the treatment of various heretofore permanent neural injuries.

5.8.5 Uses of Alginate in Dental Care

Emdogain is a commercial product composed of an enamel matrix protein
derivative (EMD) and PGA [122]. It is used as an adjunct to periodontal
surgery and is applied to the exposed surface of the tooth’s root. Inflamma-
tory periodontal disease may cause instability of the tooth [123]. The EMD
component in Emdogain enhances periodontal regeneration and has been
found efficient for the treatment of intrabony defects due to moderate
or severe periodontitis [124]. The EMD is the biologically active comp-
onent, while PGA is used as a carrier matrix. A randomized controlled trial
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(clinicaltrials.gov Identifier NCT00757159) is ongoing to evaluate the treatment
of periodontal defects with Emdogain or synthetic hydroxyapatite.

5.8.6 Uses of Alginate in Oncology

Cancer is a leading cause of morbidity and mortality in the western world.
Major advances have been made in antineoplastic therapy in recent years.
Targeted therapy is now available, as are potent drugs that prevent tumor
spread. These drugs are generally delivered systemically. However, systemic
treatment is commonly complicated by adverse effects and toxicity. An
alginate-based local chemotherapeutics-release technique has been proposed
[125, 126], as has the use of alginate for chemoembolization with mitomycin-C
[127]. Local administration of chemotherapeutics is advantageous due to high
systemic toxicity. In addition, alginate may be used for the local delivery of
peptides that induce apoptosis, thereby providing additional local antineoplas-
tic therapy [128].

Moreover, alginate gels can contain radiation-emitting substances, thereby
enabling localized radiotherapy [129]. Tumors are usually very vascular due to
neovascularization induced by malignant cells. Inhibition of angiogenesis is a
different therapeutic approach to cancer therapy. Angiostatin, an antiangio-
genic material, can be produced by genetically engineered cells. Alginate was
found useful, with successful proof of concept, in a rat model for prolonged cell
survival following transplantation [130]. Endostatin is another antiangiogenic
agent whose release from an alginate matrix has shown promising results in
vitro [131].

In addition, alginate can be used for entrapment and support of retroviral
vector-producing cells, which may be used for the local delivery of suicide genes
into malignant cells [132]. In vivo experimentation on mice has demonstrated
improved survival in the treatment group [132].

In conclusion, alginate may be used for the localized delivery of different
antitumor treatments with enhanced local effect. This has especially high
therapeutic potential in cases of confined tumors without metastasis.

5.8.7 Uses of Alginate in Artificial Liver Techniques

The liver is a vital organ that supports metabolism. It produces bioactive
proteins and peptides and plays an important role in glucose homeostasis as
well as bile production, and in the detoxification of toxins and drugs. Acute
hepatic failure is a life-threatening condition that is associated with encephalo-
pathy [133]. End-stage liver disease or acute hepatic failure may require liver
transplantation. In one experiment, a model of acute liver failure was
introduced in pigs. Plasmapheresis was then conducted with an extracorporeal
bioartificial liver composed of alginate beads containing hepatocytes. The
treatment reduced encephalopathy and intracranial pressure [133] and pro-
longed survival [134]. These results were further supported by other studies
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[135]. Moreover, transplantation of alginate-encapsulated hepatocytes from
various sources may be useful in the restoration of hepatic functions [136]. In
addition, alginate may be used as a scaffold for de novo engineering of liver
tissue [137, 138].

Liver regeneration following partial hepatectomy was found to be accelerated
following intraperitoneal transplantation of bone marrow stem cells encapsu-
lated in alginate beads in a rat model [139]. Moreover, survival was increased in
90% of hepatectomized rats following transplantation. This beneficial effect was
presumably caused by the secretion of factors that stimulate liver regeneration
by the bone marrow stem cells [139]. In conclusion, due to a dearth of organ
donors, alginate may be used for liver replacement therapy, either in the
transplantation of foreign encapsulated cells or as part of an extracorporeal
bioartificial liver.

5.8.8 Alginate Applications for Cartilage Substitution Therapy

The cartilage is a dense connective tissue that contains chondrocytes. It is found
throughout the body, either on articular surfaces or as a structural support for
the airways, nose, and external ear. An alginate—chondrocyte mixture was
investigated for its possible use as injectable cartilage, which can maintain
different shapes created by external molding. This technique has been suggested
for use in facial plastic surgeries [140, 141]. Moreover, alginate may be used for
3D tissue engineering and reconstruction of neocartilage prior to transplanta-
tion [142—144]. Chondrocytes embedded in alginate survive for long periods
(Fig. 5.11) and preserve their ability to secrete connective tissue products
(proteoglycan, glycosaminoglycan, and collagen type II).

5.8.9 Alginate Applications for Local Drug Release

Localized drug administration has important advantages: It enables a higher
concentration of the drug where its effect is required, prevents undesirable
rapid drug degradation, enables sustained release, and decreases systemic side
effects. Alginate has been suggested as a vehicle for the delivery of different
types of antibiotics in the treatment of local infections [145—149]. VEGF
enhances neovascularization, and therefore local administration of VEGF to
ischemic tissue has been proposed. Alginate is a suggested carrier for the local
release of VEGF to treat peripheral vascular disease [150]. Moreover, as
already noted, in an animal trial, alginate-based local intramyocardial delivery
of VEGF following MI had beneficial effects [73]. In addition, alginate may be
used for the delivery of proangiogenic drugs such as bFGF [151] or other
proangiogenic approaches [152, 153]. Embolization is a common treatment for
vascular lesions (i.e., arteriovenous malformations, vascular aneurysms, highly
vascularized tumors, and vascular hemorrhages). Alginate has been suggested
for use in this approach [154, 155]. Moreover, renal artery embolization with
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FIGURE 5.11 Scanning electron micrograph of chondrocyte cells grown on alginate
scaffolds for 1 week (a), 2 weeks (b), 3 weeks (c) and 4 weeks (d). White asterisks indicate
alginate; white arrows indicate chondrocyte cells and clusters; black arrows indicate
fibroblast-like chondrocyte cells. (Adapted from Lin et al. [143].)

alginate beads for the treatment of renal malignancy is possible, with or
without embedded chemotherapeutics [156, 157]. Alginate may be used as a
matrix for enzyme delivery [158—160]. Anticoagulants such as heparin and low-
molecular-weight heparin have a short half-life following administration. The
use of alginate—chitosan—polyethylene glycol capsules has been suggested for
their slow release [161]. In conclusion, alginate matrix can be used safely and
effectively for local delivery of various drugs, proteins, and enzymes, although
experience in human subjects is currently limited.

5.8.10 Alginate Applications for Local Gene Therapy

Gene therapy may provide future treatment options for various diseases in
which expression of a particular protein(s) is lacking. In addition, local delivery
of gene therapy may be required in cases of disease limited to an organ or
tissue. Moreover, the use of local gene therapy via viral vectors in alginate
carriers can potentially be applied [162]. As described above, encapsulated
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retroviral vector-producing cells may be locally implanted to deliver suicide
genes into malignant cells [132]. The use of alginate for virus delivery decreases
the host immune response against the virus itself and enables viral protein
expression [163].
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6.1 DEXTRAN

6.1.1 Introduction

Dextran is a polysaccharide of microbial origin made up of glucose units. The
most common source of dextran is Leuconostoc mesenteroides. There are many
clones of L. mesenteroides to produce various grades of dextran differing in
their molecular weight distribution and degree of branching. Dextran used for
clinical applications should be free from pathogens and other contaminations.

6.1.2 Chemistry of Dextran

Dextran is chemically a homopolymer of a-D-glucose. The backbone linear chain
contains the glucose units attached with each other by an «a-p-1,6-glycosidic
linkage, while the branches begin with an a-p-1,3 linkage at the attachment to the
backbone, as opposed to an a-p-1,4 linkage of backbone and a-(1,6) linkage at

(0]
| <—————3 «(1 — 6) Glycosidic Linkage

CH,

a(l — 3) Glycosidic Linkage o

Dextran

FIGURE 6.1 Structure of dextran.



6.1 DEXTRAN 187

the branching as in starch (Fig. 6.1). Branches are mostly one to two glucose units
long. The branches in dextran can also be attached in an a-1,4 and a-1,2 fashion.
The structure, molecular weight distribution, and degree of branching of an
individual dextran vary with the strain of microorganism and the environmental
growth conditions. Dextran is soluble in water because of its abundant hydroxyl
groups but insoluble in ethanol. The CAS (Chemical Abstract Service) registry
number of dextran is 9004-54-0. The molecular weight of dextran ranges from
10 to 150 kDa. Generally, the average molecular weight is suffixed to the name,
say dextran 1, dextran 40, dextran 70, and so forth where the number denotes the
average molecular weight distribution in kilodaltons [1]. Dextran is also pro-
duced by certain strains of Streptococcus, Acetobacter species, and Lactobacillus
brevis. It is a major component of dental plaques.

6.1.3 Dextran Derivatives

Natural dextran is modified chemically to give special properties to the
modified polymer for specific applications.

Dextran Sulfate. 1t is a polysulfated product of dextran. The free hydroxyl
groups at 2, 3, and 4 positions are sulfated and generally exist as sodium
salt. The sulfate groups confer a polyanionic property to the otherwise non-
charged dextran. On average 2.3 sulfate groups present per glucose residue
[Fig. 6.2(a)]. Dextran sulfate is used to artificially induce colitis in experimental
animals.

Diethylaminoethyl—Dextran (DEAE—Dextran). 1t is produced by reacting
dextran with diethylaminoethyl chloride, and the degree of substitution corre-
sponds to approximately one DEAE group per three glucose units. The DEAE
group confers a polycationic property to the molecule [Fig. 6.2(b)]. DEAE
dextranisused asan adjuvant in vaccine production and as a transfection agent to
deliver nucleic acids and proteins.

Iron Dextran. Iron is complexed with dextran and used as an intravenous iron
supplement in treating iron deficiency anemia. Some popular brands of
iron—dextran are Dexferrum (American Regent Labs, NY) and InFed (Watson
Pharma, AZ).

6.1.4 Synthesis of Dextran

Dextran is a polysaccharide from a natural source and is biosynthesized by
Leuconostoc and Streptococcus species from sucrose by the enzyme dextransu-
crase, which utilizes the glucose part of sucrose to build the dextran polymer
and liberates free fructose as a by-product. Acetobacter species convert dextrin
to dextran by converting the a-1,4 linkages to a-1,6 linkages.
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6.1.5 Production of Dextran

Dextran is produced by a fermentation process from various bacterial strains of
L. mesenteroides (B512, FT 045 B, Lcc4, etc.). Many strains of this organism,
including artificially mutated strains, have been studied to optimize the substrate,
yield, molecular weight distribution, and degree of branching, and numerous
patents have been granted for different manufacturing processes. A typical
bioprocess of clinical dextran comprises a two-stage fermentation process. In
the first stage, dextransucrase is produced from L. mesenteroides at a pH of 6.7 for
24 h. In the second stage the cell-free broth containing enzyme and sucrose are
input into a continuous fermentation process at a pH of 5.2 for dextran synthesis
[2]. Sugarcane molasses and corn steep liquor can be used as carbon and nitrogen
sources, respectively, on an industrial scale [3]. The molecular weight distribution
of native dextran is so wide and not suitable for clinical use. In order to get a
specific molecular weight range 40—70 kDa, which is most frequently used
clinically, a two-stage fermentation process is used. The native high-molecular-
weight dextran product from the first stage is fermented with Lipomyces starkeyi,
which produces dextranase, an enzyme that cleaves dextran into smaller frag-
ments [4, 5]. Finally, the desired molecular weight fraction of dextran is obtained

(a)

Dextran Sulfate Sodium

HOH,C

H SOsNa

FIGURE 6.2 Structure of (a) dextran sulfate sodium and (b) diethylaminoethyl
dextran.
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(b)

H H
H
OH H (l)
Diethylaminoethyl OH CH,
Dextran H OH 0

N(C,Hs),

OH | H CH,
CH, |
| CH,
CH,

C1” NH(C,Hs),
C1" NH(C,Hs),

FIGURE 6.2 (Continued).

by removing the larger and smaller fragments by membrane filtration or size-
exclusion continuous chromatography [6] and precipitated with organic solvents
such as ethanol. A mixed-culture fermentation method employing L. starkeyi and
L. mesenteroides, using sucrose and starch to produce dextrans of selected size
was, also reported [7]. A new separation method to control the molecular weight
distribution and improved quality of dextran using a direct-current (dc) potential
during membrane ultrafiltration coupled with solvent crystallization was reported
by Chen et al. [8]. Sucrose content of media affects the molecular weight and
degree of branching of the dextran produced. Kim et al. has reported that high
sucrose content decreases the yield of high-molecular-weight dextran and
increases the yield of low-molecular-weight dextran and increases the degree of
branching [9]. Temperature has very little effect on the size of dextran but has a
significant effect on the degree of branching as high temperature favors more
branching. Neither molecular weight nor degree of branching is affected by pH
between 4.5 and 6.0 (Table 6.1). Emergence of recombinant deoxyribonucleic acid
(rDNA) technology has enabled the production of dextran using recombinant
dextransucrase enzyme expressed in non-Leuconostoc hosts [10].
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TABLE 6.1 Effect of Sucrose Concentrations, pH, and Temperature on Molecular
Weight Distribution of Dextrans Synthesized by L. mesenteroides B-12FMCM
Dextransucrase

Percent dextran

Sucrose’ (M) 10°—10* 10*~10° 105-10° >10°
MW?
I II 11 v
0.1 0.12 0 0.8 99.8
0.3 1.27 0.73 0 98.0
1.0 5.8 18.6 17.9 57.7
1.5 8.7 30.9 3.8 56.6
2.0 61.5 0 0 38.5
3.0 68.4 0 0 31.6
4.0 69.9 0 0 30.1
pH®
4.5 13.2 1.2 26.8 58.8
5.0 1.6 1.1 10.4 86.9
52 1.3 0 10.1 88.6
5.5 0.5 0 4.5 95.0
6.0 0.3 0 0 99.7
oCd
4 0 0.4 16.4 83.2
15 42 0 20.6 75.2
23 6.1 0 9.1 84.8
28 23 7.8 15.4 74.5
37 1.3 0 33.4 65.3
45 0 0 159 84.1

“Reactions conducted at pH 5.5 and 28°C and different sucrose concentrations.
®Molecular weights divided into four divisions.

¢ Reactions conducted at 1.5 M sucrose and 28°C and different pH values.
9Reactions conducted at 1.5 M sucrose and pH 5.5 and different temperatures.

Source: Kim et al., Carbohydr. Res. 2003;338:1183—1189.

Besides natural sources of dextran, a few chemical syntheses have been
reported. A cationic ring-opening polymerization of 1,6-anhydro-2,3,4-tri-O-
allyl-a-p-glucopyranose was carried out using BF3;-OEt; at 0.5°C for 140 h
followed by isomerization using tris(triphenylphosphine)-chlororhodium cata-
lyst and then deprotection by hydrochloric acid in acetone to give dextran, a
(1> 6)-a-p-glucopyranan [11, 12] (Fig. 6.3).

6.1.6 Clinical Uses of Dextran

Dextran has been used in clinical practice for more than a half century. It is
biocompatible [13] and biodegradable [14]. This makes it useful in in vivo
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applications. A molecular weight (MW) range of 40,000—70,000 is most
frequently used for clinical applications. A few commercial brands of dextran
for clinical uses are Macrodex (MW 70,000) and Rheomacrodex (MW 40,000).
A brief account on the past and present investigations and applications of
dextran is highlighted below.

Dextran as Lymph Node Imaging Agent. Dextran can be used as animaging
agent in diagnostic procedures after labeling with a radionuclide. In an animal
experiment using rabbits, dextran labeled with technetium (**™Tc) when given
intradermally preferentially accumulated at the lymph nodes while the blood
radioactivity levels were reported as too low [15]. Thus, the lymphatic system can
be visualized by scintigraphy using **™Tc—dextran as a radioimaging agent (Fig.
6.4). Identification of sentinel lymph node (SLN), a hypothetical lymph node
where a metastatic cancer can possibly reach first before migrating to other lymph
nodes, can improve the assessment of the pathological condition of tumor cancer
spread and to plan the treatment strategy. A preclinical study using pigs had
analyzed the SLN mapping of the prostate using [**™Tc]diethylenetetramine
pentaacetic acid—mannosyl-dextran (Lymphoseek, Neoprobe Corporation)
to determine the SLN [16]. Lymphoseek is now in a phase III clinical trial.
Other imaging agents, such as superparamagnetic iron oxide nanoparticles or
gadolinium-based nanoparticles are coated with dextran sulfate to confer
biocompatibility and monodispersity in water [17] (Fig. 6.5).
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FIGURE 6.4 Scintigraphic imaging of lymph nodes by **™Tc—dextran. (a) Scinti-
graphic anterior images at times indicated after ID injection of 400 pCi (0.05 mL)
9mTc_dextran in both hind legs of a rabbit: The injection sites, the bilateral lymph
channels extending up to popliteal lymph nodes are all visible. (b) The upper region
showing the popliteal lymph nodes and the channels extending up to external iliac lymph
nodes (arrow) later obscured by the urinary bladder. The image at 125 min taken from
the abdomen shows the accumulation in liver, kidneys and urinary bladder. (Source:
Ercan et al., Eur. J. Nucl. Med. 1985;11:80—84.)
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FIGURE 6.5 TEM images of GdPO, particles without (left) and with (right, PGP/
dextran-KO01) the dextran coating. The arrow in the right picture indicates the dextran
coating material (Source: Hifumi et al., J. Am. Chem. Soc. 2006;128:15090—15091.)

Dextran in Surgical Procedures. Spinal anaesthesia is achieved by injecting
a local anaesthetic agent by an epidural puncture. But sometimes this causes a
headache after the surgical procedure. Hence a safe material is needed for
epidural patches. In an animal experiment dextran injected in rats intrathecally
was reported to cause no neurotoxicity and hence may be suitable for epidural
patches [18].

Blood-Related Applications of Dextran. Dextran sulfate was reported to
inhibit coagulation and complement activation. In clinical islet transplanta-
tion, contact of human pancreatic islets with blood triggers an instant blood-
mediated inflammatory reaction (IBMIR) and leads to tissue loss. Admini-
stration of a low-molecular-weight dextran sulfate (MW 5000) shows a
dose-dependent inhibition of IBMIR with inhibition of coagulation and com-
plement activation [19]. It is reported that dextran 70 shows a dose-dependent C3
activation and terminal complement complex formation when incubated with
fresh serum in vitro [20]. Dextran has been used as a plasma volume expander.
When blood is lost in an accident or surgery, the primary measure is to stop
the bleeding and secondly to replace the lost volume with a suitable blood
substitute such that the remaining red blood cells (RBCs) can still oxygenate the
body tissue until a blood transfusion can restore the lost RBCs. Plasma volume
expanders do expand and maintain the volume of blood and facilitate the heart
to keep pumping without any shortage of volume. Dextran is a plasma expander,
and, because of its high molecular weight, it does not pass out of the vessels and is
a potent osmotic agent, biocompatible, and biodegradable. But it is also a
potential anticoagulant, which raises the question of its usage in surgical
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procedures as a volume expander. In a study conducted to establish the clinical
significance of any increased intraoperative blood loss associated with the use of
dextran 70 during transurethral resection of the prostate (TURP) 500—1000 mL
of 6% dextran 70 was administered. The regression analysis found no indication
that dextran 70 given within the recommended dose range increases the blood
loss during TURP [21]. Hemodilution facilitates free flow of blood through
vessels and has beneficiary effect in ischemic stroke. A combination of venesec-
tion, a surgical procedure to remove excess of blood from the circulation, and
hemodilution by dextran 40 administration was reported as a clinically safe
therapeutic regimen in the treatment of acute cerebral infarction that could
improve long-term clinical outcome [22]. In treating congenital heart disease by
open-heart surgery especially in children, the extracorporeal blood circulation
induces lung injury. Dextran sulfate was reported to prevent this injury by
blocking leukocyte-endothelial cell adhesion. Dextran sulfate was given 60 mg/
kg by intravenous (IV) infusion just before the cardiopulmonary bypass.
Respiratory index was preserved and granulocyte elastase was significantly
lower in the dextran sulfate group, indicating amelioration of postperfusion
lung damage by dextran sulfate [23]. Incidences of surgical adhesion of organs
after surgery are of major concern in clinical practice. Intraperitoneally
administered 32% high-molecular-weight dextran 70 was reported to reduce
the incidence of surgical adhesions [24]. In reconstructive hip surgery dextran
40 was given to patients pre- and postoperatively and it effectively prevented
thrombus formation and was a safe and efficacious means of deep venous
thromboprophylaxis [25].

Dextran in Anemic Treatment. Iron—dextran is a complex of ferric oxyhydr-
oxide with dextrans of molecular weights from 5000—7000 Da containing
about 50 mg/mL of iron as a viscous solution. It is administered as a
parenteral IV infusion and is used as a hematinic in the treatment of anemia.
Iron—dextran is given to patients who are intolerant to oral iron supplementa-
tion treatment. Typically, the calculated dose is given in divided doses. Total
dose infusion (TDI) of iron—dextran is commonly not used because of possible
side effects such as anaphylactic reactions. The most frequent side effects of
TDI are nausea, headache, vomiting, chills, and backache. However, recently
Reddy et al. have reported that anaphylactic reactions were not observed with
TDI of iron—dextran, and so it is reported as a safe and efficacious treatment
in iron deficiency anemia [26]. Arthralgia-myalgia syndrome observed in some
patients can be treated effectively with methylprednisolone [27]. (For a review
on iron—dextran toxicity see Burns and Pomposelli [28]). Iron—sucrose was
proposed as a safer iron supplement than iron—dextran; but a recent report
found no difference between these two [29].

Dextran as an Antimucus Agent. Cystic fibrosis (CF) is a hereditary disease
characterized by a thick mucus production in the lung and other complications.
The thick mucus affects the rheology and ciliary transportability of sputum and
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facilitates adhesion and infection by airway pathogens such as Pseudomonas
aeruginosa. An in vitro experiment in which the sputum was treated with
dextran 4000 (4—40 mg/mL) and the viscoelastic properties of sputum was
studied and compared with control. Dextran 4000 treatment is reported to
reduce viscoelasticity and increase mucociliary and cough clearability, suggest-
ing potential application of dextran 4000 to reduce crosslink density and
cohesiveness of mucus in CF treatment [30].

Dextran in Organ Preservation. In organ transplantations, the grafts are
preserved in preservation solutions such as the University of Wisconsin (UW)
solution from the time of organ collection until surgery to preserve the function.
UW solution contains hydroxyethylstarch colloid as a key component. A
dextran-40-based preservation solution was compared with UW solution and
reported to be comparable with that of UW solution in preserving kidneys [31].
Similarly graft preservation using a low-potassium dextran preserving solution
leads to immediate and intermediate graft function and long-term survival was
reported for lung transplantation [32].

Dextran Conjugates as Drug Delivery Systems. Dextran is a biocompa-
tible polymer and biodegradable under physiological conditions. These proper-
ties make it a potential candidate as a carrier for many drugs, proteins, nucleic
acids, and the like. Many drug conjugates of dextran have been prepared and
reported as drug delivery systems. Nystatin was conjugated with oxidized
dextran through a Schiff linkage, and the resultant conjugate was highly water
soluble and more effective than the parent drug [33]. Another report shows a
12-fold increase in the solubility of acyclovir, an antiviral drug that is active
against the hepatitis B virus, after conjugating to dextran. Free drug was
released from the conjugate in vitro at pH 7.4, and the pharmacokinetic studies
in mice after I'V administration showed higher distribution of the drug in liver
with acyclovir—dextran conjugate compared to acyclovir alone [34].

A preclinical study of a conjugate of the camptothecin analog with carbox-
ymethyldextran polyalcohol linked by a peptide spacer showed a long retention
of high blood levels of conjugate, preferential accumulation in the tumor, and
sustained release of the drug and the drug linker in the tumor tissue, leading to
enhanced antitumor efficacy with a high therapeutic index by a single dose
[35]. Choosing the right linker that can be cleaved only by certain conditions
will enhance the drug release specific to a particular tissue. A dextran—
peptide—methotrexate conjugate was reported for tumor-targeted delivery of
the drug mediated via matrix metalloproteinase II (MMP-2) and metalloprotei-
nase IX (MMP-9), the tumor-associated enzymes that are overexpressed in
many tumors such as prostate, colon, ovary, bladder, and gastric car-
cinoma. The anticancer drug was linked to the polymer via a short peptide of
Pro—Val—Gly—Leu—Ile—Gly, the sequence that can be cleaved by the target
MMP enzymes (Fig. 6.6). In the presence of the target enzymes the linker was
cleaved and methotrexate—peptide is released in the cancer cells alone, while the
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FIGURE 6.6 Dextran—peptide—methotrexate conjugate. Anticancer drug methotrex-
ate is conjugated with dextran via a short peptide Pro—Val—Gly—Leu—Ile—Gly, the
sequence that can be cleaved by the target matrix metalloproteinase enzymes. (Source:
Chau et al., Bioconjug. Chem. 2004;15:931-941.)

drug in the conjugate remains unreleased in the blood, making the tumor-
targeting capability of drug conjugates possible [36].

Drug targeting to a particular tissue can be done by conjugating a ligand for
the targeted tissue. A norfloxacin—dextran—mannose conjugate was reported
that used mannose as a homing device to direct the drug into macrophages,
where the tuberculosis bacteria live, to achieve antimycobacterial activity in
vivo in mice [37]. Similarly, a liver-selective prodrug of lamivudine, an antiviral
drug used in the treatment of hepatitis B and HIV (human immunod-
eficiency virus) infection, was reported. Lamivudine was conjugated with
dextran through a succinate linker, and the in vitro and in vivo studies of
conjugate were shown to decrease the clearance and volume of distribution
of the drug, with a 50-fold increase in the accumulation of the drug conjugate in
the liver and the gradual release of free drug [38] (Fig. 6.7). Another dextran
conjugate of ketorolac was shown to have reduced the ulcerogenic nature of the
parent drug [39].

Dextran Hydrogels as Drug Delivery Systems. Hydrogels are crosslinked
three-dimensional networks of polymer chains that are not soluble in water but
are capable of swelling by absorbing water into the network. If the hydrogel is
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FIGURE 6.7 Higher hepatic accumulation of lamivudine—succinate—dextran conju-
gate (3TCSD) and slow release of lamivudine (3TC). Structure of 3TCSD (top) and liver
concentration—time courses (bottom left) and AUC values (bottom right) of parent
(3TC) and/or conjugated (3TCSD) lamivudine after IV administration of single 5-mg/kg
doses (3TC equivalent) of 3TC or 3TCSD to rats. Standard deviation values are shown
as error bars (n = 3 rats for each time point). Asterisks indicate significant differences
from the other two groups. (Source: Chimalakonda et al., Bioconjug. Chem. 2007,
18:2097—2108.)

formed in the presence of the drug, the latter is entrapped in the network and
will be released upon swelling by absorbing water, providing a means of
delivering the drug in a controlled fashion. Doxorubicin was incorporated into
dextran methacrylate hydrogel by photopolymerization, and the loaded hydrogel
released the drug following a simple Fickian diffusion at an early stage of
release [40]. A pH-sensitive drug delivery matrix was reported based on
dextran—methacrylate hydrogel, which was further functionalized with acidic
residue by phthalic anhydride to confer a pH-sensitive swelling behavior. The
incorporated ibuprofen was retained in the stomach pH and released in
the intestinal pH in a sustained manner dependent on the degree of methacrylic
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group derivatization. Also in vivo studies in rats were reported to protect them
from the ulcerogenic effect of ibuprofen [41]. A hydrogel based on oxidized
dextran and gelatin loaded with dopamine was reported to release the drug when
implanted unilaterally in the lesioned striatum of a hemiparkinsonian rat model
and abolished the apomorphine-induced contralateral rotational behavior. This
technology can be an alternative method for treating Parkinson’s disease and also
reducing the oral dose of drugs that show severe adverse effects and develop
tolerance [42].

Dextran Protein Conjugates. The advantages of dextran—drug conjugates
can be extended to proteins as well. Aprotinin is a protein that is used to reduce
bleeding during complex surgical procedures. In order to prolong the in vivo
lifetime of aprotinin and to target the liver, it was conjugated with clinical
dextran and used galactose residues for specific cellular uptake by the liver. The
conjugate showed a decreased elimination rate and effective liver targeting [43].
Similarly, a conjugate of a mouse epidermal growth factor with dextran by a
reductive amination of free amino end group of proteins with an aldehyde
group on the reductive end of dextran was reported for specific binding to the
epidermal growth factor receptor [44].

Dextran in Gene Delivery. Diecthylaminoethyl—dextran (DEAE—dextran)is a
polycationic derivative of dextran. The polycationic nature confers its ability to
bind with DNA and facilitates its transfer into the cell, thus making it a transfection
agent useful in gene delivery. An enhancement of adenovirus-mediated gene
transfer to the airways by sodium caprate pretreatment when the adenovirus is
complexed with DEAE—dextran by 45-fold over the virus alone was reported [45].
Stabilizing the nonviral vectors during lyophilization is important to maintain the
transfection rate and physical characters upon reconstitution. Sucrose can protect
nonviral vectors during freeze-drying despite the osmotic incompatibility with
subcutaneous or intramuscular injection. Dextran 3000 was shown to be offering
similar protection as that of sucrose, with 40% reduced osmolality compared to
sucrose [46].

Anti-HIV Activity of Dextran Sulfate. Dextran was one of the candidates
tested for HIV treatment in the late 1980s. Attachment of a viral particle to the
target T lymphocyte receptor, the CD4 antigen is the first step in HIV-1
infection. Dextran sulfate, molecular weight 8000, was found to block the
binding of virus to T lymphocytes and showed inhibitory effect against HIV-1
in vitro at concentrations clinically attainable in humans. Also dextran sulfate
was reported to have suppressed replication of HIV-2 in vitro [47]. A clinical
trial for tolerance and safety of oral dextran sulfate in treating HIV patients
with the acquired immunodeficiency syndrome (AIDS) reported that the drug
was well tolerated, but there was no appreciable change in CD4 lymphocyte
numbers and no decline in beta-2 microglobulin level [48]. Pharmacokinetic
analysis of dextran sulfate in rats was studied with radiolabeled dextran sulfate,
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molecular weight 8000, given IV and the initial plasma half-life was found
to be 30 min, a minor breakdown of the molecules. On oral administration
the apparent bioavailability was found to be 6.8%, but it is absorbed after
breakdown into smaller fragments of MW <200, while in vitro testing revea-
led that dextran sulfate MW <2300 had no anti-HIV effect, suggesting that
oral administration of dextran sulfate was unlikely to produce anti-HIV effect
in vivo [49]. Also it was reported that the anti-HIV effect of dextran sulfate is
strain dependent such that two clinical isolates of HIV-1 (TM and SP) were
less susceptible to dextran sulfate compared to two cloned isolate (HIV-1
WMF and HIV-2 ROD) and a prototype lab strain (HIV-1 I1IB). Also high-
molecular-weight dextran sulfate (500,000) was antagonistic (in HIV-1 TM and
SP isolates) while low-molecular-weight dextran (8000) was synergistic (in all
five HIV isolates) when dextran sulfate is given in combination with dideox-
ynucleosides [50]. Sulfated polysaccharides including dextran sulfate and
pentosan polysulfate were reported to inhibit transmission of HIV-1 from
lymphocyte to epithelial cells in vitro, suggesting a possible vaginal formulation
that could inhibit HIV-1 transmission [51] (Fig. 6.8).

