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Preface

Chitin and chitosan are known for their excellent biological properties, among
which the biocompatibility with human cells, the ordered regeneration of wounded
tissues, the immunoenhancing activity, the induction of immediate hemostasis, the
radical scavenging activity, and the antimicrobial activity. Recent studies indicate
that chitin and chitosan are most versatile in drug and gene delivery, elaborated
diagnostics, devices for selective recognition of tumor cells, and surgical aids
ranging from anti-adhesion gels to coated sterile stents.

The present volumes entitled “Chitosan for Biomaterials I and II” were con-
ceived to provide broad and thorough knowledge for highly advanced applications
of chitosan and its derivatives in the form of micro- and nanoparticles, nanocom-
posites, membranes, and scaffolds. The books consist of 15 chapters written in a
manner that meets the expectations of scientists in various disciplines.

Chapter 1 deals with the use of chitosan and its derivatives in gene therapy. The
effect of several parameters on transfection efficiency of DNA (or gene silencing of
siRNA) has been discussed. Moreover, specific ligand and pH-sensitive modifica-
tions of chitosan for improvement of cell specificity and transfection efficiency
(or gene silencing) are explained. Chapter 2 discusses the recent applications of
chitosan nano/microparticles in oral/buccal delivery, stomach-specific drug deliv-
ery, intestinal delivery, colon-specific drug delivery, and gene delivery. Chapter 3 is
focused on the recent developments of chitosan nanoparticles in bladder, breast,
colon, lung, melanoma, prostate, pancreatic, and ovarian cancer therapy. Chapter 4
reviews the design of chitosan-based thiomers and their mechanism of adhesion.
In addition, delivery systems comprising of thiolated chitosans and their in vivo
performance are discussed. The importance of chitosan in particulate systems for
vaccine delivery is emphasized in Chap. 5 according to administration routes,
particularly the noninvasive routes involving the oral and pulmonary mucosae.
Chapter 6 explains various multifunctional chitosan nanoparticles and their recent
applications in tumor diagnosis and therapy. Chapter 7 discusses the current
advances and challenges in the synthesis of chitosan-coated iron oxide nanoparti-
cles, and their subsequent surface modifications for applications in cancer diagnosis
and therapy. Chapter 8 reviews the recent updates of chemical modifications of

ix



X Preface

chitosan matrices using the cross-linking agents and their applications as drug-
eluting devices such as vascular stents, artificial skin, bone grafts, and nerve
guidance conduits. Chapter 9 discusses current efforts and key research challenges
in the development of chitosan and other polymeric bio-nanocomposite materials
for use in drug delivery applications. Chapter 10 provides an overview of chitosan
and its derivatives as drug delivery carriers. Here, a special emphasis has been
given on the chemical modifications of chitosan in order to achieve a specific
application in biomedical fields. Chapter 11 highlights different fabrication meth-
ods to produce chitosan-based scaffolds. Moreover, the suitability of chitosan-
based scaffolds for bone, cartilage, skin, liver, cornea, and nerve tissue engineering
applications is discussed in this chapter. Chapter 12 discusses about chitosan and its
derivatives as biomaterials for tissue repair and regeneration. In addition, integra-
tion with cell growth factors, genes, and stem cells, applications of the chitosan-
based biomaterials in the repair of skin, cartilage, bone, and other tissues are dealt
with. Chapter 13 examines the different mechanisms and bond strengths of chitosan
coatings to implant alloys, coating composition and physiochemical properties,
degradation, delivery of therapeutic agents such as growth factors and antibiotics,
and in vitro and in vivo compatibilities. Chapter 14 highlights the beneficial
activities of chitosan, and then it directs attention to the important developments
of certain technologies capable to expand the surface area of chitosans, with
impressive performance improvements in various applications such as drug deliv-
ery and orthopedic scaffolds. Finally, Chap. 15 discusses production, properties,
and applications of fungal cell wall polysaccharides such as chitosan and glucan.

Summer 2011 R. Jayakumar
R.A.A. Muzzarelli
M. Prabaharan
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Polymeric Bionanocomposites as Promising
Materials for Controlled Drug Delivery

M. Prabaharan and R. Jayakumar

Abstract Polymeric bionanocomposites (PBNCs) have established themselves as a
promising class of hybrid materials derived from natural and synthetic biodegradable
polymers and organic/inorganic fillers. A critical factor underlying biomedical nano-
composite properties is the interaction between the chosen matrix and the filler. This
chapter discusses current efforts and key research challenges in the development of
these composite materials for use in potential drug delivery applications. PBNCs
discussed here include layered PBNCs, quantum-dot-loaded PBNCs, clay-dispersed
PBNCs, carbon-nanotube-loaded PBNCs, core—shell PBNCs, hydrogel-based
PBNCs, and magnetic PBNCs. We conclude that PBNCs are promising materials
for drug delivery applications.