Antitumor Activity of Dextran Sulfate. In a preclinical study, dextran
sulfate at a dose of 300 mg/kg intraperitoneally (IP) given to rats prior to
the IV injection of radiolabeled lung carcinoma cells significantly decreased the
pulmonary metastasis compared to a control group, suggesting dextran sulfate
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FIGURE 6.8 Effect of dextrans on cell-mediated HIV-1 infection. Neutrally charged
dextran (DX) and positively charged dextran (DEAE-DX) did not inhibit HIV-1
infection. Dextran sulfate (DXS) inhibited HIV-1 infection by 50% at 0.3 pg/mL. p24
values represent mean of 2 wells = SD; experiment was repeated 3 times. Bgd, back-
ground p24 value due to nonspecific antibody binding in the absence of test supernatant.
(Source: Pearce-Pratt et al., Biol. Reprod. 1996;54:173—182.)
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can be used for inhibiting the metastasis of carcinoma [52]. Bone marrow
transplantation is one of the surgical procedures to treat tumor patients. The
bone marrow should be processed to remove the RBCs and to enrich the
hematopoietic progenitor cells (HPC) in vitro. A method that uses dextran 110
for bone marrow processing was reported. Blood was treated with dextran in
transfer bags for 30 min to allow sedimentation followed by flow cytometry to
assay the recovery of CD34 * cells. There was no difference in mean RBC count
in postdextran sedimentation bone marrow (BM) allografts and ficoll-treated
BM allografts, suggesting dextran sedimentation as an efficient method of
depleting red cells in major ABO-incompatible bone marrow allografts with-
out significant loss of HPC [53]. Intraperitoneal dextran sulfate 500,000 showed
antiadherent therapy against metastasis of carcinoma, and toxicity studies
in mice and rabbits have shown that the IP dextran sulfate is safe as an
antiadherent treatment against peritoneal carcinomatosis [54]. Magnetic
nanoparticles could heat in an alternating magnetic field, causing magnetic
fluid hyperthermia that can inhibit tumor growth in vivo. A toxicity study of
dextran-coated magnetic fluid given subcutaneously (SC) was reported in mice.
At a dose of 30 mg/0.3 mL dextran—magnetic-fluid-activated glutamicoxala-
cetictransaminase and glutamicpyruvictransaminase no change in cell number
of blood was noted, suggesting that dextran—magnetic fluid was safe, biocom-
patible, and tolerable in SC tumor therapy [55].

Dextran in Hyperlipidemia Treatment. Apheresis systems have been used in
patients with hyperlipidemia to reduce the low-density lipoproteins (LDL)
levels. While many apheresis systems are very complicated and expensive
treatments, a new LDL apheresis system based on dextran sulfate was develo-
ped at a lower cost [56]. Fifty patients with hyperlipidemia were treated with
the new apheresis system. Typically, 600 mL of plasma was collected by
apheresis, treated with dextran sulfate and calcium chloride solutions that
serve as LDL absorber and catalyzer, respectively. Dextran sulfate selectively
bound LDL cholesterol under catalysis by calcium ion, and this LDL—dextran
sulfate complex was removed by centrifugation, and the excess calcium was
removed by cation exchange column and the treated plasma was transfused
back into the patients. After treatment an acute mean reduction of LDL
cholesterol was found to be 97%, and a corresponding total cholesterol and
total triglyceride reduction were found to be 55.2 and 69.5%, respectively. No
significant reduction in high-density lipoprotein cholesterol and albumin,
suggesting this new dextran-sulfate-based apheresis system is a safe, effective,
and inexpensive means for treating patients with hyperlipidemia.

6.1.7 Safety of Dextran

While the clinical applications of dextrans are growing, the safety concern of
dextrans used in a particular application needs to be addressed. Use of 32%
dextran 70 to prevent postsurgical pelvic adhesion has been suggested as an
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adjuvant therapy. In a study of 234 women who received an antiadhesion regimen
of intraperitoneal 32% dextran 70, no anaphylactic reactions, peritonitis, or
wound infection were experienced by any woman, suggesting intraperitoneal
dextran 70 as a safe, well-tolerated antiadhesion adjuvant for gynecological
operations [57]. High-molecular-weight dextrans induce generation of ant-
idextran antibodies, leading to anaphylactoid reactions in some patients.
These antibodies can be counteracted with monovalent haptens such as dextran
1. Dextran 1 is well tolerated in humans. A pharmacokinetic study of dextran 1
was reported [58]. No symptoms of anaphylactoid reactions were observed after
dextran 1 injection in volunteers with dextran antibodies, suggesting an IV
preinjection of dextran 1 can prevent antibody-mediated side effects after
infusions with clinical dextrans. Studies on the effects of hapten inhibition with
dextran 1, which is used for the prevention of severe dextran-induced anaphy-
lactic reactions (DIAR) caused by the immune system revealed that the incidence
of severe DIAR (grades III-V) to clinical dextran after prophylactic use of
hapten inhibition was approximately one in 200,000 patients receiving dextran 1.
Side effects of dextran 1 were mostly mild and were not antibody mediated,
suggesting that dextran with hapten inhibition is possibly the safest plasma
substitute in clinical practice [59]. In vitro studies on mitogenic lymphocytes
from normal volunteers showed no transformations in response to the presence
of dextran sulfate at concentrations of 0.8—8000 pg/mL, suggesting clinical
dextrans of average molecular weight 40,000—150,000 are not B- or T-cell
mitogens [60].

Patients with liver cirrhosis and tense ascites showed better mobilization of
ascitic fluid when treated with large volume paracentesis (LVP) and infusion of
low-molecular-weight dextran in one week compared to the minimal mobiliza-
tion of ascitic fluid in patients receiving diuretics aldactone and furosemide. No
hypovolumia after complete mobilization of ascites was noted in patients
treated with LVP and dextran, suggesting dextran infusion is safe, low-cost,
and effective replacement therapy for cirrhotic ascites treatment by LVP [61].
Low-molecular-weight dextran is used commonly in clinical microsurgery.
A study in rabbits that underwent bilateral 2-mm arterial inversion graft
construction in femoral arteries infused with IV dextran 40 at 2.1 mL/h showed
85% of dextran grafts were patent at one week compared to only 48% of
control grafts that received no infusion. Scanning electron micrographs
revealed a decrease in platelet and fibrin deposition in patent dextran graft
showing marked diminution in microvascular thrombosis supporting the IV
dextran 40 usage in clinical microsurgery [62]. The National Kidney Founda-
tion has published guidelines stating that intravenous iron therapy when used
regularly will prevent iron deficiency and promote erythropoiesis better than
oral iron therapy in end stage renal disease (ESRD) patients who are under-
going hemodialysis despite some incidences of adverse events associated with
this mode of iron supplementation. In a 6-month study of 62 patients with
ESRD, only one patient experienced adverse events of hypotension and chest
pain. No patient developed anaphylactoid reaction, suggesting safety of IV
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iron—dextran during hemodialysis in patient with ESRD [63]. In another study
on iron—dextran safety, 20 per 100,000 doses caused the suspected adverse drug
events including dyspnea, hypotension, and neurological symptoms as common
major adverse drug events. Also these adverse drug events were 8.1-fold more
common among patients who received Dexferrum compared with those who
received InFed, suggesting serious adverse reactions to IV iron—dextran are
rare in clinical practice and are formulation dependent [64].

6.1.8 Toxicity of Dextran

The polycationic derivative of dextran, diethylaminoethyl—dextran (DEAE—
dextran) is used as a transfection agent in gene delivery. In order to exploit
its potential in gene therapy, its toxicity should be studied. High doses of
(500 mg) of DEAE—dextran were reported to induce acute renal failure both
morphologically and functionally in rats [65]. High blood urea levels and
severe epithelial cell necrosis of proximal tubules was found 48 h postinjec-
tion, which is absent in animals injected with equal doses of neutral dextran.
Renal mitochondrial respiration rate declined in state 3, state 4, and 2,4-
Dinitrophenol (DNP)-uncoupled respiration in DEAE—dextran rats com-
pared to the rate of sham control rats, while an identical dose of neutral
dextran showed no effect on mitochondrial respiratory parameters compared
to controls. The same results were also found in in vitro studies with isolated
mitochondria, suggesting cationic charge implicated the renal and mitochon-
drial toxicities of DEAE—dextran.

Clinical use of dextran as a plasma expander to improve blood flow and as
thromboprophylaxis is also associated with untoward side effects because of
immune responses. Prophylactic treatment with dextran 1 before infusion of
dextran 70 has reduced the incidence of dextran-induced anaphylactic reac-
tions. But still it was reported that in spite of prophylactic pretreatment with
dextran 1 before caesarean section, there was a mild reaction and the child was
born with serious brain damage, suggesting dextran 70 should not be given
during pregnancy and during caesarean section before delivery of the child [66].
Another case of a death from myocardial infarction with a high titre of dextran-
reactive antibodies was also reported in the same study [66]. Dextran—drug
conjugates improve drug solubility, life span of drug in vivo by controlled
release, and thus increasing the efficacy of treatment. While long-term reten-
tion of adriamycin when administered as adriamycin—dextran conjugate
was reported to induce acute hepatotoxicity in rats, the free drug was, altho-
ugh cardiotoxic, not hepatotoxic itself. The hepatotoxicity of the conjugate
was attributed to the long-term retention of the drug [67]. [ron—dextran that is
used as an IV iron supplement was reported to induce exacerbation of
synovitis, along with an increase in lipid peroxidation products in synovial
fluid but to a small extent in serum. Iron—dextran in vitro stimulated lipid
peroxidation, but dextran alone had no effect, suggesting iron—dextran
worsens synovial inflammation by promoting lipid peroxidation [68].
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6.2 PENTOSAN POLYSULFATE

6.2.1 Introduction

Pentosan polysulfate (PPS) or simply pentosan sulfate is a polysaccharide made
up of a sulfated pentose sugar, predominantly xylose. This polymer of (3-D-
(1,4)-xylopyranose contains a 4-methylglucopyranosyluronic acid linked to the
2 position of the main chain at every tenth xylopyranose unit on average [69]. It
contains approximately 15—17% sulfur in the form of approximately 1.5—1.9
covalently bound sulfate groups per sugar unit. PPS structurally and chemically
resembles glycosaminoglycans. It is generally used as a sodium or calcium salt
(Fig. 6.9). It is also called SP54. The molecular weight range is approximately
1500—6000.

6.2.2 Characterization of PPS

A method using a capillary zone electrophoresis (CZE) to characterize the
different PPS sodium was reported that can give the fingerprint profiles of each
batch of products capable of indicating heterogeneous mixtures probably
containing other polysaccharides as well [69]. To characterize and estimate
PPS, a sensitive assay was reported in which PPS was coupled with methylated
bovine serum albumin (MBSA) and injected in rabbits to generate anti-PPS
antibodies. Anti-MBSA antibodies were removed by passing the sera through
MBSA-sepharose immunoadsorbent. With the enzyme-linked immunosorbent
assay (ELISA) test, at least 50 ng/mL of PPS can be detected, with a minimal
cross reactivity by heparin, which can be eliminated by sample pretreatment
with heparinase without affecting PPS [70].

6.2.3 Production of Pentosan Polysulfate

PPS is derived semisynthetically from plant material (beechwood hemicellu-
lose) followed by sulfation of free hydroxyl groups at the 2 and 3 positions in
the pentose units. Bene-Arzneimittel GmbH, Germany, remains the world’s
sole manufacturer of Food and Drug Administration (FDA) approved clinical-
grade pentosan polysulfate sodium.

6.2.4 Pharmacokinetics of PPS

Studies on pentosan polysulfate degradation in human vascular endothelial
cells using a radiolabeled drug showed that it was associated with the cellular
fraction and incorporated into the subendothelial matrix. Major catabolic
products are high-molecular-weight desulfated carbohydrate chains, and it was
not degraded further, suggesting the desulfation is the major catabolic step in
the catabolism of pentosan polysulfate [71]. Pharmacokinetics of pentosan
polysulfate after oral and IV administration of *H-pentosan polysulfate in rats
showed that after IV administration the drug accumulates in connective tissue,
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while bone and cartilage showed low levels. High radioactivity is found in urine
and the preferential localization of the drug in the pelvis, ureter, and bladder. A
similar but lower distribution was found after oral administration [72].

6.2.5 Clinical Applications of PPS

PPS is structurally and chemically similar to glycosaminoglycans. Hence it
mimics some of the pharmacological activities of glycosaminoglycans such as
heparin sulfate, and condroitin sulfate such as anticoagulant or fibrinolytic
action. Popular brand names of pentosan polysulfates are Elmiron (IVAX
Research Inc) in human and Cartrophen (Arthropharm) in veterinary uses.

PPS in Prion Disease. Prion diseases, also called transmissible spongiform
encephalopathies, or simply “Scrapie,” are a group of progressive conditions
that affect the brain and nervous system of animals. It is caused when a normal
prion protein PrPC is defectively misfolded into an abnormal conformer PrPSc,
also called scrapie protein. The mental and physical abilities deteriorate and
tiny holes appear in the brain cortex, causing it to appear like a sponge under a
microscope. Pentosan polysulfate given IP was found to prolong the incubation
period of the disease in hamsters infected with the 263K strain of scrapie by the
intraperitoneal or the intracerebral route [73]. Later it was found that PPS
inhibited the association of protease-resistant scrapie protein (PrPres) with
sulfated glycosaminoglycans or proteoglycan such as heparin sulfate, which is
observed in amyloid plaques of scrapie-infected brain tissue [74]. PPS was
found to stimulate endocytosis of the cellular isoform of the prion protein,
PrPC, from the cell surface, causing redistribution of the protein from the
plasma membrane to the cell interior and change in ultrastructural localization
of PrPC, suggesting sulfated glycans inhibit prion production by altering
cellular localization of the PrPC precursor and metabolism of PrPC and
PrPSc, the scrapie isoform [75] (Fig. 6.10). A recent study in mice showed
that treatment with pentosan polysulfate, despite its initial toxic mortality in
some mice, had no detectable PrPres in the spleen and increased the lifetime of
the treated mice by 185 days than controls [76]. However, the study has
suggested that more in vivo animal studies are needed before initiating human
trials in treating the disease. (For a review on prion disease see Liberski [77].)

PPS in Amyloid Disease. PPS was reported to be effective in attenuating the
neurotoxicity of 3-amyloid, fragment 10—40 and fragment 25—35, indicating that
the glycosaminoglycan interaction is occurring also with the 25—35 fragment,
suggesting an interaction of the sulfated compounds with the 3-sheet structure of
the amyloid protein [78].

PPS in Cartilage Protection and Osteoarthritis. In an animal study using
rabbit, pentosan polysulfate given intraarticular combined with hydrocortisone
was found to prevent the hydrocortisone-induced loss of hyaluronic acid and
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FIGURE 6.10 Pentosan sulfate (PS) reduces the amount of PrP released and amount of
cell surface PrP protein. (a) A26 cells were incubated in Opti-MEM containing the
indicated concentrations of PS for 12 h. Cells were then treated with phosphatidylinositol-
specific phospholipase C (PIPLC) for 2 h at 4°C to cleave cell surface PrP. Proteins were
methanol precipitated from the PIPLC incubation medium, and immunoblotted using
anti-chPrP antibodies. (b) Untransfected N2a cells were incubated in Opti-MEM in the
presence or absence of 100 pg/mL PS for 12 h. Cells were then surface iodinated at 4°C
using lactoperoxidase and mouse PrP immunoprecipitated from cell lysates and analyzed
by SDS-PAGE. (c) A26 cells were incubated for 12 h at 37°C in Opti-MEM with (PS) or
without (Cont.) 0.1 mg/mL pentosan sulfate. They were then rinsed in PBS, incubated with
anti-chPrP antibodies at 4°C for 2 h, and fixed for 5 min in methanol at —20°C. Fluorescein
isothiocyanate-conjugated secondary antibodies were then applied, and the cells were
viewed by fluorescence microscopy. Scale bar = 30 um. (Source: Shyngetal., J. Biol. Chem.
1995;270:30221—30229.)

proteoglycans from the cartilage of rabbit joints and also prevented the
elevation of keratin sulfate in serum to control levels, suggesting the cartilage-
protecting effect of pentosan polysulfate [79]. Aggrecan is a proteoglycan and a
major structural component of articular cartilage. Its excessive degradation by
proteases called aggrecanases is leading to osteoarthritis, a degenerative joint
disease. In an experiment using *°S-labeled aggrecan in bovine articular
cartilage explant culture, pentosan polysulfate calcium was shown to inhibit
the reduction in tissue level of aggrecan stimulated by retinoic acid and
recombinant human interleukin-1q, comparable to that of heparin and heparin
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sulfate. Also PPS calcium inhibited the degradation of aggrecan by soluble
aggrecanase activity and did not adversely affect the chondrocyte metabolism,
suggesting potential influence of sulfated glycosaminoglycan on aggrecan cata-
bolism [80]. Another recent study showed that pentosan polysulfate calcium
interacts with the noncatalytic spacer domain of ADAMTS-4 and the cysteine-
rich domain of ADAMTS-5, the two enzymes responsible for aggrecan break-
down, and blocking the proteolytic activity on their natural substrate aggrecan
with an ICs, (half maximal inhibitory concentration) value of 10—40 nM but only
weakly inhibiting the nonglycosylated recombinant aggrecan. Furthermore, it was
shown that the PPS calcium increased the cartilage level of tissue inhibitor of
metallo-proteinases-3 (an endogenous inhibitor of ADAMTS-4 and -5), suggesting
the potential of calcium pentosan polysulfate as a prototypic disease-modifying
agent for osteoarthritis [81]. (For a review on aggrecanases see Fosang et al. [82].)

PPS in Interstitial Cystitis. Interstitial cystitis is a urinary bladder disease of
unknown cause characterized by urinary frequency, urgency, pressure, and
pain in the bladder and pelvis. Pentosan sulfate sodium (Elmiron) at a dose of
100 mg three times a day for 4 months in a total of 62 patients was reported to
show better improvement in pain, urgency, frequency, and nocturia [83]. PPS
inhibited histamine secretion from bladder mast cells in a dose-dependent
manner and decreased the intracellular calcium levels, suggesting this mechan-
ism for the protective effect of PPS in interstitial cystitis [84]. PPS modified by
the attachment with lactose moiety showed better binding with the bladder
epithelium than the unmodified PPS, mediated by the interaction of endogen-
ous bladder galactins and nonreducing galactose terminals in the lactose,
suggesting an improved adherence of PPS and retention in the bladder for
the improved treatment of interstitial cystitis [85]. (For reviews on interstitial
cystitis and its treatment with PPS see Bhavanandan et al. [86] and Anderson
and Perry [81].)

Anti-HIV Activities of PPS. Pentosan polysulfate was shown to inhibit the
reverse transcriptase activity of several retroviruses in vitro, except the bovine
leukosis virus that was insensitive, suggesting PPS as one of the most active in
vitro inhibitors of retrovirus-specific reverse transcriptases [88]. Furthermore,
PPS was reported to be the most potent inhibitor of HIV-1 in vitro with a EDj5
(effective dose 50%) of 0.19 pg/mL in MT-4 cells, and in HUT-78 cells it
inhibited HIV-1 antigen expression with a EDsq of 0.02 pg/mL, while showing
no toxicity to MT-4 cells upto 2500 pg/mL, suggesting its potent anti-HIV
activity in vitro [89] (Table 6.2). Further research showed that PPS and dextran
sulfate inhibit the HIV-1 infectivity by blocking the binding of virions to various
target CD4 " T lymphocytes and inhibit syncytia formation, suggesting PPS and
dextran sulfate as prototype anti-HIV drugs [90]. But later it was found that PPS
was not interacting with CD4 " at all and hence must inhibit HIV infection by a
totally CD4-independent mechanism [91]. Further research suggested that the
antiviral activity of pentosan sulfate and other sulfated polyanions toward HIV
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TABLE 6.2 Anti-HIV-1 Activity and Anticoagulant Activity of Polysaccharides

Compound EDjsy? CDs,’ Anticoagulant activity
(ng/mL) (ng/mL) (U/mg)
Pentosan polysulfate (MW 3100) 0.19 = 0.12 >2500 14.4
Fucoidan 1.4+£043 1060 + 210 2.6
Dextran sulfate (MW 5000) 0.30 = 0.10 >2500 14.7
Dextran (MW 90000) >625 >2500 <0.01
Heparin (MW 11000) 0.58 +£0.14 >2500 177
N-desulfated heparin(MW 8800) >625 >2500 0.6
Dermatan sulfate >625 >2500 <0.01
Chondroitin sulfate 230 + 14 >2500 0.5
1-Carrageenan 12+ 1.0 >625 3.2
w-Carrageenan 2.5 £0.30 >625 2.9
A-Carrageenan 0.54 + 0.02 >625 4.2

“50% Antiviral effective dose, based on the inhibition of HIV-1 induced cytopathogenicity in MT-4
cells. Data represent mean values with standard deviations for three separate experiments.

b'50% Cytotoxic dose, based on the reduction of the viability of mock-infected MT-4 cells. Data
represent mean values with standard deviations for three separate experiments.

Source: Baba et al., Antiviral Res. 1988;9:335—343.

infection of lymphocyte might be by disruption of the CD4-gp120 interaction,
while their inability to do so in monocytes as a reason for the unaffected
HIV infection and gp120 binding by virions in monocytes [92]. Although PPS
was seen as a promising candidate for HIV treatment, its further development
was superseded by nucleoside-based antiretroviral agents such as zidovudine.

Antiviral Activities of PPS. Concurrent to research on PPS and other sulfated
polyanions as anti-HIV drugs, their effect on other viruses was also studied.
PPS was shown to inhibit adsorption of African swine fever virus to Vero cells
in vitro [93] and to inhibit human cytomegalovirus to human embryonic lung
cell in vitro [94]. PPS was also reported to show inhibition of the herpes
simplex virus in vitro [95], the sandfly fever Sicilian virus (Phlebovirus) replica-
tion in vitro [96], and Chlamydia trachomatis infectivity in human epithelial cells
in vitro, although it lacked protective efficacy in an in vivo murine model of
chlamydial genital tract infection [97]. A recent study showed that PPS inhibited
the infectivity of the dengue virus and the encephalitic flavivirus in vitro [98], and
active research on PPS for development of possible antiviral agent is evident.

Effect of PPS on Immune System. PPS was reported to have reduced lymph
node entry of lymphocytes and increased their blood level in the mouse in vivo,
indicating PPS slowed down the circulation of lymphocytes through the marginal
zone and red pulp of the spleen, suggesting their role in controlling lymphocyte
traffic [99]. Klegeris et al. [100] reported that PPS inhibited complement
activation in vitro in a concentration range of 1 —1000 pg/mL.
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PPS in Cancer. PPS was found to inhibit the proliferation of rabbit aortic
smooth muscle cell in vitro. The inhibitory effects of PPS persisted even after
removal, suggesting that it exerts the antiproliferative effect by binding to the
cell surface and not by interacting with growth factors [101]. Its antitumor
activity was evaluated in several animal models and human tumor cell lines
owing to the inhibition of basic fibroblast growth factor (bFGF) binding to cell
surface receptors and bFGF-stimulated angiogenesis. But a phase I study of
PPS sodium in patients with advanced stage metastatic cancers did not show
any evidence of objective response [102].

6.2.6 Toxicity of PPS

PPS was reported to induce thrombocytopenia and thrombosis in two patients
during treatment with PPS, marked by platelet aggregation and serotonin
release, suggesting platelet counts should be monitored periodically during PPS
treatment [103].
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7.1 INTRODUCTION

Polysaccharides are the most abundant natural products produced by plants.
Polysaccharide materials have been used for various purposes since time
immemorial: wood for housing and fire, vegetables, fruits, and seeds for food,
fibers for clothing, paper production, and for curing various diseases. Earlier, the
low-molecular-weight plant compounds were used in pharmacy and medicine. It
was also believed that only substances exhibiting biological activity are able to
cure diseases. Polysaccharides are recognized as food; the fibrous polysaccharides
were particularly appreciated by modern society in our diet. They reduce blood
cholesterol level and regulate the blood flow through the body. They reduce the
glucose uptake from the intestines and also reduce the uptake of mutagens from
the food we eat. Other parts of plants are rich in polysaccharides and provide
different types of pharmaceutical usages over the years and still do.
Some of them are used as:

e Thickeners and stabilizers of solutions
e Filling material, adhesives, and swelling agents in tablet production
e Lubricants in cough mixtures

Polysaccharide-based therapeutics were used to control various disorders,
including cancer, viral infections, and immune dysfunctions. Long-chain poly-
saccharides have been used to cure different diseases. Various herb plants were
used in traditional medicine in different parts of the world. One such natural
plant-derived polysaccharide exhibiting potent biological activity is the arabi-
nogalactan [1].

Clinically used high-grade larch arabinogalactan is composed of 98%
arabinogalactan. It is a dry, free-flowing powder, with a slight pinelike odor
and sweetish in taste. It is 100% water soluble and produces low-viscosity
solutions. Since it is soluble in water and having a mild taste, It’s powder mites
readily in water and juices for any administration. A naturopathic physician,
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Peter D’Adamo was the first to introduce larch arabinogalactan into clinical
practice.
Some common important features of arabinogalactan type I and II are:

® They have a high degree branching backbone.
® They have highly branched side chains.

These features help to make the molecules of the backbone reasonably hard
with side chains giving an overall shape and a surface for the receptors involved
in the biological systems studied so far. More than one binding site is necessary
for the activity as well as when immunoglobulins are involved. Few poly-
saccharides have been studied in detail with regard to the important structural
features responsible for their biological activity. More energy and involvement
should be put into polysaccharide research. Research in various polysacchar-
ides could lead to new carbohydrate-based drugs with few side effects [1].

7.1.1 Occurrence

Arabinogalactans (AG) is a long densely branched polysaccharide. In nature it
is found in different plants such as leek seeds, carrots, radish, black gram beans,
pear, maize, wheat, red wine, Italian ryegrass, tomatoes, ragweed, sorghum,
bamboo grass, coconut meat and milk, and several microbial systems especially
acid-fast mycobacteria. Arabinogalactans are a class of polysaccharides
found in a wide range of plants. They are abundantly found in plants of the
genus Larix [2]. Biological activity, immune-enhancing properties, peculiar
solution properties of this unique dietary fiber received increasing attention as
a clinically useful nutraceutical agent. Although the larch arabinogalactan
is extracted from either western larch or mongolian larch, their primary source
is the larch tree (Larix sp.). Commercially available arabinogalactan is
produced from the western larch.

Biologically active arabinogalactan was first isolated from the roots of
Angelica acutiloba [3]. This was called AGIlIa, which activates the complement
system. Later various plants (Coix lacryma-jobi var. Ma-yuen, Viscum album,
Calendula officinalis, Malva verticillata, Arnica montana, Plantago major, and
Atractylodes lancea) showed the presence of biologically active arabinogalac-
tans [4, 5]. Many edible and inedible plants are rich sources of arabinogalactan
that occur in the form of glycoconjugates—glycoproteins and proteoglycans,
the arabinogalactan proteins (AGPs).

7.1.2 Strucure

Arabinogalactans are in the class of branched polysaccharides that have molecular
weights ranging from 10,000 to 120,000 [6]. Based on their structure, arabinoga-
lactans fall into two groups, namely arabinogalactan type I and type II. The
important structural difference between these two types of arabinogalactans is the
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FIGURE 7.1 Model arabinogalactan II chain. (From [1].)

galactose units, which are (1 —4) linked in type I and (1 - 3) and (1 - 6) linked in
type II. Most of the arabinogalactans involved in biological activity belong to the
arabinogalactan type II [1].

One of the methods used to distinguish between these two types of
arabinogalactans is their precipitation in the Yariv reagent. Only AGII form
a red precipitate with the Yariv reagent. Yariv reagent is frequently used to
confirm the presence of AGII in bioactive polymers and also used for the
quantitative estimation of such polymers (Fig. 7.1).

7.1.3 Biochemistry

In nature, arabinogalactans are found in several microbial systems, especially
acid-fast mycobacteria, where it is complexed between peptidoglycans and
mycolic acids as a component of the cell wall and influences monocyte—
macrophage immuno reactivity of tubercular antigen [7]. Edible and nonedible
oil plants are the rich sources of arabinogalactans, in glycoprotein form, bound
to a protein spine of either threonine, proline, or serine. These plants include leek
seeds, carrots, radish, black gram beans, pear, maize, wheat, red wine, Italian
ryegrass, tomatoes, ragweed, sorghum, bamboo grass, and coconut meat and
milk. Herbs such as Echinacea purpurea, Baptisia tinctoria, Thuja occidentalis
[8], Angelica acutiloba [9], and Curcuma longa [10] also contain significant
amounts of arabinogalactans with well-established immune-enhancing proper-
ties (Table 7.1).
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TABLE 7.1 Properties of Arabinogalactan Computed from

Structure

Molecular weight

500.49144 (g/mol)

221

Molecular formula CyoH36014
XlogP3AA —4.2

H bond donor 7

H bond accepter 14
Rotatable bond count 8

Exact mass 500.210506
Monoisotopic mass 500.210506
Topological polar surface area 206

Heavy atom count 34

Formal charge 0
Complexity 626
Isotope atom count 0

Defined atom stereocenter count 0
Undefined atom stereocenter count 14

Defined bond stereocenter count 0
Undefined bond stereocenter count 0
Covalently bonded unit count 1

Source: NCBI PUBCHEM.

7.1.4 Chemical Nature

Arabinogalactans isolated from Larix species are readily water soluble. They
are nitrogen-free polysaccharides of the 3,6-3-p-galactan types. Experimental
analysis show they are highly branched molecules with a 3,6-galactan back-
bone. Side chains consist of combinations of single galactose sugars, and longer
side chains comprised of 3-, 4-, 6-; 2-, 3-, 6-; 3-, 6-; 3-, 4-; and 3-linked
B-galactose and (-arabinose residues. The galactose and arabinose units
(consisting of B-galactopyranose, 3-arabinofuranose, and 3-arabinopyranose)
are in a molar ratio of approximately 6 : 1 and comprise more than 99% of the
total glycosyl content. A trace amount of glucuronic acid is also found with
them [2, 11].

7.1.5 Pharmacokinetics

Pharmacokinetics of oral arabinogalactan has not been well elaborated in
humans. The absolute concentration of orally absorbed arabinogalactan is
unclear; however, nonabsorbed arabinogalactan is fermented vigorously by
gastrointestinal microflora [12]. Injected arabinogalactan in animal models is
cleared with a half-life of 3.8 min from blood. After 90 min of injection, the
concentrations found in liver is highest (52.5%) and in urine (30%), with a
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hepatic clearance following first-order kinetics with a half-life of 3.42 days [11].
Arabinogalactans from western larch extracted bind in vitro and in vivo with
liver asialoglycoprotein receptors. On reaching to the liver via portal circulation
arabinogalactan is rapid and specifically internalized within hepatocytes by
receptor-mediated endocytosis. A higher percentage of arabinogalactan in liver
suggested an ideal carrier for drug delivery to the liver [11].

7.2 NATURAL KILLER (NK) CYTOTOXICITY

Human NK cytotoxicity is “the ability of spontaneous cytotoxicity against a
variety of tumor cells and virus-infected cells without prior sensitization by
antigen and restriction by products of the major histocompatibility gene
complex” [6]. Several new adjuvant approaches to cancer treatment include
the use of biological response modifiers to modulate immune function. The
most promising approach to immune modulation is the utilization of biother-
apeutic agents for natural killer cell cytotoxicity.

In general, NK cell activity is an exceptional functional marker of health.
The literature reports indicate that decreased NK cell activity is related to the
variety of chronic diseases including cancer [13], chronic fatigue syndrome
(CFS) [14], autoimmune diseases such as multiple sclerosis [15], and viral
hepatitis [16]. In CFS NK cell activity restoration is associated with clinical
recovery [17], whereas in multiple sclerosis a relationship between NK cell
activity reductions and the development of active lesions has been reported [15].
In prostate cancer, changes in NK activity were associated with both the
metastasis and tumor response to therapy. In fact, it was reliable as the specific
tumor markers reflect prostate cancer [I18]. Some plant origin oligo- or
polysaccharide NK cell activity inducers enhance human NK cytotoxicity
against cancer cells. The rhamnogalacturonan from mistletoe (V. album) is an
example of a plant saccharide with known NK cytotoxicity-enhancing proper-
ties [19, 20]. Arabinogalactans that stimulate the NK cell cytotoxicity against
K562 tumor cells in cell cultures have been investigated. Under experimental
conditions, human peripheral blood mononuclear cell cultures, preseparated,
peripheral nonadherent cell cultures, and monocytes showed the enhancement
of natural killer cytotoxicity against K562 tumor cells on pretreatment with
arabinogalactan for 2—3 days. Arabinogalactan-mediated NK cytotoxicity is
not directly initiated but the cytokine network governed it.

Generally, arabinogalactan increased the release of interferon gamma (IFN-v),
tumor necrosis factor alpha (TNF-«), interleukin-1 beta (IL-1-3), and interleukin-
6 (IL-6) before treatment. However, the increase in IFN-~ is responsible for the
enhancement of NK cytotoxicity [6]. Initial observations showed that the arabi-
nogalactan interacted with the same receptor for an NK-cytotoxicity-enhancing
oligosaccharide from V. album. No synergism in the NK-cytotoxicity-stimulating
activity was found with V. album oligosaccharide and arabinogalactan in
combination. Both promote NK cytotoxicity; however, neither component added
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a significant effect on NK cytotoxicity induced by the other compound. As
compared to the other oligosaccharides, arabinogalactan consistently demon-
strated a greater ability to induce IFN-~. A cell culture study was also conducted on
healthy individuals. Although all the individuals did not respond to NK cytotoxi-
city stimulation by arabinogalactan, 63% of responded, out of which 33% showed
a high response, that is, double the NK cytotoxicity after pretreatment with
arabinogalactan [21].

Spontaneous cytotoxicity of donors prior to the treatment was unpredict-
able. However, the arabinogalactan pretreatment response was also variable.
More predictable response might be obtained if the studies had consisted of
individuals with a variety of chronic diseases. In general, one would expect
these individuals to have a lower initial NK cytotoxicity.

7.3 ARABINOGALACTAN PROTEINS (AGPS)

Arabinogalactan proteins (AGPs) are highly glycosylated hydroxyproline-rich
glycoprotiens (HRGPs) analogous to animal proteoglycans. They are widely
distributed in each cell of every plant. These proteoglycans are mainly present at
cell surfaces and play an important role in plant growth and development. AGPs
can be detected in different plant organs by staining with the synthetic phenyl-
glycoside known as Yariv reagent, which binds to and precipitate AGPs [22, 23].

AGPs are highly heterogeneous in their size range and reactivity with anti-
AGP monoclonal antibodies. Each organ and cell is associated with a specific
subset of AGPs. The AGP molecule is enclosed in 95% by weight of carbohy-
drate such as galactopyranose and arabinofurinose residues. The sugar groups
are O-linked to hydroxy amino acids in the core protein, which is usually rich in
Ser, Ala, Gly, and Hyp residues [24]. AGPs are mainly divided into two classes
depending on their core protein: classical and nonclassical AGPs. Classical
AGPs are core proteins containing Hyp, Ala, Ser, Thr, and Gly as the major
amino acid constituents, whereas nonclassical AGPs have carbohydrate moieties
attached to the core proteins, for example, Hyp-poor AGPs, Cys-rich AGPs, and
Asn-rich AGPs [23].

7.3.1 Molecular Shape and Aggregation of AGPs

The transmission electron microscopic (TEM) image of AGPs suggests some
AGPs are globular whereas others are rod shaped. Two models for AGP
structure are recognized on the basis of their shapes. One is the “wattle blossom”
model and the other is the “twisted hairy rope” model. In the wattle blossom
model, the polysaccharide chains are folded into globular units to decorate the
core proteins in a spheroidal shape, whereas in the twisted hairy rope model,
the polysaccharide chains and oligoarabinosides wrap around the rodlike core
protein. These wattle blossom and twisted having rare models, may prove the
different molecular shapes of AGP’s. Hyp-poor carrot AGP and transmitting
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tissue specific proline rich proteins (TTS proteins) appeared spheroidal, whereas
gum arabic AGP appeared rodlike. Moreover these models will also modify. For
example, oligoarabinoside chains may exist along with polysaccharide chains,
as predicted by the Hyp-contiguity hypothesis, within the general content of
the wattle blossom model. AGPs generally aggregate in vitro and sometime
in vivo as well. Such aggregations were observed in Hyp-poor carrot AGP and
TTS proteins through electron microscopy. These self-associations are consis-
tent with the adhesive behavior of AGPs, related to its crosslinking [24].

7.3.2 Commercial Applications of AGPs

In addition to the several functions of AGPs in plants, they have a commercial
importance also. AGPs are significant components of plant gums or exudates
and confer special properties of the plant products. For example, gum arabic
has been harvested from wounded Acacia senegal trees, which represents one of
the most commercially important gums. The gum arabic ability is used to
suspend flavorings and colorings with low viscosity to make it a valuable
additive in the food industry. Moreover, gum arabic is also used in the candy
industry to lower the hardening process in the manufacture of hard candy and
as an adhesive in the stamp industry. A major question, which still remains
unsolved, is the extent to which AGPs in arabic gum are responsible for these
remarkable properties. AGPs and type II arabinogalactans may be used in
medicine. Both of these molecules reportedly stimulate animal immune
systems, in some cases by activating the complement system and by enhancing
the cytotoxic activity of natural killer cells (Table 7.2) [24].

7.4 MEDICINAL APPLICATIONS

Some of the important medicinal applications of arabinogalactan are discussed
in the following sections.

7.4.1 Arbinogalactan: A Potential MRI Agent

In clinical medicine, magnetic resonance imaging (MRI) is used as a diagnostic
technique. This technique allows researchers and doctors to image the body in a
noninvasive manner [25]. Administration of contrast agents enhances the image
quality by decreasing the relaxation time of the tissue water. Thus, it is much more
conspicuous than the surrounding tissues. At present, more than 35% of all MRI
examinations are accompanied by the administration of contrast agents [26].
Until now, four kinds of gadolinium complexes (gadolinium diethylenetriamine-
pentaacetic acid (Gd-DTPA), gadolinium diethylenetriaminepentaacetic acid
bismethylamide (Gd-DTPA-BMA), gadolinium-1, 4, 7, 10-tetraazacyclododecane-
1, 4, 7, 10-tetraacetic acid (Gd-DOTA), and 1, 4, 7-tris[carboxymethyl]-10-
[2'hydroxypropyl]-1,4,7,10-tetraazacyclododecane (Gd-HP-DO3A)) have been
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used worldwide for intravenous administration. These small molecules enhance
the imaging of the brain and the central nervous system. However, these small
hydrophilic complexes are nonspecific extracellular contrast agents that are excre-
ted quickly via the kidneys. It may restrict their use in other parts of the body.
Hence, there is a need to investigate certain agents that target the specific organs,
regions of the body, or diseased tissue to gain the greatest diagnostic value [27—29].
Recently, liver-specific contrasting agents with high relaxivities and kinetic stabi-
lity have been developed [30, 31]. Some of them enter to hepatocytes through
hepatic asialoglycoprotein receptor (ASGP-R), an organ-specific lectin [32].

Polysaccharides and their derivatives have been known as carriers to deliver
drugs to hepatocytes via this receptor [33]. Plant polysaccharide arabinogalac-
tan is specifically absorbed by hepatocytes via the ASGP-R. Numerous
terminal galactose residues and a high degree of branching of arabinogalactan
are responsible for its bindings to the ASGP-R. A spin-labeled arabinogalactan
and arabinogalactan-stabilized small paramagnetic iron oxide (AG-USPIO)
are reported as liver-specific agents for MRI by targeting hepatocyte ASGP-R
(Fig. 7.2) [34].

Opverall, the synthesis and characterization of new macromolecular con-
jugates consisting of arabinogalactan and Gd-DTPA with higher T1 relaxivity
as MRI contrast agents has been demonstrated. MR imaging showed that
signal intensities from the livers of healthy rats injected with lower doses of
Gd-DTPA-CMAG-A2 were remarkably enhanced for a longer period. An in
vivo and in vitro study has suggested that Gd-DTPA-CMAG-A2 could be a
potential liver-specific MRI contrast agent [34].
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FIGURE 7.2 Mean percentage enhancement of liver versus time postintravenous
administration of Gd-DTPA-CMAG-A2 (light gray bar) and Gd-DTPA (gray bar
experiments). (From [34].)
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7.4.2 Arabinogalactan Protein Carrier in Drug Formulations

In the past few years, life-threatening mycotic infections have increased in
humans caused by various fungi, mainly in immuno-compromised hosts, such
as cancer and AIDS patients who have undergone surgery [35]. Chemotherapy
is a common strategy for them. A large number of antifungal drugs are also
used to control the fungal infections. Azoles and their derivatives are found to
be most effective and predominant [36, 37]. However, the fungal infection
represents a major therapeutic challenge owing to the increasing prevalence of
organisms resistant to commonly used azoles [38, 39]. Moreover, the high cost
of azoles and their derivatives restrict their use. Novel drugs development and/
or treatment strategies to fight against these infections are critical and have led
to the development of azoles with enlarged spectra and to the discovery of other
novel, broad-spectrum fungicidal drugs. Among the nonazole drugs amphoter-
icin B (AmB) and its derivatives is the drug of choice for the treatment of
mycotic infection caused by a wide range of fungi. In contrast, amphotericin B
(AmB) is inexpensive, highly fungicidal against most pathogenic fungi, and
found to be free of clinically meaningful resistance so far [40]. However, the use
of AmB has decreased due to its dose-related toxicity, mainly to the kidneys,
central nervous system, and liver, the frequency of which may be very high [41],
and its side effects, such as nausea, fever, and shivering. One of the approaches
for improving drug performance and reducing toxicity is conjugation to a
polymeric carrier. In the recent past, the arabinogalactans have generated
highly water-soluble conjugates that were found to be much safer and effective
than the commonly used AmB-DOC formulation. The glycoconjugates, mainly
the polysaccharides and polysaccharide—protein complexes, could be a suitable
alternative due to their high water solubility.

Arabinogalactan proteins are plant-derived glycoconjugates with an estab-
lished history of pharmaceutical and other industrial applications, such as
emulsifiers [42]. AGPs from various crop and medicinal plants have been
isolated and their structures were elucidated [43, 44]. Both AGP and its purified
fraction are highly water soluble, posses a high degree of biocompatibility,
and are used in several pharmaceutical and neutraceutical preparations.
Water-soluble injectable conjugate of amphoptericin B—arabinogalactan
(AmB—AG) was used as a commercial preparation of AmB and AG [33].
This conjugate increases the solubility and stability of AmB in aqueous solution
and significantly reduces its toxicity [45, 46].

The two-step Schiff base method has been used for the conjugation of AmB
with arabinogalactan. A water-soluble injectable AGP—AmB conjugate has
been prepared without affecting its antifungal activity. A reduction of aggrega-
tion by complexation with AGP explains the lesser cytotoxicity of AGP—AmB
as compared with AmB. Thus, it is clear that the AGP conjugation with AmB
significantly reduces its toxicity and does not have any adverse effect on its
antifungal activity. Therefore, AGP could serve as novel potent carrier for
AmB drug formulation. Since the AGPs from various sources found to have
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immunostimulatory activity and the fungal infections are more common in
immunocompromised host, it is speculated that the conjugation of AmB to
AGP could be advantageous by having both antifungal as well as immuno-
stimulatory properties. However, this is merely a speculation, unless AmB is
conjugated to AGP and the conjugate tested for antifungal and immunosti-
mulatory activity [47].

7.4.3 Antiulcer Activity of Arbinogalactan

Industrial soybean oil extractions by products are protein and polysaccharides
rich in proteins and polysaccharides. Some of their structures were partly
elucidated during the 1960s. The major component of the hot-water extraction
in this study was an arabinogalactan. The soybean arabionogalactan is derived
as type I. Plant polysaccharides have been reported to have antiviral, anti-
tumor, immunostimulating, antiinflammatry, anticomplementary, anticoagu-
lant, hypoglycemic, and antiulcer activities [48]. The last has been attributed to
pectic polysaccharides from Panax ginseng and Bupleurum falcatum, which
have a high galacturonic acid content, acidic heteroxylans from Maytenus
ilicifolia and Phyllanthus niruri [49], and type II arabinogalactans from
Cochlospermum tinctorium and M. ilicifolia [50]. Although arabinogalactans
have an antiulcer protective effect, the isolation and characterization of the
type I arabinogalactan of soybean (AG) has been done and its protective
antiulcer activity evaluated.

Studies showed the type Il arabinogalactans also possesses antiulcer
protective effects [48, 50], but this property has not yet been described for
type I arabinsogalactans. To determine the AG antiulcer activity, 10, 30, and
100 mg/kg AG was administered orally to female Wistar rats. EtOH-induced
gastric lesions were reduced by 33, 48, and 71%, respectively, with ED50 of 35
mg/kg. Omeprazole (40 mg/kg) control showed a 47% reduction of the lesions
(Fig. 7.3). Results indicate the potential activity of AG to act as a direct
cytoprotective agent. Possible mechanisms for antiulcer effects of polysacchar-
ides involved its ability to (1) bind the mucosal surface to work as a protective
coating, (2) reduce secretory activities of acid and pepsin, and (3) protect the
mucosa by increasing mucus synthesis and/or scavenging radicals.

Overall, the highly purified type I arabinogalactan from soybean inhibits
ethanol-induced gastric lesions, indicating that it could be an effective gastro-
protective agent [51].

7.4.4 Antioxidant Activity of Carotenoid—Arbinogalactan Complexes

Carotenoid is a class of naturally occurring pigments. These essential nutrients are
synthesized by plants and microorganisms, hence abundantly found in vegetables,
fruits, and fish. Polyene chain and various terminal substituents present in
carotenoid molecules determine their redox properties and the location inside
the lipid layers in biological media. In photosynthesis processes, their role is
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FIGURE 7.3 Protective effect of AG (10, 30, and 100 mg/kg, p.o.) against ethanol-
induced gastric lesions (CL: control, water 0.1 mL/100 g, p.o.; OM: omeprazole 40 mg/
kg, p.o.). The results are expressed as means £ SEM (n = 6), with *p <0.05 when
compared to control group. (From [51].)

related to energy and electron transfer. Recently, more attention has been focused
on the reactions between carotenoids and free radicals [52—54] to prevent the
development of diseases caused by toxic free radicals. At the same time, wide
applications of carotenoids as antioxidants are substantially hampered by their
hydrophobic properties, instability in the presence of oxygen, and high photo-
sensitivity. Artificial solar cell application of carotenoids is restricted by their
instability toward reactive oxygen species and metal ions, especially in the
presence of water. A majority of carotenoids are lipophilic in nature. Carotenoids
used in pharmaceutical application require a chemical delivery system to
overcome the problems of parenteral administration of a highly lipophilic,
low-molecular-weight compound. To avoid these disadvantages, a search for
complexing agents is being continued. The increased aqueous solubility of such
a carotenoid complex can be introduced into mammalian cell culture systems
that depend on liposomes or toxic organic solvents [55].

The complex formation between carotenoids and natural polysaccharide
arabinogalactan has been described. Arabinogalactan has potential therapeutic
benefits as an immune-stimulating agent and cancer protocol adjunct. The study
describe an AG that increases the production of the short-chain fatty acids
butyrate and propionate. These small fatty acids are essential for the health of the
colon. AG also acts as a food supply for “friendly” bacteria, such as bifidobacteria
and lactobacillus, while eliminating “bad” bacteria. AG has a beneficial effect
upon the immune system as it increases the activity of natural killer cells and other
immune system components, helping the body to fight against infection. Com-
plexes of carotenoids II and IIl with AG prepared mechanochemically in
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stoichiometric proportion 1 : 1 is 5 mM in a water solution. The carote-
noid—arabinogalactan complexes maintain their original color and show sig-
nificant changes in the absorption spectra. The Ultraviolet— Visible (UV—Vis)
spectrum of aqueous solutions of a canthaxanthin—AG complex has the same
maximum absorption as the spectrum of a canthaxanthin solution in 30%
ethanol. However, the preparation of a concentrated solution of this complex
using traditional methods was not successful. An important result of this study is
the increase in yield and stability of the radical cation of canthaxanthin in a solid-
state complex of AG. An increased stability of the carotenoid radical cation
imbedded into a polysaccharide host opens many possibilities for the application
of these complexes in the designing of artificial light harvesting, photoredox, and
catalytic devices [56].

7.4.5 Larch Arabinogalactan for the Treatment of Corneal Lesions

Corneal abrasions occur because of cutting, scratching, or abrading the thin,
protective, clear coat of the anterior ocular epithelium portion. These injuries
cause pain, tearing, photophobia, foreign body sensation, and a gritty feeling
[57]. Abrasions may be caused by several factors including toxic and mechani-
cal and by altering the physiologic functions. Contact lenses are a specific and
uncommon source of corneal abrasions. Approximately, 100 million people
wear contact lenses worldwide. Thus, the risk should not be underestimated.
Hence, the number of corneal lesions is speedily increasing [58, 59], Tissue
repairing involves cell attachment and adhesion to specific extracellular matrix
substrates, through recognized specific membrane receptors called integrins.
Since integrin recognition is affected by natural or synthetic polysaccharides.
Both polysaccharides and glycosaminoglycans influence the cell adhesion and
wound-healing process [60]. Continuous search for compounds favoring cell
adhesion and promoting ocular wound healing prompted the investigation of a
natural polysaccharide. The U.S. Food and Drug Administration (FDA) has
already approved larch arabinogalactan as a dietary fiber source. Its benefits
are therapeutic as an immune-stimulating agent [61]. The test was carried out
on eye tolerance of AG and its protective action against experimentally induced
dry-eye conditions and corneal abrasions.

The preliminary results showed AG produces Newtonian, nonviscous solu-
tions, possessing mucoadhesive properties used in the retention of eye surface. A
dry-eye model exerted a protective effect against the appearance of dry spots on
the corneal epithelium, and significantly increased the healing rate of corneal
wounds, with respect to other polymers, commonly used as adjuvants in
ophthalmic vehicles of AG formulations. These findings suggest the potential of
AG in dry-eye conditions, and for the prevention and treatment of corneal
wounds. AG solutions also benefit contact lens wearers because of their
tolerability, prolonged permanence, and noninterference with vision owing to
low viscosity. Further research for verification of AG compatibility with contact
lens and microscopy studies, aimed at a thorough survey of its involvement at
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TABLE 7.3 Composition and Properties of Formulations for in Vivo Studies®

Formulation Polymer (% w/w) Mannitol (% w/w) pH Viscosity (n, mPa - s)

AG-Sol 5.00 44 6.5 1.21
TSP 0.50 5.0 6.4 9.16
HA 0.2% 0.20 5.0 6.5 24.40
TSP 0.04% 0.04 5.0 6.0 1.22
HA 0.00144% 0.00144 5.0 6.6 1.26

Abbreviations: AG, arabinogalactan; TSP, tamarind seed polysaccharide; HA, hyaluronic acid.
Source: From [62].

tissue level, is in progress. Finally, clinical trials will definitely need to verify the
transferability of these results to humans (Table 7.3) [62].

7.4.6 Arabinogalactan in Tuberculosis

Mycobacterium tuberculosis, is the slow growing bacterium that causes tuber-
culosis (TB). It is a respiratory transmitted disease affecting approximately
32% of the world’s population. Among infected individuals, about 2 million
people die each year from this disease. Every year 95% of TB cases are found in
developing countries [63]. About 1 million young women are victimized every
year by this disease. The spread of this disease is linked to dense population,
poor nutrition, and poor sanitation [64, 65]. India, with 2% of the world’s land
area and 15% of the its population, thus has 30% of the TB burden. In India,
TB kills 14 times more people than all tropical diseases. Approximately 50% of
India’s population is reported to be tuberculin test positive [66] and one person
dies from TB every minute [67]. TB was rare until the second half of the
nineteenth century. Concomitant with the growing population density caused
by industrialization, the incidence of TB has increased progressively since then
[68, 69].

Arabinogalactan in Mycobacterial Cell Wall. Arabinogalactan is one of the
cell wall components in mycobacteria. It forms a complex with peptidoglycan and
mycolic acids for the appearance of the cell wall mycolyl—arabinogalactan—
peptidoglycan complex (MAPc).

The basic structure of the mycobacterial cell wall core is shown in Figure 7.2.
The core consists of a highly impermeable outer mycolic acid layer of
(C70—C90 lipids) and an inner peptidoglycan layer. These two layers are
linked through polysachharide arabinogalactan. The major mycobacterium cell
wall is made up of a branched AG chain with the arabinose AG attached to the
muramic acid via a phosphodiester linkage. The polymer is unique in its
elemental sugar comprised of a few distinct structural motifs. The galactan
polymer is linked to the sixth position of the peptidoglycan muramic acid
residues a-L-Rhap-(1-3)-a-D-GlcNAc-(1-P) “linker region.” The galactan itself
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is linear, consisting of about 30 alternating 5- and 6-linked (3-p-Galf residues.
The arabinan chains are attached to the fifth carbon of some of the 6-linked
Galf residues to reduce the end of the polymer.

However, some galactan polymers are not arabinosylated, forming a large
unbranched galactan chain. The arabinan chains are mainly composed of
5-linked a-p-Araf with branching introduced by 3,5-a-D-Araf residues. Non-
reducing termini of the arabinan have a [3-p-Araf-(1-2) a-p-araf], —3,5-a-D
Araf-(1-5)-a-p-Araf motif and mycolic acids (long-chain a-alkyl 3-hydroxyl
fatty acids) are located in clusters of four on two-thirds of the terminal
arabinofuranosides (Fig. 7.4) [70].

Arabinogalactan Biosynthesis in Mycobateria Tuberculosis. The bio-
synthesis process of arabinogalactan peptidoglycan complex in Mycobacterium
takes place in three steps. Synthesis of polyprenyl phosphate, peptidoglycan,
and arabinogalactan.

Synthesis of arabinogalactan in M. tuberculosis begins with the transfer of a
GIcNAc-1-phosphate to prenyl phosphate followed by an addition of rham-
nose (Rha) from dTDP-Rha. It form the linker region of the AG. RmlA,
RmIB, RmIC, and RmID are responsible for the synthesis of dTDP from
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FIGURE 7.4 Mycobacteria cell wall structure. (From [70].)
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glucose-1-phosphate encoding an «-D-glucose-1 phosphate thymidylyl trans-
ferase, dTDP-D-glucose 4,6-dehydratase, dTDP-4-keto-6deoxy D-glucose 3,5
epimerase, and dTDP rhamnose synthetase, respectively. Rhamnosyl transfer-
ase encoded by reading frame Rv3265c adds Rha to the prenyl diphosphoryl
GIcNAc.

UDP-galactofuranose (UDP-uridinediphosphategalactofuranose) is the donor
of galactofuranose residues of the galactan. The first reaction in the synthe-
sis of UDP-Galf is the conversion of UDP-glucose to UDP-galactopyranose
(UDP-Galp) catalyzed by UDP-galactopyranose epimerase. The enzyme en-
coded by glfthen converts UDP-Galp to UDP-galf, which is the donor of the galf
residues of the galactan in M. tuberculosis. Subsequently, in the formation of the
linker region, the Galf and Araf residues are added to form the mature lipid
linked AG. It further transferred to peptidoglycan en block by a ligase, which
releases decaprenyl phosphate. Enzyme Galf transferase catalyse for the forma-
tion of 1-5 and 1-6 linkages [70].

7.4.7 Larch Arabinogalactan as a Dietary Fiber

The U.S. FDA approved arabinogalactan as an excellent source of dietary
fiber. The production of short-chain fatty acids (SCFAs) is increased with a
decrease in the generation and absorption of ammonia [71]. Human consump-
tion of arabinogalactan has a significant effect on enhancing gut microflora,
specifically increasing anaerobes such as Bifidobacteria and Lactobacillus,
while decreasing Clostridia [72]. Carbohydrate fermentation into SCFAs by
intestinal microflora is important for the large bowel function and help in
hepatic as well as peripheral tissue metabolism [71]. Butyrate plays an
important role in colon health. It is the suitable substrate for energy generation
by colonic epithelial cells [73]. It protects the mucosa against a variety of
intestinal diseases and protects these cells against cancer-promoting agents
[74]. The ability of arabinogalactan to increase concentrations of butyrate
suggests some significant health benefits subsequent to oral administration of
this polysaccharide.

Arabinogalactan fermented strongly by gastrointestinal microflora results in
the production of SCFAs. High production of SCFA suggests that complete
fermentation takes place by gut microflora of any nonabsorbed arabinogalac-
tan. Intestinal bacteria used an in vitro fecal incubation system to study the
metabolism of complex carbohydrates. Arabinogalactan increased the yield of
SCFAs and acetate in all substrates at all times. Fecal homogenates incubated
with cellulose showed no large SCFA production than in the controls. Back-
bone and side-chain sugars of arabinogalactan were co-utilized as fermentation
substrates; however, the sugars were broken down more slowly than starch or
pectin. Although starch was the most effective polysaccharide in generating high
butyrate concentrations, arabinogalactan had significantly more butyrate-gen-
erating activity than pectin or xylan [71]. Arabinogalactan found to have clinical
value in the treatment of portosystemic encephalopathy because of its ability to
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lower the generation and subsequent absorption of ammonia. Arabinogalactan
promotes the increase in bifidobacteria, particularly B. longum, which more
specifically ferment the arabinogalactan [75]. A controlled study of larch
arabinogalactan in human volunteers has demonstrated its ability to promote
an increase of bifidobacteria, as well as other anaerobes such as Lactobacillus [72].

7.4.8 Reticuloendothelial and Complement Activation

Low- to middle-molecular-weight (5000—50,000) arabinogalactan polysacchar-
ides showed the strong immuno-stimulating properties, including the ability to
activate phagocytosis and potentiate reticuloendothelial system action. The
number of arabinogalactans also showed the anticomplement activity [76, 77],
although arabinogalactan was not utilized in these studies. In fact, recent
findings demonstrated arabinogalactan ingested by human volunteers had a
significant dose-dependent in vivo effect. It enhances the function of the
mononuclear portion of the immune system [78].

7.4.9 Larch Arabinogalactan and Pediatric Otitis Media

Otitis media is a common pediatric problem. Children suffering from chronic
otitis media need a powerful immune system along with reestablishing gut
microflora balance. This is a reasonable therapeutic goal. Decrease in frequency
and severity of pediatric otitis media with arabinogalactan was clinically proved
and reported. The combination of known immune-enhancing properties and
effects on gut microflora might indeed produce good clinical outcomes. High
solubility of arabinogalactan in fluids such as water or juice and the long-term
administration of this substance to pediatric patients might be accomplished with
a great deal less difficulty than other available immune-modulating herbal or
nutritional substances [21].

7.4.10 Arabinogalactan and Cancer

Arabinogalactan possesses several interesting properties; thus it is used as an
ideal adjunctive supplement in cancer protocols. Experimental studies indicate
that arabinogalactan stimulates natural killer cell cytotoxicity, enhances the
immune system, and inhibits the metastasis of tumor cells to the liver. All of
these activities have significant utility as strategies to support conventional
cancer treatment [21].

Antimetastatic Activity. Metastatic diseases are commonly spread to the
liver, in comparison of other organ sites. This results because of the reaction
between the galactose-based glycoconjugate on the metastatic cells and a
hepatic-specific lectin receptor (e.g., the p-galactose-specific hepatic binding
protein) found in liver parenchyma. Several compelling studies showed that
arabinogalactan inhibits this reaction. Modified citrus pectin (MCP) has been
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also found to be a possible antimetastatic agent in cancer [79]. However,
arabinogalactan showed the same antimetastatic mechanism of action as MCP.
It also offers immune-modulating activity, which is not offered by other natural
substances. In a study, the effects of arabinogalactan were investigated in a
syngeneic tumor—host system of one animal. The study includes the systemic
treatment with D-galactose and arabinogalactan as well as cell pretreatment
with arabinogalactan and two other glycoconjugates. Although all the test
animals finally succumbed to liver metastasis, treatment with arabinogalactan
significantly reduced the amount of liver metastasis and prolonged the survival
times of the animals. This was to be an arabinogalactan blockade effect of
potential liver receptors, covering galactose-specific binding sites [80]. In
another study, pretreatment and regular application of arabinogalactan as a
receptor-blocking agent completely prevented the settling of sarcoma L-1
tumor cells in the liver of experimental animals. Other galactans, dextrans,
and phosphate-buffered saline showed no effect. The results showed that as
lectinlike liver receptors are blocked with the competitive polysaccharide-like
arabinogalactan, tumor metastasis may be prevented [81]. An other study also
demonstrated that arabinogalactan significantly reduced the colonization
process of highly metastatic Esb lymphoma cells [82].

7.5 SIDE EFFECTS AND TOXICITY

Arabinogalactan is FDA approved for use in food applications. Toxicity tests
on rats indicate arabinogalactan is less toxic than methylcellulose. In acute
toxicity studies, mice and rats showed no signs or symptoms of toxicity at a
dose of 5000 mg/kg, while in prolonged toxicity studies, doses of 500 mg/kg for
90 days resulted in no toxicity. Clinical feedback suggests an occasional
reaction of bloating and flatulence in less than 3% of individuals. This side
effect might be secondary to the effect of arabinogalactan, beneficially altering
gut microflora [21].

7.6 CONCLUSIONS

Outcome studies on novel polysaccharide clinical applications have not been
conducted to date. Physiological properties of polysaccharides imply a broad
range of potential therapeutic applications. As a dietary fiber, larch arabino-
galactan possesses several beneficial properties, including promoting the
growth of friendly bacteria, increasing the production of SCFAs, and decreas-
ing the generation of ammonia. As most of the diets are deficient in dietary
fiber, arabinogalactan enhance the immune activity.

Larch arabinogalactans also offer substantial promise as a biological
response modifier. Documented effects on NK cytotoxicity, along with effects
on mononuclear portion of the immune system, have been studied. An array of
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clinical uses was suggested both in preventive medicine and in clinical medicine,
as a therapeutic agent to decrease NK activity. As a therapeutic agent, larch
arabinogalactans reduced NK activity and chronic viral infections, such as CFS
and viral hepatitis. The greatest potential of this polysaccharide is to support
conventional cancer treatments as a biological response modifier. Combination
of its immune-enhancing properties along with antimetastatic activity fulfills
two therapeutically desirable goals. Modified citrus pectin has received con-
siderable attention in both conventional and alternative medical journals for its
antimetastatic activity. Larch arabinogalactan works in the same manner, by
inhibiting the attachment of metastatic cells to liver parenchyma via compe-
titive binding to liver hepatic galactose receptors. Larch arabinogalactan,
however, offers the additional advantage of enhancing immune function. Larch
arabinogalactan not only offers antimetastatic activity but also shows positive
effects on gut microflora and SCFAs, which was not found with V. album.
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8.1 INTRODUCTION

The concept of biocompatibility has evolved on par with the continuing
development of materials used in medical devices. Biocompatibility can be
defined as the quality of not having toxic or injurious effects on biological
systems. A biomaterial is regarded as a material intended to interface with
biological systems to evaluate, treat, augment, or replace any tissue, organ, or
function of the body [1]. Biomaterials also have to be easily processable,
sterilizable, and capable of controlled stability or degradation in response to
biological conditions. The biocompatibility of a medical implant will be
influenced by a number of factors, including the toxicity of the material used,
form and design of the implant, technique of inserting the device, in situ
dynamics, and movement of the implant based on the surrounding matrix (e.g.,
soft or hard tissue, cardiovascular system, etc.).

Among various well-known biomaterials, polyhydroxyalkanoate (PHA) has
been attracting much attention with regard to its unique properties that enables
it to be processed as biodegradable biomaterials. PHA are naturally occurring
carbon and energy storage compounds found in various bacteria, and their
formation is known to be induced by unfavorable growth conditions [2, 3]. To
date, approximately 150 different constituents of PHA have been identified
as either homopolymers or copolymers [4]. However, only several polymers
are available in sufficient quantities for application research. They include
homopolymers of poly(3-hydroxybutyrate) [P(3HB)], poly(4-hydroxybuty-
rate) [P(4HB)], and poly(3-hydroxyoctanoate) [P(3HO)]; and copolymers
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)], poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)], and poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)].