Keywords Bionanocomposites - Drug delivery - Polymers - Hydrogels
Quantum dot
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1 Introduction

Polymeric bionanocomposites (PBNCs) form a fascinating interdisciplinary area that
brings together biology, materials science, and nanotechnology. New PBNCs are
impacting diverse areas, in particular, biomedical science. Generally, PBNCs are the
result of the combination of biodegradable polymers and inorganic/organic fillers at
the nanometer scale. The extraordinary versatility of these new materials springs from
the large selection of biopolymers and fillers available to researchers. Existing biopo-
lymers include polysaccharides, aliphatic polyesters, polypeptides and proteins, and
polynucleic acids; fillers include clays, hydroxyapatite, and metal nanoparticles [1].

The interaction between filler components of nanocomposites at the nanometer
scale enables them to act as molecular bridges in the polymer matrix. This is the basis
for the enhanced mechanical properties of the nanocomposite as compared to conven-
tional microcomposites [2]. PBNCs add a new dimension to these enhanced properties
in that they are biocompatible and/or biodegradable materials. For the sake of this
review, biodegradable materials can be described as materials that are degraded and
gradually absorbed and/or eliminated by the body, whether degradation is caused
mainly by hydrolysis or mediated by metabolic processes [3]. Therefore, these
PBNC:s are of immense interest for biomedical technologies such as tissue engineer-
ing, bone replacement and repair, dental applications, and controlled drug delivery.

Current opportunities for PBNCs in the biomedical arena arise from the multitude of
applications and the vastly different functional requirements for each of these applica-
tions. For example, the screws and rods that are used for internal bone fixation bring the
bone surfaces in close proximity to promote healing. This stabilization must persist for
weeks to months without loosening or breaking. The modulus of the implant must be
close to that of the bone for efficient load transfer [4, 5]. The screws and rods must be
noncorrosive, nontoxic, and easy to remove if necessary [6]. Thus, a PBNC implant
must meet certain design and functional criteria regarding biocompatibility, biodegrad-
ability, mechanical properties, and, in some cases, aesthetic demands. The underlying
solution to the use of PBNC:s in vastly differing applications is the correct choice of
matrix polymer chemistry, filler type, and matrix—filler interaction.

This article discusses current efforts and focuses on key research challenges in the
emerging usage of PBNCs for potential drug delivery applications. In drug therapys, it
is important to provide therapeutic levels of pharmaceutically active agents to the site
of action and maintain them during the treatment. Furthermore, it is necessary to
minimize temporal variations in drug concentration that can lead to periods of over-
dosing. Modified release technologies are employed to deliver active ingredients in a
controlled manner, providing some actual therapeutic temporal and/or spatial control



Polymeric Bionanocomposites as Promising Materials for Controlled Drug Delivery 3

of drug release. In this respect, PBNCs could be potential carriers for controlled drug
delivery due to their enhanced functionality and multifunctional properties, in con-
trast to their more-limited single-component counterparts.

2 Drug Delivery

2.1 Layered PBNCs

For the past four decades, polymer-layered silicate nanocomposites have attracted
intense research interest with the promise of applications across many industries.
However, the proposed widespread commercial use of this technology has not been
fully realized, with a few notable exceptions in automotive, barrier (packaging), fire
retardant, and structural applications. This slow progress is in part due to the difficul-
ties in melt-blending nanoclays and polymers at elevated temperatures to achieve a
homogeneous dispersion of nanoclay platelets in the polymer matrix without degra-
dation of both polymer and nanoclay. This constraint is in part eliminated for low
melting point biodegradable polymer/biopolymer layered silicate nanocomposites,
such as those with poly(caprolactone) [7, 8], poly(ethylene glycol) PEG [9], poly
(ethylene-oxide) PEO [10], polylactides [11, 12] and poly(4-vinylpyrrolidone)
P4VP [13], where improved mechanical and functional stability of biopolymers
can be achieved. Concomitant with the development of polymer nanocomposites,
there has been renewed interest in the area of hot-melt extrusion as a technique for
the preparation of polymer/biomolecule composite materials for drug delivery
[14]. The main advantage of using extrusion technology is the ability to move
from the batch processing normally used for polymer and drug manufacture to a
continuous process. This enables consistent product flow at relatively high through-
put rates, such that a drug-loaded polymer can be extruded, for example, into a sheet
or thin film for patches or into a tube for catheters or other medical tubing.
Furthermore, the bioactive-molecule-loaded extrudate can be pelletized followed
by secondary melt processing, such as injection molding to make heart valves.