After years of research and development, PHA and its composites have been
tailored as suitable biomaterials, which are currently being evaluated in various
pharmaceutical and medical applications. Their applications will be discussed in
the following sections of this chapter. Processes involved in the production of PHA
have been well documented. Bacterial and plant production systems have been
established and evaluated for the production of different types of PHA polymers.
The types of polymer produced depend on the host organism and carbon
substrates. This is due to different substrate specificity of the genes involved
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in PHA biosynthesis. The mechanical properties, biocompatibility and rate of
degradation, can be controlled by changing the composition of PHA polymers.
PHAS s are renewable by nature as they can be produced from renewable resources.

This chapter will discuss current applications of PHA in the medical field.
Results from recent in vitro and in vivo efficacy studies are highlighted, and
potential applications of PHA in medical sciences are discussed. Insights on
toxicity and biocompatibility of PHA polymers are revealed. Well-established
PHA productions systems alongside characterization of the resulting polymers
have been demonstrated.

8.2 POLYHYDROXYALKANOATE

PHA was first discovered and characterized in the 1920s [5]. Initially recognized
as inclusion bodies/granules in the cytoplasm, PHA was later identified to be an
intracellular reserve for carbon and energy [6]. These granules can be stained
specifically with Sudan black or light fluorescent stains such as Nile blue and
Nile red [7—10]. P(3HB) was the very first constituent of PHA to be identified.
Since then, PHA has been thoroughly investigated. More than 90 genera of
archea and eubacteria (both gram positive and gram negative) have been
identified as PHA producers [11]. The following are some of the well-known
PHA producers: Cupriavidus necator (formerly known as Wautersia eutropha,
Ralstonia eutropha, or Alcaligenes eutrophus), Alcaligenes latus, Aeromonas
caviae, Bacillus spp., Burkholderia cepacia, Delftia acidovorans (formerly known
as Comamonas acidovorans), Pseudomonas spp., and recombinant Escherichia
coli. To date, approximately 150 different constituents of PHA have been
identified as either homopolymers or copolymers [4]. Monomers with straight,
branched, saturated, unsaturated and also aromatic monomers have been
reported (for a review see Wiltholt and Kessler [12]). PHA is categorized into
three classes: short-chain-length PHA (SCLpya, carbon numbers of monomers
ranging from C3 to CS5), medium-chain-length PHA (MCLpya, C6—C14),
and long-chain-length PHA (LCLppya, more than C14). Polymers consisting of
SCLppya—MCLpya have also been reported.

The properties of PHA resemble some of the properties of commodity
plastics. Most PHA are thermoplastics that can be tailored into stiff
packing materials or highly elastic elastomers and are completely biodegrad-
able in the natural environment [2, 13]. The chemical and physical properties
of resulting PHA polymers is influenced by the functionalized groups in the
side chain of monomers such as halogen, carboxyl, hydroxyl, epoxyl, and
phenoxy [14, 15]. The production and characterization of PHA have been the
subjects of interest since they are targeted as substitutes for petrochemical-
based plastics. Currently, a variety of bioplastics from microbial fermentation
of plant sugars and oils under various trademarks such as Biomer, Mirel,
Biogreen, Biocycle, and Biopol are being produced at commercial-scale
amounts [13].
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8.2.1 PHA Biosynthesis Pathways

In general, PHA biosynthesis involves the uptake and conversion of carbon
sources into precursor molecules that are subsequently polymerized by the
enzyme PHA synthase. Naturally occurring metabolic pathway of PHA bio-
synthesis varies according to the genus of the bacterium. On the other hand,
genetically engineered pathway enables the production of desired monomer
type and composition. There are three well-known PHA biosynthetic pathways
[16, 17]. Among the most well-established pathways are the ones found in
C. necator (pathway I) and Pseudomonas spp. (pathways 11 and I11). Pathway I
is the most common pathway and can be found in a wide range of bacteria
(Fig. 8.1). P(3HB) synthesis in this pathway occurs in a three-step reaction:
condensation, reduction, and polymerization, which is catalyzed by three
different enzymes [18, 19]. In the first step, two acetyl-CoA derived from the

Pathway I

Sugar

Tricarboxylic
acid (TCA)

cycle v

Acetyl-CoA

B-ketothiolase
(PhaA)

v
Acetoacetyl-CoA

NADPH-dependent
acetoacetyl-CoA
reductase
(PhaB)

v

(R)-3-Hydroxybutyryl-CoA

PHA synthase
(PhaC)

v

P(3HB)

FIGURE 8.1 Most well-established P(3HB) biosynthesis pathway. This pathway is
generally present in all microorganisms having the ability to synthesize P(3HB).
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tricarboxylic acid (TCA) cycle is condensed to form acetoacetyl-CoA by the
enzyme (3-ketothiolase (PhaA). Then, acetoacetyl-CoA is reduced by acetoace-
tyl-CoA reductase (PhaB) to form 3-hydroxybutyryl-CoA. Finally, the PHA
synthase (PhaC), which is the key enzyme in PHA biosynthesis, catalyzes
the polymerization via esterification of 3-hydroxybutyryl-CoA into P(3HB).
The ability of a microbe to produce varying 3HA monomers depends on the
substrate specificity of its PHA synthase enzyme. The PHA synthase can be
divided into four classes based on its substrate specificity and subunit structure
(for a review see Rehm [20] and Nomura and Taguchi [21]).

PHA is also synthesized from pathways involved in fatty acid metabolism.
Different hydroxyalkanoate units besides 3HB are derived from these path-
ways. Pathways II and III are also known as the fatty acid 3-oxidation pathway
and the fatty acid biosynthesis pathway, respectively (Fig. 8.2). These pathways
are well studied in Pseudomonas spp., namely, P. putida, P. oleovorans, and
P. aeruginosa, which belong to the ribosomal ribonucleic acid (rRNA) homology
group L. The intermediate substrates generated from fatty acid metabolism can
be efficiently polymerized by these microbes. Pseudomonas spp. can synthesize
MCLpga from various alkanes, alkenes, and alkanoates but trace or no SCLpya.
The intermediates in these pathways are effectively converted to (R)-3HA-CoA
monomers by specific enzymes. The monomer composition is much wider and
related to the carbon source used. As shown in Figure 8.2, the (R)-specific enoyl-
CoA hydratase (PhalJ) and (R)-3-hydroxyacyl-ACP-CoA transferase (PhaG) are
capable of supplying (R)-3HA-CoA from trans-2-enoyl-CoA and (R)-3HA-
ACP, respectively [17]. In A. caviae, trans-2-enoyl-CoA is converted to (R)-3HA-
CoA by Phal [22, 23]. In pathway III, sugars such as glucose, fructose, and
sucrose are converted to (R)-3HA-CoA intermediates from (R)-3HA-ACP by
PhaG. Both Phal and PhaG are the key links between fatty acid metabolism and
PHA biosynthesis.

Microbes that cannot accumulate PHA naturally have been successfully
engineered by introducing PHA biosynthesis pathways from known producers.
PHA synthase gene (phaC) and monomer supplying genes such as phaA, phaB,
phaG, and phaJ have been cloned and expressed in recombinant strains. The
substrate specificity of the PHA synthase is generally quite broad. For example,
the PHA synthase of C. necator has been shown to polymerize HA monomers
of 3C atoms (3-hydroxypropionate [3HP]) up to 12C atoms (3-hydroxydode-
canoate), although the MCL monomers are less efficiently polymerized relative
to SCL monomers. Thus, the monomer-supplying pathway available in a
microbe determines the type of PHA that can be produced. So, when the PHA
synthase of C. necator is expressed in A. caviae, it is active toward C4—C6
monomers while in Pseudomonas it is active toward C4—C12 monomers. Thus,
monomers synthesized by the recombinant can be controlled by expressing
selected PHA biosynthesis genes in a particular host strain, and this has been
proven in previous studies [24—27]. Genetic engineering technique has therefore
proven to be a powerful tool in creating recombinant strains that can produce
tailor-made PHA efficiently.
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FIGURE 8.2 Biosynthesis of PHA from fatty acid metabolism. The fatty acid
B-oxidation and fatty acid biosynthesis pathways have been well studied in Pseudomonas.

8.2.2 Production and Characterization

PHA production systems in various microbes and organisms have been
documented. The bacterial production system is the most well-established
form of PHA production. Besides that, an attempt to initiate PHA accumula-
tion in plants was carried out in the 1990s [28, 29]. For example, Arabidopsis
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thaliana was transformed with the PHA synthase of C. mecator to induce
polymerization of the intermediates derived from the plant’s endogenous
3-ketothiolase and acetoacetyl-CoA reductase. As a result, PHA accumulation
was identified in the cytoplasm. Several other attempts to produce PHA in a
cost effective manner via transgenic plants are currently in progress [30—32].
Besides plants, other potential production systems in insect cells, yeast, and
cyanobacteria have been also evaluated (for a review see Sudesh et al. [33]).
Nevertheless, large-scale PHA production processes for commercialization
purposes are currently derived from bacterial fermentations.

Bacterial synthesis of PHA is normally carried out in batch or fed-batch
cultures. To initiate PHA accumulation, the growth medium is prepared in such a
way that one nutrient (generally nitrogen) limits growth while the carbon
source is in excess. The depletion of the selected nutrient acts as a trigger for
the metabolic shift to PHA biosynthesis. Two different approaches have been
developed in batch cultivation: one-stage cultivation and two-stage cultivation.
In one-stage cultivation, growth of cells and PHA accumulation occurs simulta-
neously. While two-stage cultivation consists of a cell growth phase that is
carried out in a separate nutrient-enriched medium. The cells are then transferred
into a nutrient-limited medium for PHA accumulation phase.

Usually, the cultivation period ranges from 24 to 96 h. During the period
of cultivation, cells will go through a sequence of growth phases, such as
lag phase, exponential phase, PHA production, stationary phase, and finally
death phase. In a fed-batch culture, the cells are continuously fed with selected
carbon source after it has entered the late exponential phase. Normally, large-scale
or industrial-scale production systems use the fed-batch cultivation mode [34, 35].
The fed-batch method generally yields high cell densities that consequently
reduces the overall production cost [36—38]. Other modes of cultivation have
also been evaluated, such as pH-stat-based cultivation whereby a carbon source is
fed based on the fluctuation of pH [39], and the chemo-stat method whereby
culture medium is continuously exchanged with sterile growth medium [40].

A carbon source is one of the key factors that can reduce the cost of PHA
production. The type of PHA synthesized depends on the carbon substrates,
monomer supplying pathways, and the specificity of PHA synthases. Sugars
such as glucose and sucrose are the most common carbon sources for large-scale
PHA production. Efforts have been devoted to identify cheaper carbon
sources that can be utilized efficiently. Plant oils and fatty acid derivatives
are being investigated as suitable carbon sources for PHA production. They are
cheaper, renewable, and produce higher yields of polymer. It has been found
from previous studies that P(3HB) production from plant oils was almost
twofold higher (0.6—0.8 g/g) as compared to glucose (0.3—0.4 g/g) [41]. This is
mainly due to the higher number of carbon atoms per gram of oil compared to
sugar.

Major commodity plant oils such as soybean oil, palm oil, corn oil, and
others have also been identified as possible carbon sources for PHA biosynth-
esis. Besides this, PHA is also produced from fatty acids. Pseudomonas spp. are
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well-known PHA producers from fatty acids and its salt derivatives and
MCLpya are normally produced. Copolymers of different PHA constituents
are produced by adding co-substrates, which are also known as precursors.
For example, P(3HB-co-3HV) copolymer is mostly produced by adding 3HV
precursors such as valeric or propionic acids or their salt forms, while the
P(3HB-co-4HB) copolymer is synthesized from the addition of 1,4-butanediol
or ~-butyrolactone. These substrates can also be used as sole carbon sources to
obtain the mentioned copolymers.

Aeromonas spp. are known to produce P(3HB-co-3HHx) copolymer, which
are a combination of SCL—MCLypya from fatty acids or oily substrates. The
PHA synthase gene of A. caviae has been expressed heterologously in PHA
synthase mutant of C. necator to produce better yields of this copolymer.
Lately, terpolymers of different monomer types and compositions have been
produced from various carbon sources. Normally, the terpolymers are combi-
nations of both SCL—MCLpy4 as well. Besides this, poly(3-hydroxyoctanoate-
co-3-hydroxyhexanoate) [P(3HO-co-3HHx)], an MCLpy,, has been produced
in fed-batch cultures of P. oleovorans with sodium octanoate as the sole carbon
source [42]. A random copolymer with 3HO, 3HHx, and poly(3-hydroxy-
decanoate) (3HD) monomers is biosynthesized. Higher compositions of 3HO
(86 mol%) and 3HHx (11 mol%) is usually obtained.

PHA terpolymers are also being studied for their potential usages in the
medical field. The terpolymers consist of either SCLpya or SCLpya—MCLppa.
The common terpolymers produced includes P(3HB-co-3HV-co-3HHXx), P(3HB-
c0-3HV-co-4HB), and P(3HB-co-3HV-co-3HHp). Most of the bacterial strains
used for terpolymer production are recombinants; however, reports of wild-type
producers have been published as well. Sugars, specific precursors, fatty acids,
and palm kernel oil have been tested as potential substrates. The type of PHA
polymer produced by some well-known bacterial strains and the carbon sources
used are summarized in Table 8.1.

Agricultural by-products and food industrial wastes are also being consid-
ered as inexpensive carbon and nitrogen sources for PHA biosynthesis. Bio-
conversion of whey [67], molasses [68], starch [69], triacylglycerols [70], and
other substrates from food industrial wastes or industrial by-products [71—73]
to value-added PHA polymers has been investigated. Organic acids such as
lactic acid, acetic acid, and propionic acid derived as by-products of anaerobic
fermentation processes could be utilized for synthesizing P(3HB) and P(3HB-co-
3HV) polymers [74—76]. Mixtures of organic acids derived from anaerobically
treated palm oil mill effluent have also been evaluated [77]. Utilization of these
types of cheap carbon sources for large-scale PHA production could reduce the
cost of production.

The physical property of PHA polymers utterly depends on the type of
monomer incorporated into the polymer chains. PHA polymers could be
tailored by controlling the type and composition of monomer incorporated.
P(3HB) is a biocompatible polymer that is optically pure and possesses piezo-
electricity [3, 78]. This aids in the process of inducing osteogenesis. However,
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P(3HB) homopolymer is a highly crystalline, brittle, and stiff material [3]. It was
found that the physical properties of P(3HB) homopolymer could be improved
by producing higher molecular weight polymers. This polymer was produced by
heterologous expression of cloned PHA biosynthesis genes from C. necator in
recombinant E. coli [79].

In contrast, P(4HB) homopolymer possesses almost similar characteristics as
ultrahigh-molecular-weight polyethylene. It could be considered as a strong
elastic material since its tensile strength and elongation at break is 104 MPa and
1000% as compared to P(3HB), which is only 40 MPa and 6%, respectively.

The introduction of secondary monomers is a common strategy to produce
better and more processable polymers. PHA copolymer and terpolymer are less
crystalline and more elastic materials. It could be observed that incorporation of
other monomer in the 3HB polymer chain significantly improved the physical
properties of resulting copolymers such as P(3HB-co-4HB), P(3HB-co-3HV),
and P(3HB-co-3HHx). PHA terpolymers are known to be better materials
compared to copolymers [46, 52, 53, 66, 80, 81]. P(3HO-co-3HHXx), which is an
MCLppa, is known to have high tensile strength and elongation to break due to
the orientation of the amorphous rubbery chains [42].

Incorporation of more than one secondary monomer is assumed to result in
improved properties. It has been demonstrated that, P(3HB-co-3HV-co-3HHx)
terpolymer with higher amorphousness could be produced [52]. No melting
peak was detected in the terpolymer with 39 mol% 3HV and 3 mol% 3HHx.
P(3HB-co-3HV-co-4HB) with 93 mol% 4HB and 3mol% 3HV exhibited elong-
ation of 430%, toughness of 33 MPa, and Young’s modulus of 127 MPa, which
is similar to low-density polyethylene, while terpolymer with 55 mol% 4HB
and 34 mol% 3HYV showed a Young’s modulus of 618 MPa, similar to that of
polypropylene [46].

The properties of PHA copolymers and terpolymers are almost similar
to commercially available synthetic plastics. Physical properties of some well-
known PHA polymers are compared with polypropylene and low-density
polyethylene in Table 8.2. Formation of copolymer could be controlled at
microstructure level as well, and the arrangement of monomer determines
the property of a resulting copolymer [83]. The distribution of monomers is
usually controlled via chemical synthesis by varying the feeding method of
substrates involved. A copolymer could be classified as a random, block, or blend
copolymer. This depends on the arrangement of monomers in the polymer chain.
A random copolymer has identical alternating monomer arrangements through-
out its length. On the other hand, a block copolymer consists of polymer chain
containing two or more unique polymer regions covalently bonded together [84,
85]. A blend copolymer is made up by two or more distinct homopolymer
or copolymer chains of the monomers present. The randomness of a copolymer
is usually determined by '*C-NMR spectroscopy based on dyad sequence
analysis [86—88].

Besides the incorporation of secondary monomers, blends of PHA polymers
with other biodegradable materials have also been generated. These blends are
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TABLE 8.2 Comparison of Properties of Some PHA Copolymers and Terpolymers
and Common Plastics

Tensile Elongation
T," TL,” Crystallinity  Strength at Break

Polymer () “C) (%) (MPa) (%)

P(3HB) 177 4 60 43 5

P(4HB) 60 =50 34 104 1000

P(3HB-c0-20 mol% 3HV) 145 -1 56 20 50

P(3HB-co-16 mol% 4HB) 150 -7 45 26 444

P(3HB-c0-10 mol% 127 -1 34 21 400
3HHXx)

P(3HB-c0-39 mol% ND =79 ND¢ 12 408
3HV-co-3 mol% 3HHx)

P(3HB-c0-94 mol% 548 —51.6 ND 14 430
4HB-co0-3 mol% 3HYV)

Polypropylene 176 —10 50—-70 38 400

Low-density polyethylene 130 -36 20—50 10 620

“ Melting temperature.
b Glass transition temperature.
¢ ND = not detected.

Source: From [33, 46, 52, 82].

physical mixtures of structurally different polymers either as homogeneous or
heterogeneous phases in amorphous regions on a microscopic scale at equili-
brium [33]. The mixture may exist as a single phase (thermodynamically
miscible) or two distinct phases (thermodynamically immiscible). The physical
property of a blend depends on the phase structure. Examples of some PHA
blends are poly(ethylene oxide), poly(vinyl alcohol), and poly(3-propiolactone)
(for a review see Sudesh et al. [33]). PHA polymers can be designed and
developed to suit specific needs by varying their physical properties. This idea
has been realized from genetic, biological, and chemical synthesis approaches.

Biosynthesis of Poly(3-Hydroxybutyrate-co-4-Hydroxybutyrate) [P(3HB-
co0-4HB)]. The biosynthesis of P(3HB-co-4HB) copolymer by microorganisms
can be achieved by employing different methods of carbon source feeding. The
copolymer could be produced from mixtures of two different carbon sources such
as butyric acid and 4-hydroxybutyric acid [55]. Second, utilization of a single
carbon source that is structurally related to 4HB such as 4-hydroxybutyric acid,
~-butyrolactone, or 1,4-butanediol also results in the biosynthesis of P(3HB-co-
4HB) [3]. Recombinant E. coli has been known to produce P(3HB-co-4HB)
copolymer by using glucose as the sole carbon source [89]. This recombinant
expresses succinic acid semialdehyde dehydrogenase, 4-hydroxybutyric acid
dehydrogenase, and 4-hydroxybutyric acid-CoA transferase gene from Clostri-
dium kluyveri with the PHA synthase from C. necator. The strategy of using the
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mixtures of two different carbon sources has been the most preferred method
because it can produce P(3HB-co-4HB) with a wide range of monomer composi-
tions. For the generation of 3HB monomer, carbon sources such as fructose,
sucrose, glucose, and butyric acid are commonly used. On the other hand,
4-hydroxybutyric acid, 1,4-butanediol, and ~-butyrolactone are used for 4HB
generation.

Several bacteria possessing SCLppa substrate-specific synthase are capable of
incorporating 4-hydroxybutyrate monomer [90]. The choice of carbon sources
depends on the type of microorganisms used. To date, several wild-type bacteria
have been identified to produce P(3HB-co-4HB). They are C. necator, Cupriavidus
sp. USMAA1020, Cupriavidus sp. USMAA2-4, A. latus, D. acidovorans, Coma-
monas testosteronii, and Hydrogenophaga pseudoflava. Among these microorgan-
isms, D. acidovorans seems to have the most suitable metabolic pathways for the
biosynthesis of P(4HB) homopolymers as well as P(3HB-co-4HB) copolymers
from two-stage cultivation [57]. Biosynthesis of P(3HB-co-4HB) copolymer
involves different metabolic pathways with reference to the type of carbon source
used in order to generate 3HB and 4HB monomers (Fig. 8.3).

P(4HB) and its copolymer P(3HB-co-4HB) are potentially the most well-
established PHA in the field of medical sciences. The incorporation of 4HB
monomers results in copolymers having various physical properties that
range from highly crystalline to elastomeric materials [55]. The physical and
mechanical properties are shown in Table 8.3. Based on the elongation at
break values, P(3HB-co-4HB) copolymers with high 4HB fraction are more
elastic materials compared to homopolymers of 4HB. Besides this, the copoly-
mers are less crystalline with lowered melting temperatures. The decrease
in crystallinity may be due to the disruption of crystallization by the 4HB
monomers because it possesses a longer backbone than that of 3HB monomer
[47]. These interesting elastomeric polymers are currently under development
for medical applications [82].

8.2.3 Biodegradability

Intracellular and extracellular degradation of PHA has been investigated in
detail in a number of microorganisms. PHAs are degraded internally by
intracellular PHA depolymerases of PHA accumulating bacteria or extracel-
lular PHA depolymerases of PHA degrading bacteria. Intracellular degrada-
tion occurs when the bacteria is stressed under carbon limitation conditions.
Accumulated PHA granules are hydrolyzed by the cells as carbon and energy
source [93, 94]. P(3HB) is broken down to 3-hydroxybutyric acid by the PHA
depolymerase and oligomer hydrolase [95]. The 3-hydroxybutyric acid is then
oxidized by a dehydrogenase to acetylacetate. Acetyl-CoA is generated once
B-ketothiolase reacts upon acetylacetate and is utilized for cell regeneration.
Since both PHA synthase and PHA depolymerase are present in PHA accu-
mulating microorganisms, a study was done to identify the rate of polymer
hydrolysis to synthesis. According to Doi et al. [96], the polymer hydrolysis rate
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FIGURE 8.3 P(3HB-co-4HB) copolymer could be synthesized from different types of
carbon sources. The P(3HB-co-4HB) biosynthesis pathway involves a combination of
different metabolic pathways with reference to the carbon source used.

in C. necator is about 10 times lower compared to its synthesis in a nitrogen-free
medium supplemented with an excess carbon source. Therefore, it is important
to obtain optimum culture conditions in order to maximize PHA production
with minimal hydrolysis.

In the natural environment, extracellular depolymerases are secreted by
microorganisms to hydrolyze the PHA polymer. The soluble fraction after
hydrolysis normally consists of mixtures of oligomers or monomers. These
products are then taken up for cell metabolism via absorption through
the microorganism’s cell wall [3]. The PHA polymers are degraded via surface
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erosion and the molecular weight of the polymer remains unchanged during
the course of degradation. The end products of PHA degradation in an aerobic
environment are carbon dioxide and water. In an anaerobic condition, methane
is also produced. The rate of biodegradation is influenced by a number of factors
including the microbial population in a particular environment, temperature,
and the physical properties of the polymers themselves [97]. Copolymers were
found to degrade at a faster rate compared to P(3HB) homopolymer due to
low crystallinity and porous surface [98, 99]. PHA film was found to degrade
in less than 50 days when placed on soil surface under tropical conditions, and
the same films when buried in soil or mangrove sediments show a faster rate
of degradation [33, 100, 101]. Extracellular depolymerases have been purified
from various microorganisms isolated from natural environments such as
soil, lake water, and seawater [98, 102—106].

In vivo degradation of PHA polymers in living systems enables these
polymers to be exploited as biomaterials. In fact, 3-hydroxybutyric acid and
4-hydroxybutyric acid were identified as normal constituent of blood at
concentrations between 0.3 and 1.3 mM in the extract of brain tissues of
rat, human, and pigeon [107—110]. Degradation of PHA results in the formation
of Dp-hydroxyacids. Usually, p-3-hydroxyacids include 3-hydroxybutyrate
(3HB), 3-hydroxyvalerate (3HV), 3-hydroxyhexanoate (3HHx), and 3-
hydroxyheptanoate (3HHp) monomers. Among all the p-3-hydroxyacids,
3HB is the most common degradation product. In the human body, 3HB is
one of the main ketone bodies that is primarily produced by degradation of
long-chain fatty acids in liver [111] and during the process of starvation or
disease [112]. In normal healthy adults, 3HB can be found at a concentration of
3—10 mg per 100 mL of blood [113]. The concentration of ketone body levels in
the blood of mammals can be increased from nutritional or therapeutic
compositions resources. Ketone body exists in a linear form, cyclic oligomers,
or derivatives of 3-hydroxyacids. The 3HB can be in the form of linear
oligomers other than linear homooligomers of 3HB if administered with
mixtures of acetoacetate, cyclic oligomers of 3-hydroxyacids, esters of the linear
or cyclic oligomers, and esters of 3-hydroxyacids (other than 3-hydroxybutyric
acid) or others.

The biodegradation of various PHA-based biomaterials have been investi-
gated in vivo. It is important to understand this mechanism because when PHA
material is used as scaffold in tissue engineering applications, the rate of
degradation should equal the regenerative rate of tissue, whereas, when it is
used as a drug carrier, the rate of degradation will determine the drug release
rate [114]. Many successful studies of PHA degradation in living organisms
have been demonstrated. Borkenhagen et al. [115] implanted polymer tubular
structures made of P(3HB-co-5 mol% 3HV)-diol and poly[glycolide-co-(e-
caprolactone)]-diol blends as nerve guidance channels. As the fraction of
P(3HB-co-5 mol% 3HYV) increased from 8, 17, to 41 wt%, the total weight
loss of the blends decreased from 88, 74, to 33%, respectively, after 24 weeks of
implantation. This result shows that P(3HB-co-5 mol% 3HYV) is not readily
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degraded in vivo [115]. Besides this, biodegradation of PHA materials in living
organisms should not lead to the formation of toxic compounds. In a study
done by Shishatskaya et al. [116] sutures made from P(3HB) and P(3HB-co-
3HV) were implanted intramuscularly for a period of up to one year. The
implantation did not cause any acute vascular reaction or adverse effect. The in
vivo degradation rate of P(3HB-co-4HB) is relatively high compared to other
PHAs and it can be controlled by varying the 4HB monomer composition
[117]. Therefore, P(3HB-co-4HB) copolymer has gained interest in a wide range
of medical applications [118, 119]. Besides being degraded by depolymerases,
4HB can be degraded by eukaryotic lipases and esterases as well [117, 120]. This
further aids the biodegradation of biomaterials possessing 4HB monomers in
living systems.

8.3 CURRENT APPLICATIONS OF PHA

8.3.1 Natural Occurrence and the Function of Monomers

Discovery of low-molecular-weight P(3HB) in the human body is the strongest
evidence to indicate that PHA is compatible and absorbable in our system. This
low-molecular-weight PHB (c-PHB) exists as a complex compound with other
macromolecules and is widely distributed in many organisms from different
phyla, including human beings (Table 8.4). The formation of this complex
alters the physical and chemical properties of c-PHB, thus allowing it to
solubilize in both aqueous and hydrophobic regions of the cell. A weak non-
covalent bond is formed when c-PHB binds with polyphosphate. However,
when it is bound with proteins, a stronger complex is formed. The ability of
this compound to dissolve in chloroform depends on the strength of its
association with the macromolecules. Normally, c-PHB consists of approxi-
mately 200 3HB units and the molecular weight is about 12,000 Da. This c-PHB
compound is located in the cytoplasm, membranes, lipoproteins, and intracel-
lular fluids of the cells. The changes in the c-PHB properties facilitate the
diffusion through the hydrophobic regions of the cell. The ability of c-PHB to

TABLE 8.4 Occurrence and Distribution of c-PHB in Various Organisms

Organism Location of c-PHB Concentration Reference

Human Plasma, serum 0.6—18.2 mg/L 121
albumin, plaque

Pig Heart, liver 362.5—-492.3 png/g

Cattle Lung, brain 282.9-575 pg/g

Sheep Intestine 1703.2 pg/g 122

Yeast Whole cell 1201.5 pg/g

Bacteria Whole cell 400 pg/g

[E. coli JM 101)]
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dissolve different salts and facilitate its transportation across the hydrophobic
membrane demonstrates its role in the cell’s physiological process [123]. These
complexes are believed to have an important role in the transportation of
Ca’™ across the cell membranes and also may be involved in the extracellular
deoxyribonucleic acid (DNA) material uptake. Besides the presence of
c-P(3HB) or 3-hydroxyacids, low-molecular-weight P(3HB) has also been
identified in human tissues. The first finding of P(3HB) was made by Reusch
and co-workers in blood serum with a concentration of 0.6—18.2 mg/L [121].
They were identified as a complex of low-density lipoproteins and with the
carrier protein albumin. P(3HB) was also detected in the human aorta and is
known to form ion channels in vivo when a complex of P(3HB)—polypho-
sphate is formed [121, 124].

8.3.2 PHA in Therapeutic Applications

The biocompatibility of PHA in medical applications is well known. The
evaluation process had been started and well documented over the past 20 years.
Ever since, much effort has been devoted to produce suitable polymers
with improved biomaterial properties. Therapeutic applications of ketone
bodies such as the degradation products of PHA, namely 3HB and 4HB, have
been well documented. It was reported that increasing levels of ketone in the
blood is useful to control seizures, metabolic disease, parenteral nutrition,
appetite suppression, increase cardiac efficiency, reduce protein catabolism,
treat diabetes and insulin-resistant states, and treat the effects of neurodegen-
erative disorders and epilepsy [125, 126]. 3HB has been also evaluated as an
energy source (intravenous administration) in humans and piglets [127, 128].
Potential usage of this intermediate substrate has been suggested in ocular
surgery as an irrigation solution to maintain the tissues [129]. In recent years,
more therapeutic applications of 3HB have been discovered. It was shown that
3HB can provide partial protection against dopaminergic neurodegeneration
and motor deficits in an experimental model of Parkinson’s and Alzheimer’s
disease [130, 131]. In a separate study on neuronal disorder, 3HB aided in
preserving neuronal integrity and stability during glucose starvation [132, 133].
Xiao et al. [134] through an in vitro study on glial cells found that the sodium salt
derivatives of 3HB aided in reducing cell apoptosis and enabled mobilization of
extracellular Ca” ", which resulted in an increase in cytosolic Ca® ", concentra-
tion. In a more recent study, 3HB and its derivative (3-hydroxybutyrate methyl
ester) significantly improved the proliferation of neuroglial cells in vitro, and
later mice treated with these compounds demonstrated enhanced learning and
memory when subjected to the Morris water maze experiment [135].

In the medical field, 4HB is also known as ~-hydroxybutyrate (GHB) and
was initially applied as an intravenous anesthetic agent. This is because this
compound could rapidly cross the blood—brain barrier and induce a sleeplike
state without disturbing cardiovascular stability [136, 137]. Subsequently, 4HB
was used to treat narcolepsy as it helped to enhance slow-wave sleep (SWS)
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and rapid-eye-movement (REM) sleep and containing them at night [138]. The
outcome from this study highlighted the importance of 4HB and resulted in
the approval by the Food and Drug Administration (FDA) of the United States
to use 4HB in research such as narcolepsy trials. The application of 4HB was
also extended in alcohol addiction treatment including alcohol withdrawal
syndrome as it was found to increase brain dopamine levels [139—141]. Previous
studies have proven that 4HB is able to protect the brain and peripheral tissues
from damaging effects due to excessive energy substrate consumption, which
could be caused by anoxia or excessive metabolic demand [142].

Sodium 4HB is used for therapeutic applications due to commercial unavail-
ability of pure 4HB. Initially, oral application of 4HB salts was not possible due
to strong hygroscopicity. To overcome this problem, development of nonhygro-
scopic salts was investigated. To date, 4HB has not yet been patented because
it is a naturally occurring compound and has a relatively low cost of production
[143]. The occurrence of 4HB has been detected in the mammalian living system,
whereby it was found in the brain, lung, liver, heart, kidney, and muscle tissues
[144]. Nevertheless, several methods describing the controlled release of 4HB
for alcohol, heroin, as well as nicotine addiction has been reported, and the use
of 4HB as an anesthetic agent has been evaluated.

Following are other possible therapeutic applications of 4HB as suggested by
Williams [145]: chronic schizophrenia, catatonic schizophrenia, atypical psy-
choses, chronic brain syndrome, neurosis, Parkinson’s disease, other neurophar-
macological illnesses, hypertension, ischemia, circulatory collapse, radiation
exposure, cancer, and myocardial infarction. Applications may also be extended
for uses with growth hormone production, heightened sexual desire, anorectic
effects, euphoria, smooth muscle relaxation, and muscle mass production.

8.3.3 Applications of PHA in the Medical Field

Biocompatibility and biodegradability are the main driving forces behind the
development of medical devices from PHA material. Most of the products
derived from PHA are channeled toward cardiovascular applications [146].
Cardiovascular diseases are increasing at an alarming rate, especially in most of
the developed countries. In the United States alone, approximately 40,000 babies
are born with fatal cardiovascular diseases [147]. Half of them die before they
reach one year of age. In total, more than 1 million Americans suffer from
hereditary cardiovascular defects. The modern lifestyle has resulted in uptake of
unbalanced diet and less physical exercise. These have become major contribut-
ing factors of cardiovascular diseases. In cardiovascular treatments, PHA has
been considered for use as heart valves, cardiovascular fabrics, pericardial
patches, and vascular grafts.

PHA polymers are found to be potential materials to be used in wound
management (suture, skin substitutes, nerve cuffs, surgical meshes, staples, and
swabs), orthopedics (scaffolds for cartilage engineering, spinal cage, bone graft
substitutes, meniscus regeneration, and internal fixation devices), and drug
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delivery applications [146, 148]. P(3HB) and P(3HB-co-3HV) [116, 149—151]
were the first polymers to be evaluated for medical purposes. However, their
poor physical and mechanical properties have caused some limitations to
further development to suit specific applications. Since the PHA family is rich
and diverse with various monomers, the above limitation was overcome
by either incorporating different monomers or increasing certain monomer
compositions. This resulted in the investigation of P(3HO-co-3HHx), P(3HB-
co-3HHx), P(3HB-co-4HB), and P(4HB), polymers for medical applications.
Among these PHA polymers, some are already being produced on a commer-
cial scale. However, limited supply of these polymers in medical grade has
become a major setback for broad utilization in medical and pharmaceutical
applications. P(4HB) is one of the most interesting polymer possessing very
elastic and strong properties compared to other polymer. The mechanical and
physical properties could be regulated by controlling the 4HB monomer
composition. In terms of strength, P(4HB) possesses comparable value with
commercially absorbable sutures such as Maxon and PDS II.

Tepha has been evaluating the biocompatibility of P(4HB) polymer as per
a recommendation by the Office of Device Evaluation in a series of tests that
includes cytotoxicity, sensitization, irritation and intracutaneous reactivity,
hemacompatibility, endotoxin, and implantation [82]. The P(4HB) produced by
Tepha is known to meet the standards set by the FDA for endotoxin levels even
though it is produced by a gram-negative microorganism. A recent break-
through was the approval of the FDA for the use of TephaFLEX bioabsorb-
able suture derived from P(4HB) (Tepha Medical Devices, www.tepha.com.
Accessed March, 17, 2009). TephaFLEX monofilament suture is 30% stronger,
more flexible, and has longer strength retention than currently marketed
resorbable sutures.

8.3.4 Endotoxin Removal

Most of the commercially available PHA is produced by the large-scale ferm-
entation of gram-negative bacteria. Since it is produced in bulk quantities, the
quality of the polymers are of industrial grade. They might contain residual
proteins, surfactants, and /or high levels of endotoxin which is a potent pyrogen
(lipopolysaccharides present in gram-negative bacteria). In a previous study by
Garrido [152], the presence of cellular debris in the industrial samples of P(3HB-
co-3HV) was detected. On the other hand, Rouxhet and co-workers detected
contaminants on the surface of PHA polymers by using X-ray photoelectron
spectroscopy [153]. For medical usages, the PHA production and purification
strategy has to meet specific requirements to obtain regulatory approval. Before
the PHA material can be employed for medical applications, it is necessary to
ensure that it is of a high level of purity in order to prevent immunogenic
reactions and acute inflammatory effects. More than 120 endotoxin units per
gram were detected in industrial-grade P(3HB) [1]. Previously, it was imple-
mented that the endotoxin level should be maintained at a value of less than
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20 US Pharmacopeia EU/mL. However, recently a more stringent regulation
was set by the FDA, whereby the endotoxin level should not be more than
0.5 EU/mL. In case the biomaterial comes in contact with cerebrospinal fluid,
the endotoxin level should be at a minimal value of 0.06 EU/mL [154, 155].
Oxidizing agents such as hydrogen peroxide and benzyl peroxide or sodium
hydroxide are normally used to remove the endotoxins [156, 125]. The PHA
produced from gram-positive bacteria are potentially more suitable material for
biomedical applications since they lack endotoxin [62].

8.3.5 Sterilization of PHA Biomaterials

In the medical field, the sterilization process is very important in order to
ensure the prevention of infections during the use of operation devices and
implantation materials. The methods for the sterilization process normally
depend on the type of devices or materials. Steam sterilization is the most
common method of sterilization. Some PHA polymers possessing higher
melting temperature (>140°C) and found to be thermally stable at this
temperature, can be subjected to steam sterilization. However, for polymers
with lower melting temperatures that are heat sensitive such as P(4HB) or
copolymers of P(3HO-co-3HHX), this method of sterilization is not suitable
[146]. Cold-cycle sterilization has been proposed as a more suitable approach.
Ethylene oxide is the most popular organic solvent used in this type of
sterilization [157]. It is known that ethylene oxide does not cause any changes
in the properties of these polymers. For example, P(3HO-co-3HHX) copolymer
with low melting temperature is sterilized using a cold cycle for 8 h at 38°C with
65% humidity over a 1-week period [157]. The residual ethylene oxide level
detected was less than 1 ppm after this cycle.

Beside ethylene oxide, ~-irradiation was also reported as another method for
sterilizing the PHA polymers such as P(3HB), P(3HO-co-3HHx), and P(3HB-
co-3HV). Holmes [78] investigated ~-irradiation on P(3HB) at doses on the
order 2.5 Mrad. It was stated that possible reduction in molecular weight
might be observed after treatment. The mechanical properties of P(3HB) and
P(3HB-co-3HV) were significantly affected when higher doses of ~-irradiation
was applied (10—20 Mrad) [158]. Luo and Netravali [159] also made similar
observations, whereby the mechanical properties and molecular weight of
P(3HB-c0-3HV) was affected when the same range of ~-irradiation doses
were used. Molecular weight loss of approximately 17% was identified due to
random chain termination followed by physical crosslinking of P(3HO-co-
3HHXx) copolymer, which was exposed to ~-irradiation at doses of 2.5 Mrad at
room temperature [157]. In a recent study, P(3HB-co-4HB) films were subjected
to 2.5 kGy ~-irradiation, and a drastic reduction in the molecular weight of
37% was observed. However, no changes were detected on the surface
morphology of these films from scanning electron micrograph (SEM) [160].
Based on the above studies, it is shown that there are limitations according
to different methods of sterilization. Therefore, proper sterilization methods



270 POLYHYDROXYALKANOATE

should be carefully sclected based on the suitability and stability of the
polymers.

8.4 IN VITRO TISSUE RESPONSE AND DEGRADATION

P(3HB) has been found as normal metabolite compounds in cellular mem-
branes of animals [121] and in human blood [161] in small quantity. Toxicity
testing according to USP XXII and ISO 10993 has revealed that it is suitable
for use as implant material [162]. The in vitro cytotoxicity test of the P(3HB)
microspheres on Wistar rat exhibited growth and metabolic activity of fibro-
blasts [163]. Recent genotoxicity tests on P(3HB) using Salmonella mutagenicity
test revealed that P(3HB) is nongenotoxic and does not change the expression of
protooncogenes and antiapoptotic genes on fibroblast MRC-5 cell lines such as
p53, c-myc, and bel-x1 [164]. The mouse fibroblast 1929 cellular response on the
PHA oligomers showed that the oligomer concentration exceeding 40 mg/L
reduced cell viability, increased cell apoptosis, cell death, and resulted in lower cell
proliferation [165]. It was found that the presence of P(3HB) oligomers did not
affect the viability of hamster V79 fibroblasts and murine melanoma B16 (F10)
cells [166].

Better cell viability was detected on P(3HB) surfaces compared to poly-L-lactic
acid (PLLA) when 1.929 cells were used [167]. Besides 1929 cells, Chinese hamster
lung (CHL) fibroblasts also showed superior cell compatibility on P(3HB) films.
P(3HB) melt-spun fibers have been fabricated and tested with National Institutes
of Health (NIH) 3T3 mouse fibroblasts. The cells remained highly viable on
P(3HB) and 3HV copolymer films [150]. In a recent study, attachment efficacy,
proliferation, and survival of adult rat Shwann cells (SC) and bone marrow stem
cells on P(3HB) fibers and P(3HB) fibers coated with fibronectin, laminin, and
collagen IV were examined in vitro. The effect of SC and bone marrow stem cells
with/without the combination of the above extracellular matrix (ECM) on neurite
outgrowth was also investigated (for a review see Tabesh et al. [168]).

Limited cell attachments and proliferation can be attributed to the hydro-
phobicity of the P(3HB) solution-cast film surfaces, which limits the absorption
of water on the surfaces [167, 169]. In order to improve the surface absorption of
water, implantation of the carboxyl ion and the oxygen plasma treatment have
been tried [169, 170]. The adhesion of 1.929 cells on P(3HB) films was improved
after modifications were done on the films, including ammonia plasma treat-
ment [171] and coating of fibronectin [172]. Hydrolysis by lipases or alkaline
solutions on unmodified P(3HB) films was found to increase the viability of
L.929 cells [118, 173, 174]. The cells viability can be further improved by lipase
treatment on porous P(3HB) scaffolds. However, a contradicting observation
was found on P(3HB) films coated with hyaluronic acid, even though the water
absorption has been heightened by this modification [175]. Surface treatment
with acidic or alkaline solutions were also found to improve the proliferation of
P(3HB)-based wools [176, 177].
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Blends of P(3HB) with other compounds have generally resulted in significant
improvement of the biocompatibility of the P(3HB) polymer. Hydroxyapatite
(HA) addition on the P(3HB) scaffolds contributed to better cell viability and
alkaline phosphatase activity [178]. Besides that, various polysaccharides such as
hyaluronic acid, chitosan, pectin, or alginic acid were individually immobilized
into P(3HB) and P(4HB) matrices in order to promote more porous surfaces. The
P(3HB)- and P(4HB)-blended cast films had excellent porous properties and thus
significantly promoted human keratinocytes cell (HaCaT) growth. Cell growth
was found to decrease according to the type of blend in the following order:
P(4HB)/hyaluronic acid > P(4HB)/chitosan > P(3HB)/hyaluronic acid >
P(3HB)/chitosan > P(3HB)/pectin > P(3HB)/alginic acid [179].

The P(3HB-co-3HV) copolymer is known to possess improved physical
properties due to the incorporation of 3HV. The improvement in its properties
was evaluated for usage in medical applications. P(3HB-co-3HV) films contain-
ing 7, 14, and 22 mol% of 3HV were found to persuade a mild toxic effect in the
direct contact or agar diffusion tests [180]. P(3HB-co-22 mol% 3HV) in saline
extracts has the capability to induce a noticeable hemolytic reaction [181].
However, a lower 3HV composition (5 mol%) did not exhibit any toxic effect
in the bacterial bioluminescence test for 16 weeks [182]. In addition, P(3HB-
co-3HV) with lower 3HV molar fraction was also found to be more compatible
for proliferation of 1929 fibroblasts and cytokine production [183]. P(3HB-
co-3HV) with different 3HV compositions (15 and 28 mol%) was found suitable
to promote better cell growth [150]. Regardless of the 3HV monomer composi-
tion, the proliferation rate of human scoliotic fibroblasts from spinal ligaments
on the polymer surface was very low [181]. Recently, the use of P(3HB-co-3HV) as
matrix material to induce bone formation has been investigated in vitro and was
suggested as a suitable approach for bone tissue regeneration in vivo [184—186].

Some studies revealed that the attachment and proliferation of cells on
P(3HB-co-3HV) copolymers were less compared to P(3HB). For example, the
viability of human fibroblasts on P(3HB-co-7 mol% 3HV) surfaces was poorer
as compared to P(3HB) [167]. Similarly, unmodified P(3HB-co-15 mol% 3HV)
films contributed to limited NIH 3T3 fibroblasts adhesions and growth. To
improve this situation, the copolymer was remedied by treatment with perchloric
acid and potassium chlorate with the aim to introduce oxygen-based functional
groups on the film surfaces [187]. Besides that, oxygen plasma treatment on the
surface of P(3HB-co-8 mol% 3HYV) films was found to enhanced the viability
of rat bone marrow fibroblasts and alkaline phosphatase activity [185, 186].
Similar modification has also resulted in the enhanced attachment rate of
human retinal pigment epithelium cells [188]. However, when plasticizer was
added with P(3HB-co-3HYV), it caused a decrease in compatibility of tested NIH
3T3 fibroblasts. This phenomenon occurred due to the leaching of the plastici-
zers [189]. Besides plasticizers, residue solvents left from film casting are
attributable to potential leaching during in vitro cell cultures [162].

Other surface modifications of P(3HB-co-3HV) films such as hyaluronic acid
coating, chitosan, and acrylic acid grafting also led to enhanced L.929 fibroblast
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attachment and proliferation. Results showed that chitosan grafting was
superior in terms of cell attachment but poorer in cell growth as compared
to hyaluronic acid modification [190]. Besides this, immobilization of collagen I
with the aid of ozone treatment and methacrylic acid grafting on P(3HB-co-8
mol% 3HV) films attributed to increased mouse osteoblast and rat osteosar-
coma cells growth [191].

A wide range of in vitro studies have been done with P(4HB) and P(3HB-co-
4HB) to evaluate its level of biocompatibility. Under strict regulations by the
FDA and careful examination by Tepha, P(4HB) has been known as an
excellent biomaterial with high tolerance in vivo. Cell culture studies have
proven P(4HB) to be a nontoxic material. For example, studies done using
L929 mouse fibroblast and ovine vascular cells showed successful amount of
cell proliferation and adhesion [192]. P(4HB) had been evaluated as a coating
material for polyglycolic acid (PGA) matrices. The P(4HB) scaffold has been
successfully seeded with various types of ovine and human cells. Cellular
coagulation had been observed after P(4HB) and its copolymer comes in
contact with human blood. In some studies, thrombus formation in vivo rabbit
aorta and sheep aorta were reported by Optiz et al. [193, 194]. However, no
such findings were made with PGA/P(4HB) heart valves or pulmonary artery
patches in sheep [195, 196].

The degradation intermediate of 4HB is a natural metabolite present in the
human brain, heart, Iung, liver, kidney, and muscle [144]. This metabolite has
a short half-life of just 35 minutes and is rapidly eliminated from the body via
the Krebs cycle [197]. The identified pharmaceutical application of 4HB has
been for treatment of cataplexy attacks in patients with narcolepsy. P(4HB) and
P(3HB-co-4HB) degrades at a faster rate due to less crystallinity compared
to P(3HB). Mass loss in the molecular weight of these films was detected
after incubation in a buffer solution [125, 126]. Increasing amounts of 4HB
composition in P(3HB-co-4HB) copolymer resulted in increased rate of hydro-
lysis. After 160 days of incubation in the buffer solution (37°C, pH 7.4),
P(3HB-c0-9 mol% 4HB) and P(3HB-co-16 mol% 4HB) films exhibited 60 and
40% loss in molecular weight [102, 198].

In a recent study, Siew and co-workers demonstrated the cytotoxicity of
P(3HB-co-4HB) films with V79 and L929 cells using 3-(4,5-Dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide [MTT] assay, acridine orange/propidium
iodide staining, and alkaline comet assay [199]. The P(3HB-co-4HB) resulted in
comparable cell viability with the clinically used Polyglactin 910, and the
alkaline comet assay revealed no genotoxic effects. It was reported that ~-
irradiation of P(3HB-co-4HB) resulted in a decrease in molecular weight but no
changes were observed in the morphology. The possibility of mutagenic and
clastogenic effects from these poststerilized P(3HB-co-4HB) films were inves-
tigated [141]. Ames and umu tests (S. typhimurium strains) and Micronucleus
assay (V79 fibroblasts) were carried out, and the results indicated that
leachables of poststerilized P(3HB-co-4HB) caused no mutagenic and clasto-
genic effects. Similar studies on the toxicity effects of P(3HB-co-4HB) have
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been also done and positive results were obtained by observing good cell
viability [92, 119]. The influence of P(3HB-co-4HB) composition ratio and drug
loading level (Mitragyna speciosa crude extracts) on the biocompatibility of P
(3HB-co-4HB) were investigated, and a comparable result with poly(lactic-co-
glycolic acid) (PLGA) (positive control) was obtained [119]. All the findings
above provide strong evidence that P(3HB-co-4HB) has great potential to be
further studied and developed as biomaterials.

SCLpua—MCLpya, P(BHB-co-3HHX) has been evaluated with 1929 cells,
rabbit stromal cells, and recently in HaCaT culture studies to determine its level
of biocompatibility. Various experiments were carried out on surface modifica-
tion of P(3HB-co-3HHX) films in order to improve cell viability. This includes
ion implantation [169], treatment with lipases [118, 173, 174] and alkaline
hydrolysis [118, 173]. However, in general, no significant differences were
noticed between P(3HB) and P(3HB-co-3HHXx). Surface hydrolysis using lipase
or alkaline medium was found to improve cell viability. However, in these
studies it was observed that surfaces having higher hydrophilicity and smooth-
ness resulted in increased fibroblast viability.

Conversely, in a subsequent study, surface roughness of the P(3HB-co-3HHXx)
films were found to promote attachment and differentiation of osteoblasts-like
cells [167]. Cell viability on P(3HB), P(3HB-co-3HHx), and PLLA films
decreased in the following order: P(3HB-co-12 mol% 3HHx) > P(3HB-co-5
mol% 3HHx) > P(3HB) > P(3HB-c0-20 mol% 3HHx) > PLLA. This was
also observed in another study whereby porous scaffolds made by solution
cast/salt-leaching improved the cell viability and differentiation of osteoblasts
[200]. In vitro degradation study of P(3HB-co-12 mol% 3HHX) in simulated
body fluid (SBF) (pH 7.4, 37°C) exhibited 7% mass loss compared to 3% for
P(3HB) after 50 days of incubation [167].

Zheng et al. [49] tested rabbit articular-derived chondrocytes on solution-
cast films of P(3HB), P(3HB-co-3HHX), and their blends. Blends containing
equal amounts of both polymers had the highest adhesion of chondrocytes. The
blends were found to possess high surface free energy and highest absorption
of protein. Similar observation was made on porous blend scaffold material
which showed higher amount of chondrocytes growth within 28 days [200, 202].
The chondrocytes were initially observed on the surface but later into the
open pores on the scaffold. It was found that higher amounts of glycosamino-
glycans and collagen were produced from polymer blends. P(3HO-co-3HHXx)
copolymer films were subjected to a mixed population of ovine cells in cell
culture experiments [192, 203, 204]. A lower number of cell adhesion and lesser
collagen deposition were found on the P(3HO-co-3HHX) films compared to
PGA mesh but was almost similar with P(4HB) films.

In general, a slower rate of P(3HO-co-3HHX) degradation was identified in
separate studies. Solution-cast films of P(3HO-co-18 mol% 3HHx) were found
to be very resistant to hydrolysis after 20 weeks of incubation in a buffer
solution (pH 10, 37°C). It was also evident in an enzymatic degradation
study [205]. Marois et al. [206] investigated long-term (24 months) in vitro



274 POLYHYDROXYALKANOATE

degradation on solution-cast P(3HO-co-3 mol% 3HHx) films in water and
buffer solution (pH 7.4). Only a simple hydrolytic degradation was observed
with relatively slow molecular weight and mass loss.

PHA terpolymer of P(3HB-co-3HV-co-3HHX) has been recently investigated
for cell viability [80]. The terpolymer was tested along with other polymers such
as poly(lactic acid) (PLA), P(3HB), P(3HB-co-3HV), P(3HB-co-3HHX), and
P(3HB-co-4HB). HaCat cells showed the strongest viability and the highest
growth activity on the terpolymers compared with the others. P(3HB-co-3HV-
co-3HHXx) nanoparticles were prepared with size ranging from 200 to 350 nm,
and it was found that the nanoparticles could increase the cellular activities by
stimulating a rapid increase of cytosolic calcium influx in the cells. In a more
recent study, human bone marrow mesenchymal stem cells (MSCs) showed
greater cell number and adhesion compared to tissue culture plates (TCPs),
PLA films, and P(3HB-co-3HHX) films [81]. The cell viability was statistically
analyzed and the cell number on the terpolymer films was reported to be
115% higher than that on TCPs, 66% higher than on the P(3HB-co-3HHXx)
film, and 263% higher than on the PLA films (p <0.01). The terpolymers
were also found to support osteogenic differentiation of MSCs. The obtained
results suggest that P(3HB-co-3HV-co-3HHX) could be fabricated as a suitable
biomaterial for bone tissue engineering.

8.5 IN VIVO ASSESSMENT AND POTENTIAL APPLICATIONS

8.5.1 Poly(3-Hydroxybutyrate) [P(3HB)]

Wound Management and Tissue Regeneration. P(3HB) was first sug-
gested for medical applications in 1962. There were ideas of using P(3HB) as
biodegradable surgical sutures and as films to support tissue healing of
injured arteries, blood vessels, prosthetic devices (tubes for healing severed
blood vessel or ureter), and support devices for hernia repair. P(3HB) patch
was used for the repair of soft-tissue defects by Behrend and co-workers
[207]. Resorbable scaffolds of P(3HB) with a smooth surface on one side and
porous on the other was used for the closure of lesions in the gastrointestinal
tract in rats. The patch was first investigated in vitro, whereby moderate
adhesion of mouse and rat intestine fibroblasts were observed on the patch.
An in vivo study was later carried out on the stomachs of rats. P(3HB)
patches were sutured over incisions in the stomachs. Better tissue regenera-
tion was identified on the porous side of the implant as compared to Vicryl
pathes [207].

A good cell compatibility of P(3HB) had been observed from various cell
culture studies. NIH 3T3 and L929 mouse fibroblasts showed high cell viability
on P(3HB) film surface while adhesion of 1929 cells were detected on melt-spun
P(3HB) fibers [150, 167, 208, 209]. Similar observation was also made with
Chinese hamster lung fibroblasts [210]. Cell viability has been found to improve
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greatly when the surface of P(3HB) films is pretreated with lipase or alkaline
solution [118, 173]. It is evident that cell adhesion increases with porosity of the
film surface, thus other methods of processing and modification have been
adapted to increase the porosity, which include fibronectin coating [172] and
ammonia plasma treatment [171].

Besides this, P(3HB) blends with 3-butyrolactone and textile composites
were fabricated in order to reduce stiffness and enhance hydrolysis [211].
The blend of P(3HB/at-3HB) at a 70/30 ratio was used for gastrointestinal
patches to repair the bowel defect in rats. The patches were implanted onto
the gastric wall of rats, and over 2 weeks time an interesting observation was
made whereby messenger RNA (mRNA) encoding for pancreatic enzymes
was detected [212]. Recently, Kunze et al. [213], implanted patches of P
(3HB)/at-P(3HB) blends at different ratios in minipigs to support healing of
dural defect. It was observed that the dura mater adhered onto the porous
surface of the patch and the smooth surface helped to prevent brain tissue
adhesion. P(3HB) was also fabricated into tubes for tissue healing of vessels
and hollow organs. It was found that P(3HB) tubes could withstand stressful
conditions due to constant secretion of the intestinal tract for a period of
time before degrading.

Drug Delivery. Application of P(3HB) in drug delivery studies was initiated in
the 1980s. The advancement in controlled-release drug delivery system has
made it possible to maintain the drug concentration at a specified level for a
preferred period of time. P(3HB) tablets were fabricated for controlled drug
release applications. The release of a model drug [7-hydroxyethyltheophylline
(HET)] from P(3HB) tablet was studied by Korsatko and co-workers [214,
215]. The tablets were prepared by homogenecously compounding and com-
pressing P(3HB) with HET. The in vivo drug release was slower compared to
the in vitro system. In a later study, it was found that the molecular weight of
P(3HB) influenced the rate of drug release. The release of antihypertensive drug
midodrin-HCI increased with increasing P(3HB) molecular weight [216]. In
contrast, when P(3HB) was compressed with the 3-blocker celiprolol-HCI, a
small amount of higher molecular weight P(3HB) resulted in slow release of this
drug. Later, Kharenko and Iordanskii [217] evaluated the in vitro release of
vasodilador diltiazem from P(3HB) tablets containing about 45% vasodilador
diltiazem. Here, the concentration of the drug loaded determined the rate of
drug release.

Melt-pressed P(3HB) disks were also evaluated for drug release applica-
tions [218, 219]. For this purpose, a combination of 5-fluorouracil (5-FU)
(10—50%) and P(3HB) was melt-pressed into disks, and these disks were
subjected to in vitro examination. The rate of drug release depended on the
loaded drug concentration. It was found that 50% of the drug was released
from the disk after 5 days of incubation. In two separate studies by Collins et
al. [220] and Deasy et al. [221], a compression-molded P(3HB) loaded with
tetracycline was tested for dental application for the treatment of gingivitis.
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After a 10-day study period, an improvement in the inflammation conditions
was observed among the patients. Potential application of P(3HB) for gastro-
intestinal application was evaluated by developing a gastric retention drug
delivery device that could extend the absorption period of a drug in the stomach
[222]. However, rapid degradation of the device was found to affect its
integrity and overall gastric retention potential. P(3HB) polymer was also
evaluated for a hormone release study. Subcutaneous implantation of P(3HB)
containing gonadotropin-releasing hormone (GnRH) was employed in a sheep
model [223]. The hormone is responsible for the stimulation of luteinizing
hormone (LH) secretion to promote preovulatory follicle growth and ovulation.
Inarecentstudy, tailor-made oligo-3-hydroxybutyrate was evaluated for MTT-
based drug resistance on transformed hamster V79 fibroblasts and murine
melanoma B 16(F10) cells [166]. The oligomers were found to be biocompatible
and able to vectorize the drug in the form of chemical conjugates.

PHA was found to be a good material as a drug carrier because of its
biodegradable characteristics [114]. Rifampicin loaded microspheres of P
(3BHB) were investigated as chemoembolization agents [224]. The micro-
spheres were prepared by solvent evaporation technique. Polyvinyl alcohol
was used as an emulsifier, distilled water as the dispersion medium, and
methylene chloride as the solvent. Upon evaporation of the solvent, granules
in the range of 5—100 pm was formed. The pore size of microspheres plays an
important role in controlling the drug release. The gravity field fractionation
technique was used to classify the microspheres according to various sizes
[224]. The rate of drug release was very rapid with almost 90% of the drug
released within 24 h. It was shown that it is possible to control drug release
with a precise particle pore size. So far, many experiments have demonstrated
the controlled release of drugs from microspheres using SCL-PHA as the
delivery agent [148]. Recently, Shishatskaya et al. [163] evaluated the
biocompatibility of P(3HB) microspheres in Wistar rats for a period of 3
months. The intramuscular implantation resulted in mild inflammation,
pronounced macrophage infiltration, no formation of fibrous capsules, and
no adverse morphological changes, and tissue transformation was observed.
These results suggest that P(3HB) is indeed a good material for fabricating
prolonged-action drug release systems.

Cardiovascular Applications.

Artery Augmentation. In cardiovascular applications, P(3HB) has been eval-
uated for uses such as artery augmentation, pericardial patches, cardiovascular
stents, and atrial septal defect repair. The evaluation of arterial tissue regenera-
tion of the pulmonary artery using P(3HB) nonwoven patches and Darcon
(polyethylene terepthalate) patches as scaffolds was reported by Malm and co-
workers [225]. The scaffolds were removed between 3 and 24 months and the
generation of arterial tissues was noticed. Interestingly, no aneurysms were
observed either in P(3HB) or Darcon patches. The pore size in the nonwoven
P(3HB) patch is small enough to prevent bleeding. Successful regeneration of
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arterial tissue was observed on the P(3HB) patches. No inflammatory reaction
was observed from P(3HB) patches unlike with the Darcon patches. The
efficiency of nonwoven P(3HB) was also studied in the repair of atrial septal
defect in claves [226]. The evaluation lasted for a period between 3 and 12
months. Regeneration of endothelial layers facing both right and left atrium
were observed, including a subendothelial layer of collagen and smooth muscle
cells. After 12 months, the patch was found to be degraded by polynuclear
marcophages into small particles, and these macrophages still remained even 24
months after operation.

Pericardial Patches. Development of P(3HB) pericardial patches can be
considered as a significant achievement in the application of biodegradable
material in cardiovascular research. The patches were used to cover the peri-
cardium and prevent adhesion between the heart and sternum [225, 226]. An
initial study was done in sheep models. Their native pericardium was replaced
with P(3HB) nonwoven patches. The patches were harvested between 2 and 30
months after operation. Pericardial patches were found to degrade at a slower
rate compared to arterial tissue patches. After 24 months of implantation, the
polymers still remained as small particles and later totally degraded after 30
months, leaving behind some macrophages marking the implant region. Adhe-
sion was noticed and the pericardium was regenerated in all sheep that had
received the patches. Later the application of P(3HB) patches was studied in
calves, and the formation of adhesion was investigated [227]. However, no
significant difference in adhesion formation was observed among the test
animals.

Cardiovascular Stents. Cardiovascular stents fabricated from P(3HB) and
its blend with triethyl citrate was evaluated in rabbit iliac arteries [228—230].
Upon the implantation into the arteries, proliferation was observed and
later followed by the degradation of the stent between 16 and 26 weeks after
the implantation.

Nerve Regeneration. Peripheral nerve injuries incurred during clinical prac-
tice such as surgery often lead to permanent disabilities [231, 232]. The usage of
autologous nerve grafts is still the common clinical technique for nerve
reconstruction even though other methods have been evaluated. Biomaterials
such as PGA [233], PLGA [234, 235], gelatin [236—238], collagen [232, 234, 239,
240], chitosan [233, 238, 241], and silk [242, 243] have been investigated as nerve
conduits. P(3HB) conduits have already been evaluated for nerve regeneration
due to their structural integrity and biocompatibility. Besides this, the piezo-
electric characteristic of P(3HB) is an added advantage for nerve repair
and regeneration applications. Previously, conduits for peripheral nerve
regeneration were formed with nonwoven P(3HB) sheets with unidirectionally
oriented fibers. The sheets were wrapped around a 2- to 3-mm gap of the
transected superficial radial nerve in cats [244, 245]. The fibers were located in
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longitude position to support the growing axons. P(3HB) is considered as the
most suitable polymer for this application due to its low degradation rate
compared to other polymers. This is important to support the nerve for long-
period regenerative processes and minimize the risk of accumulation of acidic
compounds from P(3HB). It was noticed that the conduits became softer or
fragmented with a reduction in size after 12 months of implantation.