A number of researchers have examined the use of hot-melt extrusion to prepare
biomedical polymer—drug mixtures, e.g., hydroxypropylcellulose [15], PEO [16],
and a commercially available melt-extruded formulation called Kaletra [17].
Other groups have used solution cast methods to produce drug-loaded polymer
nanocomposites in the form of hydrogels [18], nanoparticles [19], and solution cast
nanocomposites [20] although the latter has limitations with regard scale-up of the
process and is not environmentally friendly. Drug release from polymeric matrices
has been modeled by different researchers [21], and the mechanism of drug release
from solid dispersions in water-soluble polymers has been reviewed by Craig [22].
Molecular interactions between the drug molecule and polymer chains also affect
the mechanism of drug release. Layered silicates alone have also been used in
pharmaceutical applications as adsorbents, thickeners, and excipients [23]. Recent
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Fig. 1 FE-SEM images of fractured surfaces of (a) PEG, (b) PEG loaded with paracetamol and
montmorillonite, PEGP5M1, (¢) PEGP5M1 and (d) PEG loaded with paracetamol and fluoromica,
PEGP5SS [27]

research has outlined the use of layered silicates [24], mesoporous silicates [25],
and double-layered hydroxides as drug and gene delivery vehicles [26].

Recently, composites of paracetamol-loaded PEG with a naturally derived
and partially synthetic layered silicate (nanoclay) were prepared using hot-melt
extrusion [27]. The extent of dispersion and distribution of the paracetamol and
nanoclay in the PEG matrix was examined using a combination of field emission
scanning electron microscopy (FE-SEM) (Fig. 1), high resolution transmission
electron microscopy (HR-TEM) and wide-angle X-ray diffraction (WAXD). The
paracetamol polymorph was shown to be well dispersed in the PEG matrix, and the
nanocomposite to have a predominately intercalated and partially exfoliated mor-
phology. The form 1 monoclinic polymorph of the paracetamol was unaltered after
the melt mixing process. The crystalline behavior of the PEG on addition of both
paracetamol and nanoclay was investigated using differential scanning calorimetry
(DSC) and polarized hot-stage optical microscopy. The crystalline content of PEG
decreased by up to 20% when both drug and nanoclay were melt-blended with PEG,
but the average PEG spherulite size increased by a factor of 4. The time taken for
100% release of paracetamol from the PEG matrix and corresponding diffusion
coefficients were significantly retarded on addition of low loadings of both natu-
rally occurring and partially synthetic nanoclays. The dispersed layered silicate
platelets encase the paracetamol molecules, retarding diffusion and altering the
dissolution behavior of the drug molecule in the PEG matrix.

Kevadia et al. reported the intercalation of procainamide hydrochloride (PA),
an antiarrythmia drug in montmorillonite (MMT), as a new drug delivery device
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Fig. 2 Release profiles of PA a
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[28]. Optimum intercalation of PA molecules within the interlayer space of
MMT was achieved by means of different reaction conditions. Intercalation
of PA in the MMT galleries was confirmed by X-ray diffraction, FT-IR, and
thermal analysis (DSC). In order to retard the quantity of drug release in the gastric
environment, the prepared PA-MMT composite was compounded with alginate
(AL), and further coated with chitosan (CS). The surface morphology of the
PA-MMT-AL and PA-MMT-AL-CS nanocomposites beads was analyzed by
SEM. The in vitro release experiments revealed that AL and CS were able to retard
the drug release in gastric environments, and release the drug in the intestinal
environments in a controlled manner (Fig. 2). The release profiles of PA from
composites were best fitted in Higuchi kinetic model, and Korsmeyer—Peppas
model suggested diffusion controlled release mechanism.