Mosahebi and co-workers found that P(3HB) conduits can be used to bridge
a 10-mm gap in the rat sciatic nerve [246]. The conduits were filled with alginate
hydrogel with/without cultured allogeneic or syngeneic genetically labeled SC.
Allogenic SC exhibited increased axonal regeneration without any deleterious
immune reponse. Novikova and co-workers fabricated conduits from P(3HB)
fibers [247]. The conduits were coated with alginate hydrogel and fibronectin
and preseeded with SC before implantation. Results showed a reduction in
spinal cord cavitation and retrograde degeneration of injured spinal tract
neurons.

Orthopedic Applications.

Bone Repair. Bone has become a target of interest for tissue engineering
studies. Tissue engineering of bone requires suitable matrices to be used as
scaffold. Scaffold must act as a substrate for cellular attachment, proliferation,
and differentiation. Besides this, cellular components together with growth and
differentiation are considered as important elements in this application
[184—186]. Tissue-engineered bone of osteoblasts and appropriate matrix can
be used for the restoration of skeletal continuity and bone stock [248].
Osteoconductive matrices are fabricated from biodegradable materials of
natural origin such as collagen, gelatin, hyaluronic acid, or synthetic polymers
such as PLA, PGA, and their copolymers [249].

Biomaterial with a slower rate of degradation is preferred for orthopedic
applications. P(3HB) is at an advantage due to its nature of slow degradation.
Normally, easily degradable polymers are coated with P(3HB) before use,
especially in load-bearing fracture fixation devices to slow down its rate of
degradation [250]. The piezoelectric characteristic of P(3HB) is considered to be
a special yet advantageous feature that makes it similar to natural bone [251].
With regards to this feature, P(3HB) composites are believed to aid in bone
growth and the healing process [78]. Studies were carried out in vivo in various
organisms. In rabbits, P(3HB) implants were tested for connecting osteotomies
in the tibia and positive observation was made after 12 weeks [252]. In a
separate study, P(3HB) material was used as osteosynthesis plates to repair
fractures of the visceral cranium [253]. However, a contradicting observation
was made in a similar approach to repair rhinobasal skull defects in minipigs
using a P(3HB)/at-P(3HB) patch [213]. No differences were observed in the
healing of test organisms with/without the polymer patches. P(3HB) films was
used as an occlusive membrane for guided bone regenerations in the mandibula
of rats [254, 255].
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P(3HB)/HA composites were examined by Doyle and co-workers for bone
repair purposes [256]. Incorporation of HA forms a bioactive and biodegrad-
able composite for use in hard tissue replacement and regeneration. These
P(3HB)/HA composites were found to resemble the mechanical properties of
cortical bone but had limited strength and ductility. The in vitro experiment in
SBF showed the formation of a bonelike apatite layer on the composites within
a short period of time. The properties of P(3HB)/HA composites have been
altered by controlling the composition of HA [257, 258]. The toxicity of P(3HB)
and HA has been evaluated with human osteoblast CRL-1543 cells and
comparable results were obtained [P(3HB) = 176.75%, HA = 123%] [259].
Blends of P(3HB) and coral powder were known to produce good composite
scaffold for bone tissue engineering [260]. This is because the incorporation of
both materials resulted in a blend polymer with excellent porosity that
facilitates bone growth, vascular invasion, and bone development.

8.5.2 Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) [P(3HB-co-3HV)]

Wound Management and Tissue Regeneration. Compared to P(3HB)
homopolymer, the P(3HB-co-3HV) copolymer has improved properties as
described in Section 8.2.2. Its advantages were taken into consideration for
medical applications. The P(3HB-co-3HV) copolymer has been tested for tissue
regenerative studies. In a study done by Galgut and co-workers, P(3HB-co-3HV)
membranes were evaluated for guided regeneration of periodontal ligament in
rats [261]. This membrane aided in creating a barrier to avoid gingival connective
tissue and epithelial tissues to come in contact with the healing tissues. The
presence of valerate is known to cause some level of inflammation at the tissues
surrounding the implants. In a study by Gogolewski and co-workers, the in vivo
tissue reaction toward P(3HB-co-3HV) and P(3HB) was compared with PLA
through intraperitoneal implants in mice [262]. It was found that the presence of
3HYV increased the severity of inflammation at the beginning stages after surgery
(3 months). The inflammation eventually reduced and no further unwanted
tissue response due to 3HV was detected in later stages of surgery (3—6 months).
Chaput et al. [180] also reported similar observation when P(3HB-co-3HV)
with various 3HV composition was implanted intramuscularly in sheep for a
period of approximately 3 months. In general, detection of macrophages and
fibrous capsules indicated a typical tissue response of tissues surrounding PHA
polymer implants. The biocompatibility of the polymers was also exhibited by
the absence of unwanted complications such as abscess or necrosis formation at
the area of implantation.

In beagle dogs, P(3HB-co-3HV) was used in treating palatal defects [263]
and wound healing after von Langenbeck’s procedure [264]. Nonporous
P(3HB-c0-3HV) films were used to separate the mucoperiosteum and bone
until the transition of teeth was completed at about 24 weeks. At 2 weeks, the
films displayed deformation and later were unimpaired and surrounded by
fibrous capsules. The implantation of P(3HB-co-3HV) films after von
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Langenbeck’s repair resulted in complete wound closure after 7 weeks. The
histological results showed attachment of local scar tissue by means of Sharpey’s
fibers due to the implantation of P(3HB-co-3HV) films.

Studies have been carried out by Shishatskaya and co-workers on the
toxicology evaluation and alteration in the biological properties of P(3HB-
c0-3HV) and P(3HB) sutures [116, 265]. In a related study, Shishatskaya and
co-workers tested intramuscularly implanted sutures of P(3HB-co-15 mol%
3HV) and P(3HB) along with traditional surgical materials of silk and catgut
[116]. The sutures were found to provide sufficient strength throughout the
healing of a muscular facial wound in Wistar rats. No differences were noticed
in the tissue response toward either PHA polymers. However, the reaction of
tissues toward these polymers was similar to silk but was less pronounced than
the reaction to catgut. Implanted PHA sutures did not exhibit adverse effect in
vivo on the rats and tissue. Evaluation of P(3HB-co-3HV) and CaP-Gelfix
foams seeded with rat bone marrow stromal cells was done through implanta-
tion into defected rat femurs [266]. Formation of fibrous tissues in the CaP-
Gelfix groups was more compared to P(3HB-co-3HV) even though the severity
of inflammation was higher with CaP-Gelfix groups. Macroscopic and radi-
ological studies demonstrated better healing with P(3HB-co-3HV) matrices
than with CaP-Gelfix in 3 weeks.

Drug Delivery. Microspheres of P(3HB-co-3HV) were evaluated for drug
delivery applications on a par with P(3HB). The characteristics of systems
designed using this copolymer basically depended on 3HV composition. The
composition of 3HV determines the rate of drug release and resistance of the
polymer to physical damage. The rate of drug release depends on variables
such as the amount of drug loaded, polymer composition and its crystallization
rate, additives, and the size of the microspheres. An early study on drug
delivery applications with this copolymer was done by Brophy and Deasy in
1986. They examined the release profile of sulfamethizole from P(3HB-co-3HV)
microspheres [267]. Decrease in the release rate of the drug was observed, and it
was assumed that this was caused by improved distribution of the drug. A later
study by Gangrade and Price [268] revealed the usage of this copolymer on the
release of progesterone. It was found that the surface of the microspheres was
smoother when examined under scanning electron microscopy (SEM). A
copolymer with a higher 3HV composition (24 mol%) exhibited a more porous
surface, which correlated with the higher rate of drug release.

The effect on porosity of P(3HB-co-3HV) microsphere was studied by
incorporating other compounds such as polycaprolactone and polyphosphate-
Ca®" with the copolymer [269—271]. The blends were found to be more porous
as a significant increase in the rate of drug release was noticed. Tetracycline and
its neutral salt derivatives were investigated for the treatment of periodontis
[272]. The molecular weight of the copolymer was found to determine the rate of
drug release. However, the salt form of tetracycline was found to be a better
compound due to more efficient encapsulation (52—65%). Besides microsphere
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delivery system, Yagmurlu and co-workers designed and incorporated sulbac-
tam-cefoperazone into P(3HB-co-3HV) rods to study for efficient drug release in
the tibia of infected rabbits [273]. The rabbits infected with Staphylococcus
aureus showed almost complete healing after 30 days.

Orthopedic Applications.

Bone Repair. P(3HB-co-3HV) membranes have been evaluated for successful
bone regeneration. Studies were done by Kostopoulos and Karring [254] using
P(3HB-co-3HV) membranes to treat jaw bone defects in rats. In an experi-
ment, the membranes were placed on mandibular defects in order to create
space for bone fill. The membranes were found to enhance bone fill after
15—180 days. The control specimens showed ingrowth of other tissues and
slower bone development. In a separate study, P(3HB-co-3HV) membranes
were found to be capable of increasing the height of the rat mandible [255].
The space created by the membrane was completely filled with bone by 6
months. It was noted that the polymer had to be tailored to improve its
physical property due to ruptures in some membranes. Gotfredsen and co-
workers [274] evaluated P(3HB-co-3HV) membrane reinforced with polyglac-
tin 910 fibers as an occlusive barrier over fresh extraction sockets. However, it
was found that the material prevented bone healing due to increased inflam-
matory reaction.

P(3HB-co-3HV)/hydroxyapatite (HA) composites have been fabricated and
considered as suitable material for use in fracture fixation [275, 276]. Bone
implants of P(3HB-co-3HV)/HA composites were implanted in the tibia of
rabbits. The composites were found to be morphologically, biologically, and
chemically active throughout the experiment. Bone regeneration was confirmed
by observation of osteoblasts and osteocytes at the interface after implantation.
In a recent study, P(3HB-co-3HV)/HA nanocomposite scaffolds were fabri-
cated through an emulsion freezing/freeze-drying technique, which was initially
developed for making pure polymer scaffolds [277]. The scaffolds produced
were highly porous and exhibited an interconnected porous structure. The
incorporation of HA was found to lower crystallinity. This is anticipated to
increase the in vitro or in vivo degradation rate which then makes it a suitable
material for bone tissue engineering. P(3HB-co-3HV)/HA nanocomposites had
been evaluated in vitro in SBF, and a formation of a new apatite layer after
immediate immersion exhibited good bioactivity, which is a necessary condi-
tion for biomedical applications [278].

In other studies, composites of porous P(3HB-co-3HV) with other com-
pounds such as sol—gel bioactive glass (SGBG) [201], wollastonite (a naturally
occurring CaSiO;) [279], and tricalcium phosphate (TCP) [280] have been
evaluated as scaffold materials for bone repair. Composites of P(3HB-co-3HV)
with SGBG were evaluated in SBF and changes in the ion concentration was
observed due to the degradation of the composite. Composites of P(3HB-co-7
mol% 3HV)/TCP exhibited good biocompatibility in the femur of rabbits.
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8.5.3 Poly(4-Hydroxybutyrate) [P(4HB)] and
Poly(3-Hydroxybutyrate-co-4-Hydroxybutyrate) [P(3HB-co-4HB)]

Cardiovascular Applications.

Heart Valves. Natural heart valves have evolved to induce unidirectional flow
of blood throughout circulatory systems. Valvular heart diseases, a form of
valve malfunction, can be caused by the following: congenital defects, bacterial
endocarditis, or rheumatic fever. Several methods have been devised to treat
heart valve malfunctions including drug treatments and/or valve replacements.
Mechanical valves are excellent in terms of durability, but after surgery patients
are required to rely on lifelong treatment of anticoagulants, for example,
warfarin, and perform regular monitoring of coagulant levels in the blood. In
addition, the nonviability of mechanical heart valves is fast becoming an
important concern among young patients. Since young patients often outgrow
these replacement valves, subsequent surgeries are often needed to replace new
valves.

On the other hand, biological tissue valves, derived from heterologous
resources such as animals (pigs), do not require anticoagulant therapy. However,
this kind of heart valve does not possess suitable strength and durability to
support the pressures generated by the heart. Unlike their mechanical counter-
parts, biological heart valves are usually obtained from bovine and porcine.
They are nonviable and have to undergo chemical modification to increase
biocompatibility with the human heart. However, the development of tissue-
engineered heart valves seemed to be a better solution to address the limitations
mentioned above.

Early studies on the development of tissue-engineered heart valves had
evaluated the suitability of polyglactin/PGA composite as scaffold biomaterials
in the pulmonary circulation of the sheep model [281]. Heart valves constructed
solely from P(4HB) have been described [192, 203, 282] by means of rapid
prototyping or from highly porous surface films. P(4HB) polymer is known to
possess good biocompatibility in vivo. In initial studies, tissue response and
absortion levels of P(4HB) were studied by subcutaneous implantation in rats
[125, 196]. Minimal foreign body reaction was reported and good absorption
was noticed. The rate of degradation depended on the porosity of the material.
Complete loss in polymer mass was detected over a period of 10 weeks. Most
studies on the development of porous scaffold materials in the form of 4HB-
based heart trileaflet valves are on the PGA/P(4HB) composite. The compar-
ison on both PGA/P(4HB) composite and noncoated PGA as porous scaffold
materials showed that the P(4HB)-coated material was more stable in vitro.
This is useful as it prolonged the maturation of tissues prior to implantation.

Echocardiography showed that implantation of PGA/P(4HB) composite in
the native pulmonary valve site functioned well without any signs of stenois,
thrombus, and aneurysm. The composite completely degraded after 8 weeks of
implantation and was replaced by native-like new tissue-engineered heart valve
in a period of 20 weeks. The mechanical properties of the regenerated tissues
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exhibited similar strength to the native counterparts. Also, the size of valve had
shown an increase from 19 mm (initial) to 23 mm after the period of 20 weeks
implantation, thus indicating the viability of valves made from P(4HB) as
scaffold materials [82]. A combination of nondividing porcine heart valve coated
with P(3HB), P(4HB), or P(3HB-c0-4HB) had been investigated. The acellular
heart valves consist of collagen, elastin, and proteoglycans and proteins ligands
for cell attachments and receptor activation. Tissue-derived scaffold coated
with biodegradable polyesters improved mechanical stability and increased
hemocompatibility of the protein matrix. These findings are significant as they
hint at the possibility of constructing viable heart valves for pediatric patients
and eliminating the need to replace new valves. Biochemical analysis on the
new tissue-engineered valve also revealed similar compositions to original
valves [82].

Vascular Grafts. Vascular grafting is employed to replace damaged blood
vessels. Currently, the two types of synthetic grafting materials that are widely
used are Darcon and polytetrafluoroethylene. These synthetic grafting materials
are commonly used to replace large-diameter blood vessels but not as smaller
diameter grafts. PGA/P(4HB) composite was evaluated as vascular grafts
recently [283]. Before this, composite of P(3HO) and PGA was tested for
replacement of abdominal segments in lambs [284]. The PGA/P(4HB) composite
was used to fabricate tubular scaffolds for tissue engineering in blood vessels.
Significant results were obtained after the scaffolds were seeded with ovine
vascular myofibroblasts (4 days) and endothelial cells (28 days) under static
conditions and pulse duplicator system. The amount of cells and collagen
production as well as the mechanical strength were higher with the pulse
duplicator system. In order to increase the effectiveness of culturing ovine
vascular myofibroblasts onto the PGA-coated scaffolds, a dynamic rotational
seeding in a hybridization oven was carried out and good results were obtained.
In a separate experiment, P(4HB) polymer was further used to fabricate porous
tubes using a solution-casting/salt-leaching method [194]. These tubes were
seeded with ovine vascular smooth muscle cells, which were derived by enzy-
matic dispersion in order to control the differentiated myofibroblast-like cells.
At the end of incubation under dynamic conditions, the synthesis of ECM,
DNA, and protein content were higher compared with static conditions. In
addition, in order to evaluate the ability of the tissue-engineered scaffolds to
withstand high-pressure conditions, the tubes were implanted at the descending
aorta of the sheep model [193]. After 12 weeks of implantation, no sign of
stenosis was observed and minimal thrombus formation was detected. However,
after 24 weeks increased thrombus formation was observed. In comparison, the
regenerated tissues contained significantly less elastin and lower mechanical
stability in high-pressure circulation when compared to the native aorta. This
has become a limiting factor for tissue engineering application in the high-
pressure circulation systems.
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Artery Augmentation. P(3HB) has already been evaluated as scaffolds for the
regeneration of arterial tissue of the pulmonary artery. P(4HB) has also been
evaluated for this purpose, whereby P(4HB) patches with pore sizes ranging
from 180 to 240 um were prepared through the salt-leaching process. These
scaffolds were seeded with autologous cells before implantation for augmenta-
tion of the pulmonary artery in a sheep model [193]. Interestingly, observation
from postoperative echocardiography showed that no stenosis was formed
on the P(4HB) patches preseeded with autologous vascular cells and the
formation of the functional tissue was seen after 24 weeks implantation.
However, unseeded patches did not promote any tissue growth in the surround-
ing native pulmonary artery and no swelling was observed after 20 weeks.
P(4HB) has been noted as a better patching material compared to conventional
materials such as polytetrafluoroethylene (PTFE). Results from SEM images
[82] have clearly shown that P(4HB) could potentially prevent blood leakage
due to its self-seal nature. Conversely, bleeding (leaking) is often noticed when
PTFE is used as the patching material. The suture leaves an apparent hole
through the PTFE patches, thus increasing the risk of blood leakage.

8.5.4 Poly(3-Hydroxybutyrate-co-3-Hydroxyhexanoate)
[P(3HB-co-3HHXx)]

Wound Management and Tissue Regeneration. P(3HB-co-3HHX) copo-
lymer has been evaluated as potential implant material. This copolymer is
characterized as a more flexible material with higher elongation to break and
with low tensile strength. P(3HB-co-3HHx) has also been known to blend
well with compounds such as PLLA to produce a less crystalline material. Until
recently, cell compatibility of P(3HB-co-3HHX) has been tested in numerous in
vitro studies. In a recent study conducted by Dai and co-workers an in situ
implant system of P(3HB-co-3HHX) for possible application in tissue adhesion
prevention for postsurgical applications was observed [285]. Injectable in situ
forming system is usually prepared by dissolving a polymer in a nonharmful
organic solvent to form a liquid polymer solution. The polymer solvent then
dissipates in the aqueous body fluid and adheres to its surrounding tissues
under mechanical force [286, 287]. Biodegradable polymers have been evalu-
ated for injectable in situ forming implant systems for use in tissue repair and
sustainable drug delivery applications [288].

P(3HB-co-3HHX) was considered as replacement of the commonly used PLA
[289] due to its better physical properties. P(3HB-co-12 mol% 3HHx) was
concentrated in various organic solvents and injected at the intra-abdominal
position of Sprague-Dawley (SD) rats using a syringe in order to detect solid film
formation. A porous film formation was observed with all solutions after almost
the same duration. Cell culture experiments revealed better cell growth on the
surfaces of chloroform-cast P(3HB-co-3HHX) films but higher viability was
observed on PLA films. It was concluded that a P(3HB-co-3HHx)-based injectable
system has potential to be developed for adhesion prevention application.
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Drug Delivery. P(3HB-co-3HHx) nanoparticles are now considered as a
suitable vector for a targeted drug delivery approach. Recently, Yao and
co-workers investigated the use of PHA granule binding protein PhaP in a
receptor-mediated drug delivery system [290]. PhaP is able to bind to hydro-
phobic polymers via strong hydrophobic interaction, thus it is conceived to
fuse with polypeptides or protein ligands. This ligand—PhaP—PHA nanoparti-
cle system is designed to deliver drugs to specific targeted cells. Two ligands
were used to achieve specific delivery, that is, mannosylated human «l-acid
glycoprotein (hAGP) (binds to a mannose receptor of macrophages) and
human epidermal growth factor (hEGF) (binds to carcinoma cells). The
receptor-mediated system was found to be taken up by macrophages, hepato-
cellular carcinoma cell BEL7402 in vitro, and hepatocellular carcinoma cells in
vivo by mice subcutaneously implanted with murine hepatoma22 (H22)
tumor cells at the axillary space. The system was detected in targeted cells and
organs (liver/tumor) under fluorescence microscopy when rhodamine B iso-
thiocyanate (RBITC) was used as a model due to specific ligand and receptor
binding.

Nerve Regeneration. In a recent study by Bian et al. [291], porous P(3HB-co-
3HHx) nerve conduits with uniform wall porosity and nonuniform wall
porosity were employed to bridge the 10 mm gap in the sciatic nerve of SD
rats. The conduits were prepared using a particle leaching method. Autograft
nerves and unrepaired nerve defects were taken as positive and negative
controls. The regenerative nerve tissues were clearly observed after opening
the conduits. One month upon implantation, successful generation of nerve
tissues approximately 10mm in length was found to bridge the gap. The
histological assessment showed that the diameter of the regenerated nerve in
conduits with nonuniform wall porosity was statistically higher than that
in the uniformed type. It was found that during the nerve regeneration process,
the structure of the P(3HB-co-3HHx) conduits remained intact. Molecular
weight loses was monitored for up to 3 months after implantation, and a
reduction was noticed in both uniform and nonuniform wall porosity conduits.

Orthopedic Applications.

Cartilage Repair. The tissue engineering approach is currently being evaluated
for fabrication of cartilage constructs. Articular cartilage repair usually
requires the use of an appropriate scaffold to support the formation of cartilage
tissue. Cells are cultured on porous and resorbable scaffolds such as PGA [292]
PLA [293, 294], PLGA [295, 296], chitosan [297, 298], and silk fibroin [299], and
these scaffolds have been evaluated in vitro and in vivo. Previously, P(3HB-co-
3HHX) and its composites have generated positive effects when used as scaffold
material in vitro [300, 301]. Wang and co-workers have evaluated the use of
three-dimensional scaffolds made from P(3HB-co-3HHX) copolymer in a rabbit
articular cartilage defect model [302]. The P(3HB-co-3HHX) cartilage constructs
were initially inoculated in vitro with rabbit chondrocytes and subsequently
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implanted into rabbits using the press-fit method after 10 days. Cartilage defects
were surgically created on the femoropatellar groove of the knee joints of
rabbits. Formation of new white tissues were observed in the organisms
implanted with P(3HB-co-3HHXx) scaffolds as the implants were found to be
embedded in the cavity. Scaffold with a pore size of 100 pm and a porosity of
90% proved as favorable material for cell proliferation, migration, and differ-
entiation state maintenance in vitro and in vivo. Successful full thickness
cartilage repair in the rabbit articular cartilage was observed over a period of
16 weeks.

8.5.5 Poly(3-Hydroxyoctanoate-co-3-Hydroxyhexanoate)
[P(3HO-co-3HHX)]

Cardiovascular Applications.
Vascular Graft. Potential applications of P(3HO-co-3HHX) as vascular grafts
and heart valves were evaluated in late 1990s. The elastomeric MCLpya
P(3HO-co-3HHXx) had initially been evaluated in vitro and in vivo to determine
its suitability as a biomaterial for medical applications. The in vivo testing of
P(3HO-co-3HHX) was carried out by Williams and co-workers in mice [1].
Subcutaneous implantation of P(3HO-co-3HHx) microspheres, tubes, and
pellets revealed mild tissue response for the period of 4—40 weeks. The polymer
was found to be inert and encapsulated by a thin layer of fibroin and could be
readily removed. The molecular weight of the polymer decreased approxi-
mately around 50% after 40 weeks of implantation. The use of P(3HO-co-
3HHx) as an impregnation substrate has been evaluated [303]. Implants
impregnated with polymer, protein, and fluoropolymer were tested in rats.
Tissue infiltration was not observed in polymer-impregnated grafts. After 6
months of implantation, 30% reduction in molecular weight was noticed.
The biocompatibility of this material was also tested in rats through sub-
cutanecous implantation of P(3HO-co-3HHX) impregnated with Dacron pros-
theses [304]. Histological examination of the tissues exhibited the existence of an
acute inflammatory phase that proceeded to a chronic inflammatory phase
between 10 and 15 days of implantation but decreased to a mild reaction at 30
days and later to a more discrete response after 6 months. The molecular weight
of the polymer decreased around 30% after 6 months of implantation.
P(3HO-co-3HHX) tubular conduits comprising of nonwoven PGA mesh on
the inside and layers of P(3HO-co-3HHX) outside were fabricated by Shum-
Tim et al. [284]. The PGA mesh promotes cell attachment and tissue formation,
while the P(3HO-co-3HHXx) layers provides mechanical support. The conduits
were tested as vascular grafts by embedding with a mixture of endothelial cells,
smooth muscle cells, and fibroblasts. The scaffolds were implanted in the aortic
position in lambs for a period of up to 5 months. The preseeded scaffolds
remained without aneurysm development during the period of study with
increased cell density and collagen formation.
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Heart Valve. Stock et al. [195] fabricated heart valve leaflets that had a
multilayer structure of PGA—P(3HO-co-3HHx)—PGA with highly porous
PGA mesh on the inside of the conduit wall connected to a porous P(3HO-co-
3HHXx) film on the outside. This conduit was embedded with autologous
vascular cells and implanted to replace the pulmonary valve and main pulmon-
ary artery in lambs for up to 6 months. A nonporous P(3HO-co-3HHX) film was
used initially, but the leaflet failed due to thrombus formation and lack of good
tissue formation. In this following modified structure, preseeded scaffolds
showed formation of viable tissue without thrombus formation. On the other
hand, the unseeded scaffold (control) developed thrombi on all leaflets after
4 weeks. Less than 30% decrease was observed in the molecular weight of the
polymer after 6 weeks. However, due to slow resorption, P(3HO-co-3HHXx) was
found to be not suitable for heart valve scaffold.

In a separate study, the entire heart valve scaffolds were fabricated from
P(BHO-co-3HHXx) [204]. This model was previously tested in vitro under static and
pulsatile flow cell culture conditions [192, 204]. The scaffold exposed to pulsatile
flow culture condition exhibited good cell proliferation with the formation of a
uniformed cell layer. In a following experiment, the P(3HO-co-3HHx) was
embedded with vascular cells and implanted in the pulmonary position in a
lamb model [203]. The preseeded scaffold exhibited increased levels of tolerance
with good functionality and tissue growth from the 17-week experiment. The
unseeded control showed no tissue formation and inappropriate cell number and
collagen content, which was related to a confluent endothelial cell layer formation.
The mechanical property of the polymer was found to decrease with time.

8.6 CLINICAL STUDY

The first reported clinical study of PHA was the usage of P(3HB) pericardial
patches on human patients admitted for bypass surgery and/or valvular
replacement [305]. The patients were examined for possibility of adhesion using
computer tomography. Of the 39 patients examined, 19 who were implanted
with P(3HB) patches showed a reduction on postoperative adhesion after 6—24
months. P(4HB) has been comprehensively investigated in vitro and in vivo for
potential medical application. Tepha Inc. has announced the first human usage
of TephaFLEX bioabsorbable suture products (Tepha Medical Devices). The
clinical evaluations are being conducted in both the United States and Europe.

8.7 ELECTROSPINNING

Biomaterials with high surface area and porous structures are desired to
enhance the adhesion of cells and subsequently increase in-cell growth. For
this, electrospinning offers a promising means in preparing biomaterials with
high surface-area-to-volume ratio. In addition, nanofibrous scaffolds prepared
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from the electrospinning process are nonwoven with the morphological struc-
tures similar to that of ECM. Therefore, it is suggested to be able to enhance
cellular response and suitable for seeded cell growth [306—308]. Previous
study has also mentioned that electrospun nanofibrous material consisting of
smaller diameter (less than 500 nm) [309] demonstrated better mechanical
properties than those produced from conventional techniques (with larger
diameter) [310].

The interest in using electrospun nanofibrous materials for scaffold fabric-
ation is gaining ground because the mechanical and biological properties of
the resulting scaffold could be conveniently controlled by changing the com-
position of the polymer solution, the types of solvents, and the processing
parameters [311]. Electrospun nonwoven nanofiber biomaterials have found a
place in various medical applications, namely as biomimicking of collagen
structures to produce scaffold for tissue engineering, biological membranes for
immobilized enzymes and catalysts, artificial blood vessels, antiseptic wound
dressing materials, and drug delivery system [312—319].

To date, many biodegradable and biocompatible materials have been fabri-
cated into nanoscale fibrous materials for tissue engineering applications,
for example, PLA, PGA, PLGA, poly(e-caprolactone), poly(ethylene-co-vinyl
alcohol) and including natural polymers, such as collagen, protein and fibri-
nogen [306, 312—325]. Recently, electrospun fibers of several constituents of
PHA, for example, P(3HB-c0-3HV), P(3HB-c0o-4HB), P(3HB), and P(3HB-co-
3HHXx), have been evaluated as scaffolds in vivo and in vitro [327—329].
Nonwoven electrospun P(3HB-co-3HV) nanofibers with a small diameter of
around 1—4 pm, were prepared from chloroform polymer solution. The
average diameters of the nanofibers were further reduced by the addition of
benzyl triakylammonium chloride into the chloroform polymer solution and
the resulting nanofibers were in linearized form [326]. Figure 8.4 shows the
morphology of electrospun nanofibers of P(3HB). The diameter of the fibers
normally ranges between 500 and 700 nm.

In 2008, Cheng and co-workers evaluated the effect of electrospinning para-
meters, that is, polymer concentration, solvents, and voltage on the formation of
P(3HB-co-3HHX) nanofibers. Smooth, ultrafine electrospun P(3HB-co-3HHX)
fibers with an average diameter of 340 nm was obtained with the addition of
dimethylformamide (DMF) as co-solvent with chloroform [327]. Meanwhile,
Ying and co-workers fabricated porous electrospun P(3HB), P(3HB-co-3HHX),
P(3HB-co-7 mol% 4HB), and P(3HB-c0-97 mol% 4HB) nanofibers prepared
from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as the solvent [328].

8.7.1 Biocompatibility

In vitro biocompatibility of electrospun P(3HB) and P(3HB-co-3HV) nanofi-
bers was evaluated using mouse fibroblasts (L929) and Schwann cells (RT4-
D6P2T) [329]. Indirect cytotoxicity assay revealed that these electrospun fibers
were not toxic during the first 24 h of incubation. In terms of cell attachment
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FIGURE 8.4 Morphology of electrospun nanofibres of P(3HB) showing the charac-
teristics of high surface area and highly porous nature. a) Viewed under 500X
magnification, b) Viewed under 5000X magnification

and cell proliferation, it was found that fibrous scaffolds were superior to
support the growth of 1929 but was inferior for RT4-D6P2T. SEM micro-
graphs further proved that attached 1.929 cells exhibited spindle shape, which
is typical in active fibroblast cells. However, in a separate study, SEM
images of electrospun PHA scaffolds showed no degradation after 4 weeks of
immersion in phosphate buffered saline [328]. Ito and co-workers had studied
the biodegradability of electrospun P(3HB-co-3HV) nanofibers, which were
dissolved in 2,2,2-trifluoroethanol (TFE) polymer solution and then compos-
ited with HA by soaking in SBF [330]. Image analysis of the elctrospun
nanofibers showed uniformed distribution with an average diameter of 185 nm,
while the incorporation of HA enhanced the degradability of the nanofibers.
Ying et al. [328] investigated tissue tolerances and bioabsorption behavior of
various electrospun PHA scaffolds in vivo by subcutaneous implantation in
rats. Periodic histological observation of implanted electrospun PHA nanofi-
bers showed that the scaffolds of P(3HB-co-3HHx), P(3HB-co-7 mol% 4HB),
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and P(3HB-c0-97 mol% 4HB) elicited mild tissue response. On the other hand,
the bioabsorption and degradation rate was the fastest for the electrospun
P(3HB-c0-4HB) scaffold containing higher 4HB fractions.

8.8 PATENTS

Patents on the potential applications of PHA as medical devices and related
research findings have been previously described [146]. The recent patents on
this subject matter are described in Table 8.5.

8.9 OUTLOOK

Continuous development in PHA will ensure new and greater discoveries.
Application of PHA as a biomaterial has gained much attention over the
last decade. Various approaches are currently undertaken to develop cheaper
processes of producing high yields of PHA. With global sustainability in mind,
fellow researchers, industrialists, and policymakers are seriously considering the
carbon footprint and its effects on our near future. Advancements in biomedical
research is of utmost important with regard to current health-related problems
due to our modern and hectic lifestyles. The recent breakthrough in biological
synthesis of PHA—PLA copolymers [331—334] and especially copolymers
consisting of 4HB and PLA has further expended the possibilities of discovering
novel materials for medical applications. Since PHA has exhibited full potential
as a biocompatible material, the future of PHA in medical and pharmaceutical
fields is indeed bright.
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9.1 INTRODUCTION

Polymers derived from lactic acid, glycolic acid, or combinations thereof have
been developed for medical applications for almost half a century [1]. Applica-
tions have included devices for bone fracture fixation [2], suture materials [3],
sheets for preventing adhesion [4], blood vessel prostheses [5], and drug delivery
[6]. Examples of commercially available medical-grade polyesters, their product
names, and manufacturers are summarized in Table 9.1 [7].

9.2 SYNTHESIS, PROCESSING, AND PROPERTIES

9.2.1 Chemistry, Synthesis, and Characterization of Polymers from
Lactide and Glycolide

Lactides and Glycolides—Origin, Structure, and Properties. Lactic acid
and glycolic acid are naturally occurring hydroxyacids. The difunctional
structure of a-hydroxyacids makes it possible for the molecule to undergo
self-condensation reactions and form oligomers and/or polymers (Fig. 9.1). Due
to the reversibility of these reactions, the number of repeating units remains
fairly low and the polycondensation is generally difficult to control. The most
convenient and well-controlled route for preparing polymers with repeating
lactoyl or glycoyl units is to use the ring-formed and dehydrated dimer of the
corresponding hydroxyacid as the starting point and perform ring-opening
polymerization (ROP). Polymers prepared by ROP are the most commonly
studied since polymer chemistry and hence properties can be accurately
controlled. Preparation of the dimer includes polycondensation of the hydro-
xyacid followed by a depolymerization, which is conventionally done by
increasing the polycondensation temperature and lowering the pressure. The
repeating units of the poly(hydroxy acid) are reorganized into the dehydrated
cyclic dimer by unzipping depolymerization at high temperatures. The dimer is
generally separated by fractional distillation under reduced pressure and the
formed glycolide (1,4-dioxane-2,5-dione) and lactide (3,6-dimethyl-1,4-dioxane-
2,5-dione) can be further purified if desired. Due to the two stereoforms of lactic
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[3]
R = H for glycolic acid [1], glycolide [2], and poly(glycolic acid) [3]
R = CHj for lactic acid [1], lactide [2], and poly(lactic acid) [3]

FIGURE 9.1 Structures of monomers, intermediates, and polymers of glycolic and
lactic acid.

TABLE 9.2 Properties of Glycolic Acid, Lactic Acid, and Related Derivatives
*(Measured for 88% b,L-lactic acid at 25°C)

CAS Molar Mass Density  Melting
Compound Number (g/mol) (g/em)®  Point (°C) Reference
Glycolic acid 79-14-1 76.05 1.27 75 12
Glycolide 502-97-6 116.1 83-86 8
p,L-lactic acid 50-21-5 90.08 1.20* 16.8 13
L.L-lactide/ 95-96-5 90.08 95 14
D,D-lactide
rac-lactide 90.08 125 8
meso-lactide 90.08 43-46 15
Lactoyllactic acid 517-52-2 162.14 16

acid, the corresponding optically active lactide can be found in two different
versions (i.e., D,d-lactide and r,1-lactide). In addition, lactide can be formed from
one D- and one L-lactic acid molecule, yielding p,L-lactide (meso-lactide). The
term rac-lactide is used for a 50/50 mixture of Dp,b-lactide and L,L-lactide.
The properties of glycolic acid, lactic acid, and related derivatives are listed
in Table 9.2.

Polymerization. Although ROP of cyclic diestersinto high molar mass polymers
has been known since the1930s, such reactions were not studied in detail until the
late 1950s[17]. The simplest types of polyester are the homopolymers of one type of
repeating unit. Polymers with two or more types of repeating unit are copolymers
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Sn - [Oct], + R - OH

Oct = 2-ethylhexanoate
R = aromatic or aliphatic groups

Oct—Sn-0O-R + Oct-H

J + n LACTIDE
Oct — Sn — [LACTIDE], - R

A
- M
HO - [LACTIDE], -R + Sn-[Oct],

FIGURE 9.2 Schematic description of tin octanoate-catalyzed ring-opening poly-
merization of lactide.

of lactides with different stereoforms or copolymers of lactide with glycolide. The
monomer combinations and length of the sequences have a large influence
on polymer properties [18, 19]. The preparation of lactic-acid-based polymers
by ROP has been carried out successfully using solution polymerization, bulk
polymerization, melt polymerization, and suspension polymerization [20]. The
polymerization mechanism involved in ROP can be of ionic, coordination, or
free radical type depending on the catalyst system used [21, 22]. The ROP of lactide
is reported to be catalyzed by transition metal compounds. Derivatives with
a potentially low toxicity are, for instance, organometallic compounds of tin
[23, 24], aluminum [25], zinc [26], iron [27], and yttrium [28]. However, tin(I11)-2-
ethylhexanoate (tin octanoate) is the most frequently used catalyst, which is largely
related to the Food and Drug Administration (FDA) acceptance of the compound
[29]. It has been suggested that the polymerization mechanisms for this catalyst
involve an initiation step by hydroxyl groups (Fig. 9.2) [30].

Several other ring-formed monomers can be incorporated into the lactic-
acid-based polymer by ring-opening copolymerization [31]. The most com-
monly used comonomer is glycolide, and the comonomer units can be organized
in block sequences or can be distributed in a random manner. The conversion
and distribution of the comonomers depends on the ratio of the comonomers
and the polymerization conditions [32]. A large difference in the reactivity of the
monomers generally results in a block copolymer. Glycolide shows a reactivity
similar to that of lactide [33] and therefore can occur either randomly in
copolymers or in blocks depending on the applied polymerization conditions.
Lactic acid-based polymers can also be prepared by using a molecule with a
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specific structure as an initiating compound (e.g., pentaerythritol). Polymers of
this type generally have a complex structure and the properties are accordingly
unique [34].

Characterization Techniques. Polymer characterization is of importance in
terms of product development, production quality control, and changes occur-
ring during degradation. The following paragraphs provide a brief description
of characterization methods that are appropriate for glycolide and lactide
polymers.

Size Exclusion Chromatography (SEC). SEC, also referred to as gel
permeation chromatography (GPC), is used to determine the molar mass
distribution of polymers. Polymers elute from the GPC column at retention
times that are related inversely to their hydrodynamic volume, which is in turn
related to molar mass. In principle, use of a triple detector system allows
information to be obtained on polymer branching through Mark—Houwink
plots [35]. Chloroform is the most commonly used mobile phase for poly(lactic
acid) (PLA) and lactide—glycolide copolymers in GPC experiments. Fluori-
nated solvents are the only option for poly(glycolide) (PGA) because of its
generally poor solubility. An SEC system consists of a degassing unit, a solvent
pump, column(s), and a detector system (e.g., refractive index, viscometry, and
light-scattering detectors) and the column(s) are generally calibrated against
narrow distribution polystyrene standards. When preparing samples for GPC
measurements, the material, typically a few milligrams, is dissolved in 10 mL of
CHCI; to yield a solution of a known concentration. Absolute molecular
weights can potentially be determined when a multi-angle light-scattering
detector is in place.

Differential Scanning Calorimetry (DSC). DSC measures changes in
enthalpy as the temperature is varied in a controlled way and allows the
determination of melting or crystallization temperatures (7, 7.), correspond-
ing enthalpies (AH,,, AH,) and glass transition temperatures (7). Polymer
samples are typically weighed into aluminum pans that are then sealed and
placed in the measuring cell. A standard DSC method includes a first heating
cycle in which the enthalpy changes give information about the material as
received. The first heating cycle erases any previous thermal history and a
second heating cycle can be used for comparative analysis between different
samples. DSC allows the simulation of conditions during injection molding or
other processing methods.

Thermogravimetric Analysis (TGA). TGA is used to evaluate the thermal
stability of polymers. The thermal decomposition temperature and the amount
of inorganic residue in a sample can, for example, be determined. Measure-
ments are usually conducted under N, atmosphere and samples are placed in
an aluminum pan after which exact weighing is performed by the TGA unit.
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When measuring the thermal decomposition temperature of standard samples,
the heating cycle is typically set from ambient temperature to 500°C at 10°C/
min. However, by using TGA it is also possible to conduct isothermal
measurements or more complicated heating programs in order to, for example,
simulate processing or storage conditions.

Proton Nuclear Magnetic Resonance ('H-NMR). "H-NMR can be used as
an identification and quantification tool in the characterization of polyesters.
NMR can, for example, be used to estimate the molar masses or to determine the
amount of residual lactide or glycolide. NMR also enables the monomer ratios in
the final product to be calculated, which provides information on monomer
reactivity. As an example, the amount of residual lactide in PLA can be calculated
by relating the peak integrals of lactide at a chemical shift of ~5 ppm to the peak
integrals of the CH proton in the repeating unit of PLA at a chemical shift of
~5.2 ppm. The typical solvent used is d-CHCl;, although, depending on the
sample and its solubility, other deuterated solvents may be used.

9.2.2 Manufacturing Processes

Melt Processing. Lactide and glycolide polymers can be melt processed by
extrusion, extrusion coating, thermoforming, injection molding, fiber drawing,
and film blowing. Product properties depend on the conditions during process-
ing (e.g., shear rate, temperature, processing time). As an example, melt proce-
ssing by injection molding and fiber spinning has been reported in manufacturing
of fracture fixation devices and sutures [36]. The most important parameters
during melt processing will be (i) temperature, (ii) residence time, (iii) moisture
content, and (iv) atmosphere, regardless of the type of secondary process applied
[37]. A major problem in melt processing of aliphatic polyesters is their limited
thermal stability since these polymers tend to degrade into smaller fractions when
exposed to heat even for short periods.

Fiber Spinning. Fibers made from lactide and/or glycolide polyesters are
commercially important in applications such as sutures, clips, staples, and as
reinforcement in orthopedic devices[38, 39]. One of the first commercially available
bioresorbable products for medical use was poly(glycolide) fibers (Dexon),
developed in the 1960s for use in sutures. Other fiber-based bioresorbable medical
products use copolymers of glycolide and r-lactide (Vicryl) [36]. Fibers can be
manufactured either by solvent- or melt-spinning processes [40, 41] and drawn in
order to orient the polymer chains [42]. Fibers prepared by solvent spinning usually
have better mechanical properties because this method avoids the thermal
degradation that can occur during melt spinning [43].

Preparation of Micro- and Nanoparticles. Micro- and nanoparticles
are important delivery systems used in medicine, and aliphatic polyesters are of
interest due to their tunable hydrolytic degradability and low toxicity. Micro- and
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nanoparticles can be prepared directly by ROP [44] or by postpolymerization
processing as described by Benoit et al. [45]. The preparation of micro- and
nanoparticles from aliphatic polyesters by solvent evaporation and solvent
extraction methods has been reviewed by Arshady [46]. The most important
properties of the micro- and nanoparticles are the release rate of the drug and the
degradation profile of the matrix. These properties are affected by the particle
design and especially by the polymer design. The particle size, porosity, and drug
loading are mainly related to the type of drug and parameters in the preparation
(i.e., solvent/nonsolvent system, stirring rate, and temperature). Polymer proper-
ties related to the drug release rate and degradation pattern are strongly
dependent on solubility, morphology, and stability, which in turn can be related
to the structure. Considering the number of reported studies, it appears that
copolymers of glycolide and rac-lactide have the most suitable combination of
properties for use as a drug delivery matrix [1].

Fabrication of Porous Scaffolds. Porous biodegradable polymer scaffolds
are potential devices for reconstruction of damaged tissues and organs, and
several techniques are available for their manufacture. Many of the fabrication
methods involve polymer dissolving and salt leaching [47], but porous aliphatic
polyesters have also been prepared by use of emulsion freeze-drying [48], gas-
foam forming agents [49], high-pressure gas saturation techniques [50], phase
inversion by immersion precipitation [51], thermally induced phase separation
(TIPS) [52], and polymer blending followed by extraction [53].

9.2.3 Properties of Glycolide-Lactide Homo- and Copolymers

The properties of PLA depend significantly upon its enantiomeric form and can
be modified by polymerization, processing, or manufacturing techniques.
Properties are also modified by varying the polymer structure through cross-
linking, branching, introduction of other comonomers, or by altering the ratio
of the stereoisomers.

Thermophysical Properties. Homopolymers of glycolide have a T, and T,
of 35—40°C and 225-230°C respectively. PGA is a semicrystalline polymer
with a maximum degree of crystallinity (X,) of about 50% [53]. Enantiomeri-
cally pure poly(L-lactide) (PLLA) or poly(p-lactide) (PDDLA) are also
semicrystalline polymers, with T, in the range of 55—60°C and T,, of about
180°C. Polymers prepared from meso- or rac-lactide are usually amorphous
with a T, of ~50°C. The melt enthalpy estimated for an enantiopure PLLA
with a 100% degree of crystallinity (AH,,) is 93 J/g [54, 55], and this value is
most often used to calculate the X, for semicrystalline polylactides. The melting
behavior and degree of crystallinity are dependent on the molar mass, thermal
history, and purity of the polymers [56, 57]. It has been observed for polylactide
that an optical purity of at least 72—75%, corresponding to about 30 isotactic
repeating units, is required for the crystallization to take place [58], which
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means that copolymers of lactide and glycolide with a random distribution are
generally amorphous polymers. Copolymers of L-lactide and glycolide show a
T, ranging from 35 to 60°C depending on composition. Stereocomplexes are
formed if polylactides of the opposite stereoforms are mixed together, as first
reported by Ikada et al. [59]. These authors discovered that the melting point of
blended PLLA and PDDLA is about 50°C higher than that of the pure
enantiomeric polymers. Stereocomplexes have since been further investigated
both for PLA oligomers and high molar mass polymers [60]. Stereocomplexa-
tion of enantiomeric copolymers of lactide and glycolide has also been
reported, where the melting point and enthalpy of fusion decreased as the
glycolide content in the copolymers increased [61].

Solubility. PGA is insoluble in most organic solvents with the exception of
fluorinated solvents (e.g., hexafluoroisopropanol). The solubility of PLA is
highly dependent on the molar mass, degree of crystallinity, and the presence of
other comonomer units in the polymer. Good solvents for enantiomerically
pure poly(lactide) are, for example, chlorinated or fluorinated organic solvents,
dioxane, and dioxolane. Poly(rac-lactide) and poly(meso-lactide) are, in addi-
tion to the previously mentioned solvents, soluble in organic solvents such
as acetone, pyridine, ethyl lactate, tetrahydrofuran, xylene, ethyl acetate,
dimethylsulfoxide, N,N-dimethylformamide, and methyl ethyl ketone. Typical
nonsolvents for lactic-acid-based polymers are water, alcohols (e.g., methanol,
ethanol, propylene glycol), and unsubstituted hydrocarbons (e.g., hexane,
heptane). Copolymers of lactide and glycolide are soluble in chlorinated
solvents and insoluble in, for instance, acetone and cyclohexane [62].

Mechanical Properties. The molar mass and degree of crystallinity signifi-
cantly influence the mechanical properties of polymers. This is well demon-
strated for aliphatic polyesters, for which a wide range of mechanical properties
has been reported for lactide and glycolide polymers [62]. PGA is a tough
polymer, with a reported tensile modulus of 7 GPa [63]. The semicrystalline
PLA is generally preferred to the amorphous polymer when higher mechanical
properties are desired. Semicrystalline PLA has an approximate tensile mod-
ulus of 3 GPa, tensile strength of 50—70 MPa, flexural modulus of 5 GPa,
flexural strength of 100 MPa, and an elongation at break of about 4% [62].
Superior mechanical properties (e.g., tensile strength up to 920 MPa) can be
achieved by stereocomplexation of enantiomeric polylactides, which results
from the formation of stereocomplex crystallites giving intermolecular cross-
links [64]. Processes in which the polymer chains become oriented can lead
to increased mechanical strength, as can happen in fiber preparation by melt
or solution spinning from aliphatic polyesters [65, 66]. The resulting fiber
mechanical properties are largely dependent on the spinning method and
draw ratios [62]. The melt spinning of lactic acid-based polymers is associated
with thermal degradation, with decreases in molar mass during the melt
spinning reported to be as high as 85% for copolymers of rac- and r-lactide
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of high initial molar mass (600 kDa) [65]. PLLA of high molar mass has
sufficient strength for use as load-bearing materials in medical applications;
however, the crystalline domains tend to degrade slowly [67]. The crystallinity
can be reduced by copolymerizing with p-lactide or glycolide, leading to
amorphous polymers with faster degradation profiles [68]. However, this
process also affects polymer toughness and the impact strength of PLA has
been shown to decrease threefold (to 5 kJ/m?) when copolymerizing with 5 mol
% D-lactide [69].

Thermal Stability. The thermal stability of glycolic-acid- [70] and/or lactic-
acid-based polymers is poor at elevated temperatures, especially at tempera-
tures above the melting point. Reactions involved in the thermal degradation of
lactide and glycolide polymers include thermohydrolysis [71], zipper-like
depolymerization [72], thermooxidative degradation [73], and transesterifica-
tion [74]. Rheological measurements have shown that the thermal degradation
of poly(r-lactide) is accelerated when the moisture content of the polymer is
increased [75]; however, optimal drying conditions can reduce degradation
during extrusion. The presence of catalyst and especially the catalyst concen-
tration are of great importance for the thermal stability of poly(lactide) [76].
Polymers used for medical applications are generally purified in order to
remove unbound catalyst, residual monomer, and other impurities, which are
reported to influence thermal stability [77].

Radiation Stability. Medical devices need to be sterilized and common
sterilization methods use ~-or (3-radiation. Radiation can cause either cross-
linking or chain scission reactions. For most polymers both reactions occur
simultaneously. The irradiation effects on aliphatic polyesters have been
thoroughly studied by D’Alelio et al. [78], and these authors concluded that
the crosslinking-to-scission ratio for aliphatic polyesters increased on irradiation
as a function of increasing -CH,- to -COO- ratio in the main chain. Further
studies on radiation stability have been reported for polyglycolide, poly(L-
lactide) [79], poly(p,L-lactide) [80], and for copolymers of lactide and glycolide
[79]. Polylactides mainly undergo chain scissions at radiation doses below 250
kGy. For higher doses, crosslinking reactions increase as a function of the
irradiation dose both in air and in inert atmosphere [81]. It has been suggested
that irradiation causes reactions in the amorphous phase of the polymer and a
difference in the radiation effects may therefore be expected for poly(rac-lactide)
and poly(L-lactide) [79]. The irradiation of poly(glycolide) can cause a decrease
in molar mass, and it has been suggested that this involves about the same
amount of crosslinking as chain scission [82]. Radiation has been reported to
reduce tensile strength and to accelerate the start of hydrolytic degradation in
PGA fibers [83]. Copolymers of lactide and glycolide, P(LA-co-GA), have been
reported to undergo dose-dependent degradation upon irradiation [84]. The
irradiation of P(LA-co-GA) results in either formation of radicals at the carbon
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atom adjacent to the ester group or by loss of the ester linkage. Electron spin
resonance studies have suggested that the radicals formed at the lactide units are
more stable than those formed at the glycolide units.

Hydrolytic Stability. Hydrolysis of polymers leads to molecular fragmenta-
tion, which is determined by various factors such as chemical structure, molar
mass and its distribution, purity, morphology, shape of the specimen and
history of the polymer, as well as the conditions under which the hydrolysis is
conducted [85]. The hydrolytic degradation of glycolide and/or lactide poly-
mers is undesirable during processing or material storage but is ultimately
essential for most intended applications. The hydrolysis of aliphatic polyesters
starts with a water uptake phase followed by hydrolytic splitting of the ester
bonds in a random manner. The initial degree of crystallinity of the polyesters
affects the rate of hydrolytic degradation because the crystalline regions reduce
water permeation in the matrix. The hydrolytic degradation process therefore
begins with degradation of the amorphous regions in which the molecular
fragments, which tie the crystalline segments together by entanglement, are
hydrolyzed. As a result, the remaining chain segments occupy more space and
have greater mobility, leading to reorganization of the polymer chains and
inducing crystallization [86]. These phenomena generally result in whitening of
specimens and a simultaneous decrease in mechanical strength and molar
mass. The temperature during hydrolysis is a key influence on the degradation
rate, not only because the rate of hydrolysis increases at elevated temperatures
but also because of increased polymer chain flexibility and permeability at
temperatures above the T,. The hydrolysis of aliphatic polyesters has been
studied for various compositions including polyglycolide [87], poly(L-lactide)
[88], poly(rac-lactide) [89], poly(rL-lactide-co-glycolide) [83], and poly(rac-lac-
tide-co-glycolide) [90]. The hydrolytic degradation of glycolide/lactide homo-
and copolymers is homogeneous (i.e., the number-average molar mass has
significantly decreased before any weight loss is noticed). In the second phase of
hydrolysis the degradation of the crystalline regions of the polyester leads to an
increased rate of mass loss and finally to complete resorption. The degradation
of poly(lactide) in aqueous media is reported to proceed more rapidly in the
bulk of a specimen. The explanation for this behavior is an autocatalytic effect
due to the increasing presence of compounds containing carboxylic end groups.
These low molar mass compounds cannot permeate the outer crystalline shell
[91]. The resorption time of L-lactide homopolymers varies from a few months
for a low molar mass poly(L-lactic acid) film to an estimated 50—60 years for
oriented fibers [88]. The reasons for the differences in stability can be found
in the purity of the polymer, molar mass and its distribution, crystallinity, and
orientation. Since poly(rac-lactide) lacks crystalline regions, water uptake
and hence hydrolysis occur more rapidly. The hydrolytic degradation rate
for copolymers of rac-lactide and glycolide is significantly higher than that for
rac-lactide homopolymers [92].
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9.3 TOXICITY AND SAFETY

9.3.1 Introduction

PLA, PGA, and their copolymers have been investigated for a very wide range of
biomedical uses, including resorbable medical implants, bone and tissue engi-
neering, drug delivery systems, and films for wound treatment. In these applica-
tions the chosen polymer must not only meet physical requirements, such as the
need for high mechanical strength in orthopedic devices, but must also be
nontoxic and safe to use. The degradation of these polymers during use can
occur by simple hydrolysis of the ester bond and does not require the presence of
catalytic enzymes. Degradation of PLA or poly(L-lactide-co-glycolide) (PLGA)
occurs by autocatalytic cleavage of the ester bonds through spontancous
hydrolysis into oligomers and p,L-lactic and glycolic acid monomers [93]. Lactate
is converted into pyruvate and glycolate and then enters the Krebs cycle to be
degraded into CO, and H,O. Degradation products of PLA are generally
considered nontoxic to living organisms since lactic acid, one of the primary
breakdown products, occurs naturally through metabolic activity in the human
body [94]. A general description of the degradation pathways of PLA is included
in a recent review by Gupta and Kumar [95].

For acceptable biocompatibility and safety in medical use, the polymers
should also not contain polymerization intiators, stabilizers, solvents, or
emulsifiers. General indications are that PLA, PGA, and PLA-co-PGA show
good biocompatibility and the absence of significant toxicity, although some
reduction in cell proliferation has been reported for PLA in vitro [96, 97], which
may be associated with the presence of acidic degradation products [98].
The resorbability of a-polyesters such as PLA, PGA, and PLA-co-PGA has
also been discussed by other authors [99, 100]. Toxicity, biocompatibility, and
clinical applications of PLA/PGA copolymers were reviewed in the 1990s,
and the authors concluded that these copolymers were suitable materials for
controlled release of bioactive agents and for orthopedic applications [101].

9.3.2 Drug or Vaccine Delivery

PLA-co-PGA copolymers are the most common type used at present in the form
of biodegradable microspheres for drug delivery or vaccine development and
are approved for use in drug delivery by the U.S. Food and Drug Administra-
tion (FDA) [102]. As a result of their biodegradability, these polymers form
biocompatible products that are removed from the body at a slow rate but are
reported not to affect normal cell function [103]. Jostel et al. [104] examined the
safety profile of a sustained-release formulation of human growth hormone.
The formulation was based upon a preparation of recombinant human growth
hormone contained in amylopectin microspheres coated with PLA-co-PGA.
The treatments based on these microspheres were well tolerated and suitable for
longer-term trials. Injectable PLGA microspheres have been widely investigated
for delivery of antigens and have a proven safety record with established use in
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marketed products for controlled delivery of a number of peptide drugs and
proteins [105, 106]. There is also significant interest in this copolymer for use
in the rapidly developing field of DNA (deoxyribonucleic acid) delivery
[107]. PLA-co-PGA generally has a history of safe use in humans and good
manufacturing practices (GMP) grade material is available from commercial
sources.

Olivier discussed safety issues when reviewing the use of PLA nanoparticles
to deliver bioactive molecules across the blood—brain barrier [108]. This author
observed that degradation rate depends on four basic parameters: hydrolysis
rate constant (depending on the molecular weight, the lactic/glycolic ratio, and
the morphology), amount of water absorbed, the diffusion coefficient of
polymer fragments through the polymer matrix, and the solubility of the
degradation products in the surrounding aqueous medium [94, 95]. These
parameters are in turn influenced by such factors as temperature, additives
(including drug molecules), pH, ionic strength, buffering capacity, nanoparticle
size, and processing history. Generally considered as biocompatible [95], PLA
or PLGA microspheres are also reported to have good central nervous system
(CNS) biocompatibility [88, 109]. No mortality was reported with albumin-
coated nanoparticles in mice with up to a 2000 mg/kg dose [110]. However,
nanoparticles based on PLA with molar mass of 60,000 stabilized with sodium
cholate were much more toxic with two of five deaths at a 220 mg/kg dose and
five of five at a 440 mg/kg dose associated with marked clinical signs such as
alteration of hematological and biochemical parameters and lung hemorrhage.
This toxicity was attributed to intravascular coagulation and associated events
related to the physical surface properties of the nanoparticles rather than to the
inherent chemical toxicity of cholate or PLA. In contrast, mPEG-PLA
nanoparticles based on poly (ethylene glycol) (PEG) with a molar mass of
2000 and PLA with a molar mass of 30,000 were shown to have a good safety
profile, with no apparent signs of toxicity at the highest studied dose of 440
mg/kg in mice [111].

Drug-eluting stents based on PLA are under development and have been the
focus of pilot studies related to biocompatibility, toxicity, and safety. Uurto et al.
[112]. investigated poly-p/L-lactic acid vascular stents loaded with dexametha-
sone or simvastatin and two different coatings based on PLA plus PDLA and
PLA plus polycaprolactone (PCL). Comparison was made with a self-expanding
stainless steel stent. The biodegradable polymer stents were found to be
biocompatible and reliable and therefore useful for local drug delivery. However,
the authors concluded that further study was needed in order to prove the safety
and efficacy of the biodegradable polymer drug-eluting stents.

9.3.3 Implants

The a-polyesters are among more than 40 different polymer types that have
been used as implants and are generally considered to be biocompatible with
no indications of a foreign body response. Applications have ranged from
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arthroscopy to tissue engineering [113]. Early reports [114—116] indicated that
up to 22% of patients receiving degradable PLA or related polymer implants
developed irritation at the implant site; however, negative bacterial culture
testing suggested that the response was a consequence of chemical irritation
arising from acidic breakdown products [117]. Other implant studies [118—120]
have pointed to PLA as a more suitable material for applications such as
intervertebral cages than copolymers of PGA, not only in regards to degrada-
tion time but also in terms of biocompatibility. Iera et al. [121] reviewed
bioabsorbable fixation devices and noted that these materials have been
investigated since the 1960s with much research focused on how to overcome
any problems associated with such devices. Over time there has been a move
toward self-reinforced materials and newer generations containing bioactive
substances. Bioabsorbable fixation devices have been in use in craniomaxillo-
facial (CMF) surgery for several decades with clinical operations starting in the
early 1990s [122]. At present, most CMF surgery of this type utilizes L-poly-
lactide combined with either p-polylactide or polyglycolide. These are polymer
combinations that have reduced crystallinity, which may explain the lack of
clinically adverse reactions. Holmes et al. [123] also pointed out the excellent
safety profile of PLA and PGA in craniofacial surgery. The clinical character-
istics of PLA, PGA, and related polymers have been reviewed by Suuronen et
al. and their safety in use described [124]. In another study, reaction to the use
of PLA- or PGA-based implants, such as pins, bolts, rods, and screws, in more
than 2500 patients was monitored, and clinically significant adverse reactions
were found in only 4.3% of the cases. All but one of these cases involved PGA
implants and so the likelihood of nonspecific foreign body reaction to PGA
may be estimated from this study. The authors suggested that PLA biocompat-
ibility could be thoroughly confirmed by longer-term studies [125]. This
discussion is not to imply that adverse reactions with implants never occur,
and in fact there have been reports of foreign body reactions with most
bioabsorbable implants. Despite this observation, there is little evidence for
seriously adverse clinical symptoms, and the bioabsorbable implant category
offers the advantage that properties and degradation characteristics can be
modified by appropriate tuning of the polymer chemistry or adjustment of pH
in the implant [126].

9.3.4 Electrospun Fiber Applications

Corey et al. investigated the use of electrospun PLGA nanofiber scaffolds for
alignment of neuron growth as part of nervous system repair [127]. PLLA
nanofibers were spun on to substrates precoated with PLGA. This approach
was found to be less toxic to primary neurons than bandage and glue used in
other studies. Murakami et al. examined tissue-adhesive hydrogels and stated
that PLA is known to be biocompatible and noncytotoxic [128]. The
potential of electrospun nanofibrous scaffolds composed of biodegradable
polymers such as PLA, PGA, and PLA-co-PGA as safe and nontoxic substrates
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for a wide variety of uses in drug release and tissue engineering has been
recognized [129].

9.3.5 Bone Cements

The use of acrylic bone cement is supported by laboratory and clinical data,
validating it as a depot for administration of antibiotics. However, the search
continues for alternative materials that do not require secondary operations for
removal. Many biodegradable polymers including PLA, PGA, and copolymers
have been studied for this use and some are in use outside the United States for
clinical applications. However, in the United States none have been approved
so far and none are commercially available. McLaren [130] reviewed alternative
bone cements and suggested that the total antibiotic load in such materials
should not exceed the acceptable toxicity risk when administering the antibiotic
intravenously over 24 h.

9.3.6 Other Applications

El-Beyrouty et al. [131] reviewed the clinical data for L-PLA in respect to its use as
an intradermal injection for treatment of facial fat loss associated with the
human immunodeficiency virus (HIV). PLA is approved by the FDA for correc-
tion of facial lipoatrophy in people with HIV. The results of six clinical trials
showed an increase in cutaneous thickness as a result of such treatments, although
adverse effects included nodule and hematoma formation as well as pain at the
injection site. Researchers [122, 127] have discussed the use of resorbable devices
for treatment of acquired and congenital craniofacial deformities. These reports
note that PLA and PGA have demonstrated excellent safety profiles in multiple in
vitro animal and clinical studies and are currently being used for a wide variety of
such uses.

9.4 DRUG DELIVERY APPLICATIONS

9.4.1 Introduction

Polymeric drug delivery systems provide numerous advantages for the admin-
istration of bioactive agents, including protection against degradation, increa-
sed aqueous solubility, controlled release, retention of the drug at the site of
action, and, in some cases, a method by which the drug can be targeted to the
disease site. Several nondegradable polymeric drug delivery systems have
reached the market, including contraceptive devices (Norplant), ocular inserts
(Vitrasert), and coated medical devices (Taxus stent), demonstrating their
superior ability to provide controlled release in chronic treatment. In some
cases, the obvious drawback of these systems is the need to remove the device
once the drug loading has been exhausted. This may have negative implications
in circumstances where device retrieval could have deleterious effects or be
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FIGURE 9.3 Polymeric drug delivery systems based on PLA and PLGA currently
marketed or in clinical trials are administered to several sites for the treatment of a
variety of disease states.

impossible to use as in ocular, pulmonary, and intravenous delivery. Accord-
ingly, the investigation of biodegradable, biocompatible polymers has become
the focus of polymeric drug delivery research in recent decades.

The utility of PGA for drug delivery is limited due to its high degree of
crystallinity and lack of solubility in appropriate solvents for drug loading.
PLLA is more hydrophobic, resulting in prolonged degradation and solubility
in a variety of organic solvents. Since the L(+) form is metabolized in the body,
this polymer is more commonly used for biomedical applications compared to
PDLA [132]. PLGA copolymers are by far the most utilized aliphatic polyesters
for drug delivery applications. These copolymers have been used, and are
currently being investigated, for the delivery of therapeutic agents to a number
of administration sites, whether intended for localized delivery, as in drug-
eluting stents, or as a means of gaining access to the systemic circulation, as for
parenterally administered depot formulations (Fig. 9.3).

9.4.2 Parenterally Administered Delivery Systems

In nondegradable polymeric drug delivery systems, controlled release is achie-
ved by diffusion of the drug through the polymer matrix, often resulting in
predictable zero-order release profiles. Drug release from a degradable system
composed of aliphatic polyesters is achieved through a combination of diffus-
ion and polymer degradation mechanisms. This commonly results in a triphasic
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release curve characterized by an initial burst phase, followed by a lag period of
decreased or no drug release and a final phase of increased release caused by the
total disintegration of the device. Thus, by controlling the biodegradation rate
of the polymer, the drug release rate can be adjusted. Parameters that influence
polymer biodegradation include molecular weight, degree of crystallinity, and
hydrophobicity and have been extensively reviewed elsewhere [132—134]. In the
case of PLGA, changing the lactide content from 50 to 85%, and hence
increasing the hydrophobicity of the polymer, results in prolonged biodegrada-
tion times of 2 to 5 months [134]. The proven biocompatibility, FDA approval,
and the ability to tailor the release rate are no doubt responsible for the
considerable number of parenterally administered PLGA depot formulations
on the market (Table 9.3).

9.4.3 Microspheres

Polymeric microspheres may be defined as particles with diameters ranging
from 1 to 1000 pm in which drugs are homogeneously dissolved or dispersed in
a polymeric matrix [135]. In recent years, parenterally administered micro-
spheres composed of PLA and PLGA have received attention for their
tremendous ability to provide controlled release of bioactive agents, resulting
in controlled therapeutic plasma levels for the treatment of diseases.

Protein and Peptide Therapeutics. Through advances in biotechnology, a
number of protein and peptide therapies have been developed, providing the
potential to treat previously untreatable conditions. Since the first FDA-
approved peptide delivery system, Lupron Depot, there have been several
PLGA microparticulate formulations investigated for the treatment of a variety
of therapeutic applications, including cancer and endocrine disorders, with
several reaching the market (Table 9.3).

Formulation Issues and Excipients. The formulation of proteins and pep-
tides in polymeric microparticles presents several challenges. In order for these
agents to remain active once released, they must retain their native conformation,
a task not easily achieved because of the harsh conditions imposed during
encapsulation and release. Due to the aqueous solubility of proteins and peptides,
a water-in-oil-in-water (w/o/w) emulsification technique is often employed to
ensure adequate loading within the hydrophobic polymer matrix. In this method,
the protein is first solubilized in an aqueous phase, which is subsequently
emulsified in a polymer solution in an organic solvent. This primary emulsion
is then emulsified in a secondary aqueous phase, resulting in the extraction of the
organic solvent, precipitation of the polymer, and formation of hardened
microspheres with the drug entrapped in the matrix. Proteins and peptides are
frequently amphipathic in nature, adsorbing at solid or water and organic solvent
interfaces and possibly leading to protein denaturation, aggregation, and large
burst release profiles. Several methods have been employed to combat this
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potential instability. Excipients that preferentially accumulate at the phase inter-
face and therefore take the place of the therapeutic molecule are added to the
aqueous phase of the primary emulsion. Such excipients include albumin [136],
phosphatidyl choline [137], polyethylene glycol [138], and gelatin [139]. Trehalose
was demonstrated to be particularly effective at stabilizing proteins such as
recombinant human growth hormone (rhGH) [140] and interferon-~ [141] by
acting to shield the protein from the organic solvent. One way of solving instability
problems associated with w/o/w emulsification is to avoid it altogether. This can be
achieved by using a cryogenic method of protein encapsulation. In this technique,
the protein, in a solid form prepared by lyophilization, is first suspended as a solid
in the PLGA and organic solvent solution. This dispersion is then ultrasonically
sprayed into liquid nitrogen, and frozen ethanol is subsequently added to extract
the organic solvent. Since the process is completely anhydrous and the protein is
insoluble in all components used, the protein retains its integrity and is encapsu-
lated with a high efficiency. This process, termed ProLease technology, was
developed by Alkermes, Inc. and was successfully used for the development of the
controlled-release formulation of rhGH, Nutropin Depot [140].

Protein instability can also occur during the release from PLGA micro-
particles. Once in contact with the aqueous phase, PLGA begins to absorb
water, which in turn may increase the mobility of loaded proteins, potentially
causing aggregation and adsorption of protein to the PLGA. These effects may
cause incomplete release of the protein or release of inactive (aggregated)
proteins. Forming insoluble but reversible complexes with zinc can avoid
this instability. This method was used in the formulation of rhGH resulting
in the release of monomeric and bioactive protein [142]. Furthermore, during
the degradation of PLGA the pH of the surrounding media has been shown to
dramatically decrease due to the production of carboxylic acids during
hydrolysis of the ester bonds. This acidic pH can lead to unfolding, hydrolysis,
and aggregation of proteins and peptides. The addition of inorganic salts that
act as antacids, such as magnesium hydroxide or sodium bicarbonate, can
improve the stability of encapsulated proteins during their release [143].

PEGyiation Strategies for Protein and Pepetide Delivery. A number of
poly(ethylene glycol)-conjugated (PEGylated) proteins have been approved by
the FDA [144]. PEGylation has been shown to improve the plasma half-life
of these proteins; however, regular injection is still required. PEGylation of
proteins may also hold the answer to many of the problems associated with the
development of controlled microparticulate protein delivery previously men-
tioned. It has been shown in several instances that PEGylated proteins exhibit
improved stability in organic solvents, such as methylene chloride, decreased
aggregation, and reduced adsorption to PLGA [145, 146]. Furthermore,
PEGylated proteins have demonstrated more favorable release profiles with a
decreased burst phase and prolonged and often complete protein release
[145—147]. This may be attributed to the reduced aggregation and more even
distribution of the protein in the microsphere.



338 LACTIDE AND GLYCOLIDE POLYMERS

Clinical Trial Formulations. Amylin Pharmaceuticals Inc. in collaboration
with Eli Lilly and Company have recently developed a once-weekly, long-acting
release (LAR), subcutaneous injection of exenatide (exenatide LAR), an incretin
mimetic or glucagon-like receptor agonist based on Alkermes’ proprietary PLGA
microspheres system, Medisorb, for the treatment of type II diabetes. Although
available details on the formulation are limited, the results from clinical trials
have recently been published. Compared to placebo, patients treated with
exenatide LAR had reduced mean hemoglobin A, (HbA ) levels, an indicator
of average plasma glucose concentration over extended periods of time, reduced
fasting glucose levels, and significant body weight reductions [148]. In a recent
noninferiority study, exenatide LAR was compared to twice-daily dosed exena-
tide. Patients receiving once-weekly injections of exenatide LAR had significantly
lower HbA . levels with a greater proportion of patients reaching target HbA .
levels of 7.0% or less [149]. This medication has the potential to provide superior
glycemic control and weight loss for type 11 diabetic patients with convenient
once-weekly treatment. Exenatide LAR is currently in phase I1I trials.

Small-Molecule Therapeutics. The use of parenterally administered micro-
particles is a common strategy for the controlled delivery of small-molecule
drugs. Recently, a number of drugs that have previously been approved for
oral administration have been reformulated as controlled-release parenterally
administered PLGA microspheres. In many cases the advantage of these systems
is improved patient compliance by eliminating the need for frequent dosing,
maintaining prolonged therapeutic blood levels or, in some cases, delivering
the drug directly to the site of action. In 2003 an intramuscularly (IM) injec-
ted controlled-release formulation for the antipsychotic agent risperidone
was approved under the trade name Risperdal Consta. These microspheres are
composed of PLGA and contain a 38% w/w loading of risperidone produced by a
proprietary single oil-in-water emulsification process developed by Alkermes,
Inc. The IM injection of Risperdal Consta resulted in an initial burst of drug in
the first day followed by a lag of approximately 3 weeks and then a nearly 2-week
period of approximately zero-order release kinetics. Therapeutic plasma levels
of risperidone were obtained between 3 and 6 weeks after injection [150].

A controlled-release formulation of the nonselective opioid antagonist nal-
trexone has been approved for the treatment of alcohol dependence. Oral
naltrexone was approved for opioid dependence in 1985, with approval for use
in cases of alcohol dependence in 1994. Oral naltrexone is efficacious in improving
some, but not all, drinking outcomes with a major limiting factor being the
compliance of the patient. Therefore, the efficacy of oral naltrexone is highly
dependent on the adherence of the patient to the drug regimen [151]. The use of
extended-release naltrexone formulations has been shown to improve abstinence
rates; however, many formulations are plagued by poor tolerability due to
injection site reactions and subtherapeutic drug plasma concentrations [152].
The extended release intramuscular injection of naltrexone (Vivitrol) was
approved in 2006. These microspheres, similar to those of Risperdal Consta, are
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composed of PLGA with a drug loading of 34% w/w achieved by the Medisorb
process. Administration of Vivitrol to alcohol-dependent adults, in combination
with psychosocial therapy, was shown to effectively reduce the frequency of heavy
drinking [153]. Vivitrol is currently approved as a once-monthly IM injection for
the treatment of alcohol dependence along with psychosocial support.

9.4.4 In Situ Forming Depots

In situ forming solid depots have been shown to be valuable in the site-specific
delivery of a number of therapeutics by providing the convenience of an
injectable system with the benefit of controlled release from a solid implant. In
particular, the Atrigel system (Fig. 9.4) has been developed into marketed
products for the treatment of prostate cancer, periodontitis, and periodontal
tissue regeneration [154]. This system, developed by Dunn and co-workers, is a
liquid composed of PLGA or PDLLA dissolved in a hydrophilic, nontoxic
solvent, N-methyl-2-pyrrolidone (NMP). Atrigel has been formulated with
leuprolide acetate as the marketed product Eligard for the controlled delivery
of the peptide for the treatment of prostate cancer. Four formulations have
been approved by the FDA for repeated treatment every 1, 3, 4, or 6 months.
As determined in preclinical studies, varying the drug loading and molecular
weight can control the length of time of testosterone suppression [155]. In
preclinical rat and dog animal models, the PLGA composition tested had a
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FIGURE 9.4 Atrigel delivery system is an injectable liquid composed of drug and
polymer dissolved in N-methyl-2-pyrrolidone (I). After IM injection, the solvent diffuses
into the surrounding tissue leaving a solid depot of polymer and drug (II). Controlled
release of drug occurs via diffusion and polymer degradation (III).
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ratio of lactide to glycolide of 75 : 25 with a 45 : 55 ratio of polymer to NMP
[155, 156]. By 21 days postadministration in clinical trials, all four formulations
reduced serum testosterone levels to =50 ng/dL, equivalent to those produced
by orchidectomy, Furthermore, prostate serum antigen levels, a predictor of
reoccurrence or metastasis, were found to decrease to normal levels in almost
all of the patients. The formulations were well tolerated with no reports of
severe injection site reactions and only one report of severe hot flushes with the
monthly injection formulation [157—159].

9.4.5 Nanoparticles

For the purpose of drug delivery, nanoparticles may be defined as colloidal-sized
particles, possessing diameters ranging between | and 1000 nm, into which drugs
may be encapsulated, adsorbed, or dispersed. The use of amphiphilic block
copolymers for drug delivery applications has been increasingly more popular
over the past two decades. These materials are composed of two different
monomers, one hydrophilic and the other hydrophobic, arranged so that the
polymer has significant sections, or blocks, entirely composed of one type of
monomer and are typically diblock or triblock configurations. The most common
choice for the hydrophilic block is PEG due to its high degree of water solubility
and biocompatibility. Numerous hydrophobic blocks have been investigated
including polyethers and poly(amino acids); however, the aliphatic polyesters
including PLA and PLGA are often selected due to their aforementioned
biocompatibility and potential for controlling drug release through degradation.

Properties of Block Copolymers Forming Nanoparticles. At a specific
and narrow concentration range of amphiphile in solution, termed the critical
micelle concentration (CMC), several amphiphiles will self-assemble into
colloidal-sized particles termed micelles. Micelles typically range from 10 to
50 nm in diameter and are characterized by a core consisting of hydrophobic
blocks surrounded by a corona composed of highly water-bound hydrophilic
blocks. Using light scattering, sedimentation velocity, and small-angle x-ray
scattering, it has been demonstrated that a dynamic equilibrium exists between
the aggregated individual molecules and the unimers in the bulk solution.
Therefore, micelles obey what is termed a closed association model [160—162]
and should not be considered solid particles but rather should be described as
association colloids [163]. If the hydrophobic block is considerably larger than
the hydrophilic block, the copolymer is no longer water soluble and therefore
will not self-assemble through dissolution; however, it is possible to form
nanoparticles by precipitation and emulsification techniques. These systems,
termed nanospheres, possess a core—shell architecture similar to micelles;
however, their constitutive unimers are not in a dynamic equilibrium with
those in the bulk solution. These particles are more solid-like and are typically
larger than micelles, often having diameters greater than 200 nm and being
considerably more polydisperse [164].
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The use of amphiphilic copolymer nanoparticles offers several advantages for
drug delivery. These systems can be used to increase the aqueous solubility of
several hydrophobic drugs, potentially alleviating the use of toxic cosolvents and
low-molecular-weight surfactants [165, 166]. The highly water-bound corona of
PEGylated nanoparticles confers “stealth-like” properties to nanoparticles,
allowing them to circulate for prolonged periods by repelling plasma proteins
including complement proteins, immunoglobulins, and apolipoproteins, which
mediate the recognition and phagocytosis by macrophages [167, 168]. Prolonged
circulation, combined with the nanoscopic diameter of these systems, has been
attributed to their ability to accumulate in tissues possessing leaky vasculature
and poor lymphatic drainage, such as solid tumors [169]. Nanoparticles also
provide a platform for the conjugation of targeting moieties such as antibodies
[170], peptides [171], and most recently aptamers [172]. These ligands are capable
of recognizing specific antigens or receptors on the surface of cancer cells or in
some cases the microvasculature of tumors, resulting in greater specificity and
increased receptor-mediated cell internalization.

Clinical Trial Formulations. Despite significant research interest in the
development of polymeric nanoparticulate drug delivery systems, no such
formulations have yet reached the market; however, a polymeric micellar
formulation of the anticancer drug paclitaxel, marketed under the name
Genexol PM, is currently undergoing clinical trials in the United States for a
variety of cancers. Due to the highly hydrophobic nature of paclitaxel, its
commercial formulation, Taxol, consists of the drug at a concentration of 6 mg/
mL solubilized in polyethoxylated castor oil (Cremophor EL) with 50%
anhydrous alcohol. Administration of Cremophor EL is associated with several
adverse effects, including anaphylactic reactions, hyperlipidemia, and modifi-
cation of electrophoretic and density gradient behavior of lipoproteins [173].
The goal of developing Genexol PM was to produce a formulation that would
adequately solubilize paclitaxel without the toxicity of Cremophor EL. Genexol
PM is composed of the amphiphilic diblock copolymer methoxy poly(ethylene
glycol)-block-poly(p,L-lactide) with molecular weights of 2000 and 1750 g/mol
for the MePEG and PDLLA blocks, respectively [174]. Phase I clinical studies
determined the maximum tolerated dose (MTD) to be 390 mg/m?, twice that of
Taxol, with no acute hypersensitivities attributed to the formulation reported
[175]. In phase II trials, Genexol PM was determined to be more efficacious as a
first-line therapy for metastatic breast cancer than Taxol, with an overall
response rate of 58.5% as compared to 21—-54% for Taxol [176].

9.4.6 Periodontal Delivery Systems

The first marketed implantable device for periodontal disease, one of the most
prevalent diseases in the western world, was Actisite, a tetracycline-loaded
ethylene vinyl acetate fiber providing sustained release for 10 days. Reports of
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the extrusion of the device from the periodontal pocket and need for removal after
treatment limited the usefulness of this system [177]. Atrigel has been used for the
successful formulation of doxycycline hyclate for the treatment of periodontal
disease as the product Atridox. This formulation contains 8.5% w/w doxycycline
hyclate dissolved in 37% w/w PDLLA in NMP [178]. When administered, the
product flows deep into the periodontal pocket, forming a wax-like depot when it
comes in contact with the crevicular fluid. Atridox releases doxycycline over a
period of 7 days. Clinical trials demonstrated that Atridox was equally as effective
as scaling and root planing (SRP) in reducing periodontitis [178].

Minocycline HCI has also been formulated into a polymeric delivery system
for the treatment of periodontitis as the marketed product Arestin. Arestin
consists of minocycline HCL-loaded PLGA microspheres with a drug loading of
I mg per 3 mg of polymer [179]. After scaling and root planing, the dry
microspheres are deposited in the periodontal pocket via a syringelike applicator.
Upon contact with the crevicular fluid, the drug is released in a controlled
manner, obtaining local concentrations up to 340 pg/mL after 14 days [179]. In
clinical trials, Arestin with SRP was more effective at reducing probing depth
compared to SRP or SRP with blank microspheres [179].

9.4.7 Ocular Delivery Systems

Posterior segmental ocular diseases, including, age-related macular degenera-
tion and diabetic retinopathy, are the leading cause of visual impairment in
industrialized countries [180]. Treatments for these conditions may be met by
advances in biotechnology; however, the delivery of these therapeutics remains
a formidable hurdle to treating these diseases as the eye has several tissue
barriers that limit effective drug doses from reaching their target tissues. Drugs
formulated in topically applied delivery systems such as solutions, suspensions,
and gels are effective in treating diseases of the anterior segment but do not
reach the posterior segment of the eye in sufficient quantities. To date, the most
effective strategy for treating diseases of the posterior segment is via local or
systemic administration; however, these methods have their limitations. Due
to the small blood flow to the eye and the protective mechanisms of the
blood—retinal barrier, many systemically administered drugs are not capable of
reaching the posterior segment. Those that are capable of passing through the
blood—retinal barrier must be given in large doses in order to reach therapeutic
concentrations in the eye, and therefore only drugs with a wide therapeutic
index are acceptable candidates for this method. Local administration by
intraocular and periocular injection are effective but invasive, and repeated
administration in order to maintain therapeutic drug concentrations may lead
to complications such as retinal detachment, hemorrhages, and endophthalmi-
tis [181]. In order to minimize the number of injections required, it is necessary
to achieve controlled release of the drug in the eye. Intravitreal or periocular
injected polymeric implants and micro- or nanoparticles composed of PLGA
have been used to achieve controlled, localized drug delivery (Fig. 9.5).
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FIGURE 9.5 Intraocular and periocular polymeric drug delivery systems: (A) intrao-
cular or periocular administered micro or nanoparticles, (B) vitreal implants, (C) scleral
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Implants. To date only one biodegradable ocular implant, Posurdex (Allergan
USA, Inc.), is close to market approval. This implant, made of PLGA, can
deliver dexamethasone for the treatment of macular edema due to retinal vein
occlusion over a 1-month period. The device is implanted through a small
incision or puncture in the pars plana. An initial clinical trial of Posurdex using
two drug loadings, either 350 or 700 pg, has been completed [182]. It was found
that after 90 days of implantation a greater proportion of treated patients
achieved an improvement in their best-corrected visual acuity than for
untreated patients. The implant was well tolerated with 11% of treated patients
displaying increased intraocular pressure. Posurdex is currently in phase III
trials for the treatment of retinal vein occlusion and diabetic macular edema.

Micro- and Nanoparticles. A common strategy for the delivery of therapeu-
tics to the posterior segment is via intravitreal or periocular injection of micro-
or nanoparticles. This procedure is less invasive than surgical implantation as
the particles can be injected as a dispersion, typically via a 18- to 30-gauge needle
[183]. Several polymers have been explored for use as intraocular drug delivery
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systems; however, the use of PLA and PLGA remains the most popular due to
their biocompatibility and lack of retinal cytotoxicity [184, 185]. The develop-
ment of vitreal clouding and subsequent loss of vision is of concern with
intravitreal injection of particulates. However, it has been reported that micro-
spheres larger than 2 pm sink in vitreal fluid, alleviating the problem of clouding,
and thus making intravitreal injections of microspheres clinically feasible [186].

Although a microparticle or nanoparticle system has not yet been approved
for intraocular injection, a variety of preclinical studies have shown promise for
an assortment of diseases including proliferative vitreoretinopathy (PVR), ocular
neovascularization, and cytomegalovirus retinitis (CMV). Antiproliferative
agents including 5-fluorouracil (5-FU), adriamycin, and retinoic acid have
been used as treatments of PVR. Moritera and co-workers demonstrated that,
depending on the molecular weight of the polymer, 5-FU could be released from
PLA microspheres for up to 7 days and completely disappeared from the vitreous
humor in 6 weeks [185]. In further investigations using the same PLA delivery
system, a dose of 10 pg of adriamycin resulted in a significant decrease in the
number of detached retinas as compared to controls in a rabbit model [187].
Similarly, Giordano et al. showed that retinoic acid could be delivered at a
constant rate of 6 pg/day for 40 days from PLGA microspheres. In a PVR rabbit
model, a single injection of this formulation was effective at reducing the
incidence of retinal detachment after 2 months [188]. After the success of
Vitrasert, ganciclovir-loaded PLGA microspheres for the treatment of CMV
have been investigated to eliminate complications associated with the implanta-
tion and replacement of the device. Veloso et al. demonstrated that ganciclovir
microspheres were capable of controlling disease progression in CM V-inoculated
rabbit eyes [189]. There have been investigations into the use of intravitreally
administered nanoparticles. Bourges et al. demonstrated that, after a single
intravitreal injection of PLA nanoparticles, transretinal migration of the nano-
particles occurred with gradual uptake in the retinal pigment epithelium (RPE)
cells. These nanoparticles were still present 4 months postinjection [190]. Follow-
up studies by the same group demonstrated in vivo that these nanoparticles,
loaded with red nuclear fluorescent protein plasmid, were specifically targeted to
the RPE cells. Gene expression within the RPE cells occurred as early as 4 daysand
remained detectable for 14 days [191]. Although still in the early stages of
development, this passive targeting mechanism shows potential in the treatment
of diseases affecting the retina, such as macular degeneration.

9.4.8 Thermoreversible Gels for Intratumoral Injection

Thermoreversible gels composed of triblock copolymers demonstrate great
potential as drug delivery systems. The first of these systems investigated were
Pluronic gels used for the delivery of a variety of agents including anticancer
drugs and peptides [192, 193]. The downfall of this approach is the lack of
polymer biodegradability and potential toxicity [194] as well as the rapid
dissolution of the gel, limiting the use as drug delivery systems for controlled
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drug release [195]. Triblocks composed of PEG and PLGA with ABA or BAB
architecture, in which A represents the PLGA block and B the PEG block, also
display thermoreversible characteristics [196, 197]. The added advantage of
biodegradability and the formation of solid, slowly dissolving implants make
these materials good candidates for delivery systems.

A considerable amount of research on the synthesis, characterization, and use
of PEG—PLGA—PEG copolymers as delivery systems has been done by Jeong
and co-workers [198—199]. If the polymer is present as a solution above a
concentration termed the critical gel concentration (CGC), the solution will exist
as a freely flowing sol below a temperature termed the critical gel temperature
(CGT). If the solution is heated above the CGT, the solution undergoes a phase
transition to a nonflowing gel. At sufficiently high temperatures the gel will
undergo another phase change back to a sol. The lower temperature phase
transition (i.e., the sol-to-gel transition) is particularly useful for drug delivery
applications. This property allows for the injection of the material into a body
cavity as readily flowing liquid. Upon heating in the body the polymer turns to a
semisolid gel, forming a depot. Although the mechanism of gelation for these
polymers is not fully understood, it has been attributed to a decrease in the
solubility of the copolymer in water as the temperature increases. This causes an
abruptincrease in aggregation number, resulting in micellar growth, close micelle
packing, and partial phase mixing of PEG and PLGA at the CGT [196, 200].

The PLGA—-PEG—PLGA triblock, currently marketed as ReGel, has been
used for the release of proteins such as insulin, porcine growth hormone,
granulocyte colony stimulating factor and recombinant hepatitis B surface
antigen [197, 201, 202]. This system remains at the site of injection for up to 1
month with controlled release of the encapsulated therapeutic occurring via a
combination of diffusion and polymer degradation mechanisms, which last
from 1 to 6 weeks [197]. Currently, ReGel is formulated with paclitaxel as a
product known as OncoGel and is being investigated for the treatment of
pancreatic [203], breast [197], and esophageal and primary brain cancers [204].

9.4.9 Drug-Eluting Coronary Artery Stents

Coronary artery disease is the leading cause of death in the United States with one
in every five Americans being affected [205]. Percutaneous coronary angioplasty
(PTCA) has become the mainstay in the surgical intervention of coronary artery
disease and has recently overtaken bypass surgery in terms of the number of
annual procedures [206]. A common complication of PTCA is the development
of restenosis, which is a wound healing response that results in the renarrowing of
the vessel wall due to elastic recoil, neointimal proliferation, and negative
remodelling [207]. The use of coronary artery stents, which are metal cagelike
structures deployed during PTCA and used to prop open the vessel, can
significantly decrease the occurrence of restenosis and subsequent major adverse
cardiac events (MACE), myocardial infarction, and death (Fig. 9.6) [208]. In
many cases, restenosis still occurs, resulting in the overgrowth of the stent in a
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process termed in-stent restenosis (Fig. 9.6). This often results in the need for
further angioplasty or bypass surgery. Drug-eluting stents emerged in the 1990s
as an elegant method of reducing in-stent restenosis. Typically, these devices are
metal stents that are either fully coated or abluminally coated with a drug-loaded
polymeric coating, which allows for the local delivery of the therapeutic agent ata
controlled rate (Fig. 9.7). The drugs selected for this application inhibit
the proliferation of vascular smooth muscle cells. The first of these devices were
the Cypher and Taxus stents using the drugs sirolimus and paclitaxel, respec-
tively. Both of these devices employed nondegradable polymer coatings, a
copolymer of ethylene and vinyl acetate for Cypher and a block copolymer
of polystyrene and polyisobutylene for Taxus. Compared to bare metal stents,
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these devices have demonstrated significantly decreased rates of restenosis [146,
209]. However, clinical trials have shown that there is an increased risk of death
and myocardial infarction up to 3 years after treatment due to late stent
thrombosis [210]. Late stent thrombosis involves rapid formation of a blood
clot within the stent due to incomplete endothelialization of the device. Although
the exact mechanisms causing late stent thrombosis have not been determined,
several factors have been implicated, including hypersensitivities to the coating
polymers[211]and delayed healing of the injury site due to the use of potent drugs
such as paclitaxel and sirolimus [212]. The next generation of stents are aimed at
reducing the risk of late stent thrombosis by utilizing new stent designs and drugs
tailored for the treatment of restenosis as well as more biocompatible, biode-
gradable polymers including PLA and PLGA as coating and strut materials.

The BioMatrix stent uses a stainless steel stent coated with PLA loaded with
Biolimus A9, a sirolimus analog that was specifically designed for the treatment
of restenosis. The drug is loaded only on the abluminal surface of the stent at a
concentration of 15.6 pg/mm of stent. The coating is reported to degrade over a
period of 6—9 months providing controlled drug release. In the first human
trials (STEALTH 1 trial) it was shown that the BioMatrix stent was more
effective at preventing in-stent late lumen loss and in-stent restenosis as
compared to bare metal stents [213]. Whether this design results in a lower
rate of late stent thrombosis will require a longer study.

The majority of stent platforms are retrofitted to enable the delivery of drugs to
the arterial wall by simply coating the strut with polymer—drug mixtures. This
can lead to deformation of the polymer coating during stent deployment, possibly
causing cracking and disruption of the coating. The CoStar stent developed by
Conor Medsystems is unique in that the stent strut is not coated but rather
contains polymer and drug-loaded wells (Fig. 9.8). This design prevents polymer
deformation during stent deployment. Furthermore, since the polymer is
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FIGURE 9.8 Medsystems CoStar stent contains polymer/drug-filled wells that can be
customized to directionally release one drug only abluminally (I) or two drugs
abluminally but at different times (II) or at the same time with one released abluminally
and the other luminally (III) [216].
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contained in a well, it limits the contact between the tissue and polymer,
potentially minimizing any polymer-induced inflammation and hypersensitivity
reactions [214]. These wells provide several options for customization to enable
directional and temporal release of drugs as illustrated in Figure 9.8 [215]. This
stent system also provides the capability to deliver two drugs simultaneously by
filling alternating wells with the agents.

The Conor stent has undergone several clinical trials, the first of which was the
paclitaxel in-stent controlled elution study (PISCES trial), which investigated the
safety and performance of different doses and release rates from the stent [216].
This study found that target lesion revascularization and MACE were lowest
with stents designed to release drug for 30 days as opposed to those that released
drug for 10 days, regardless of the paclitaxel loading. A follow-up study
(COSTAR trial) also found promising results with the long-release formulation
showing less late loss and binary restenosis. In a recent trial, COSTAR 11, it was
shown that CoStar failed to show noninferiority over the Taxus stent [217] and
has since been removed from the market. Since this time, Conor has been using
the same stent platform to develop a drug-cluting stent that will deliver two
drugs, paclitaxel and primecrolimus, as well as sirolimus as a single agent.

It is speculated that the occurrence of late stent thrombosis in the case of drug-
eluting stents may be due to the delay of growth of healthy endothelium over the
stent struts and the nondegradable coating [218]. The need for scaffolding of the
vessel and delivery to prevent initial neointimal growth is temporary and thus,
the use of fully bioresorbable stents may result in less late stent thrombosis as
they allow for the complete disappearance of the biomaterial [219]. The safety of
such stents was demonstrated by Tamai and co-workers who tested a PLLA stent
in humans, showing a similar safety profile as bare metal stents [220]. Abbott
Pharmaceuticals is currently developing a bioabsorbable drug-eluting stent
composed of a PLLA structure coated with everolimus-loaded PDLLA. The
stent is designed to release 80% of its 98-pg loading over 28 days with a peak
tissue concentration of 15 ng/mL occurring 3 hours after implantation. In a
recent clinical trial (ABSORB trial) the stent had a low rate of MACE of 3.3%
and no target lesion revascularizations or late stent thromboses after one year
[219]. Although it is too soon to determine whether these new stents truly are
safer than their metal counterparts, these early findings are promising.

9.4.10 Pulmonary Microparticles

The delivery of drugs via the pulmonary route has been used for decades for the
local delivery of drugs in treating respiratory diseases such as asthma and
chronic obstructive pulmonary disease. For several reasons, this route of
administration also holds promise for the delivery of therapeutics for systemic
circulation. The lungs have a high blood flow and provide a large surface ar