Thin films and coatings that sustain the release of DNA from surfaces could
play an important role in the development of localized approaches to gene therapy
[29]. For example, polymer-coated intravascular stents have been used to localize
the delivery of DNA to the vascular wall and could lead to innovative gene-based
treatments for vascular diseases or related conditions [30]. Likewise, plasmid-
eluting polymer matrices have been applied to the localized delivery of DNA to
cells in the context of tissue engineering [31]. Although degradable polymer
matrices can be used to sustain the release of encapsulated DNA, general methods
for the localized, efficient, and sequential delivery of DNA from thin films and
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E1) Polymer 1 \
2) pEGFP —
- 5 100nm pH72 —
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b Multilayered film Release
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|
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Fig. 3 (a) Layer-by-layer fabrication of a multilayered film from alternating layers of degradable
polymer 1 (gray) and a plasmid DNA encoding enhanced green fluorescent protein (pEGFP, dark
gray). Incubation of this material under physiological conditions results in the gradual release of
DNA. (b) Direct and localized transfection of cells using a quartz slide coated with a multilayer
polymer 1/DNA film. Coated quartz slides are placed manually on top of cells growing on the
surface of a tissue culture dish

surfaces do not yet exist. Recently, multilayered polyelectrolyte assemblies 100 nm
thick fabricated from alternating layers of a degradable cationic polymer and
plasmid DNA were used to localize the delivery of DNA to cells growing in contact
with or in the vicinity of macroscopic film-coated objects (Fig. 3) [32]. In addition to
the localization of DNA at the surface of film-coated substrates, it was found
that these films present DNA in a condensed form that may influence and enhance
the internalization and processing of DNA by cells. The layer-by-layer assembly
approach used in this study provides control over the location and distribution
of plasmid DNA in thin, nanostructured films that can be fabricated onto a variety
of complex macroscopic substrates. As such, the materials and approaches reported
here could represent an attractive framework for the local or non-invasive delivery
of DNA from the surfaces of implantable materials or biomedical devices. The
design principles outlined above introduce new opportunities for design of more
advanced layered materials that enhance or influence further the mechanisms
through which DNA and other biological materials are internalized.

Recently, layered double hydroxide (LDH) biopolymer nanocomposites were
prepared using new hybrid materials based on the combination of LDH and
two biopolymers (a protein and a polysaccharide) as an effective drug delivery
material [33]. In this study, Ibuprofen (IBU) was chosen as a model drug, being
intercalated in a Mg—Al LDH matrix. The resulting hybrid was used to prepare
bionanocomposite materials by association with two biopolymers: zein, a highly
hydrophobic protein, and alginate, a polysaccharide widely applied for encapsulat-
ing drugs. Preliminary kinetic studies of IBU liberation from PBNCs processed as
beads showed a better protection against drug release at the stomach pH
and a controlled liberation in the intestinal tract conditions. This effect can be
attributed to the hydrophobic nature of zein, which limits the passage of water and
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swelling of biocomposite beads prepared with such systems, delaying the release of
the drug.

2.2 Quantum-Dot-Loaded PBNCs

Natural biodegradable polymers such as dextran and chitosan have been considered
for targeted drug delivery [34], and quantum dots (QDs) are being explored for
imaging the distribution of drug in vivo [35]. The unique integration of drug
targeting and visualization has high potential to address the current challenges in
cancer therapy. Thus, it is attractive to consider the possibility of investigating a
system that combines the biodegradable material, chitosan, and the semiconductor
QDs. Monodispersed ZnO QDs of size 2—4 nm were successfully synthesized by a
chemical hydrolysis method and exhibited a strong blue emission at ~440 nm [36].
The experimental scheme depicted in Fig. 4 enabled fabrication of water-dispersed
Zn0O-QD-chitosan-folate carrier loaded with the anticancer drug, doxorubicin. The
experimentally observed drug loading efficiency was ~75%. Chitosan enhances
the stability of the QDs because of the hydrophilicity and cationic charge
characteristics of chitosan. The drug release response of doxorubicin hydrochloride
(DOX)-loaded ZnO-QD-chitosan-folate carrier was characterized by an initial
rapid drug release followed by a controlled release.

OH
OH

o o  nNT | CH,NH- @||—NH CH-COOH
.
PN
N N

CH2 CH,-COOH

HoN
o0 NH Folic acid
Chitosan
EDC, DMSO
pH, 4.7
OH
o o
OH
N H
NT ‘ X CHy-NH- —NH- CH COOH
)\ — CH2 CH,-CONH
HoN N

Fig. 4 Encapsulation of quantum dots with folate-conjugated chitosan. EDC 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide, DMSO dimethylsulfoxide
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2.3 Clay-Dispersed PBNCs

In the last few decades, hybrid systems composed of clay particles dispersed in a
polymer matrix have been designed to obtain polymer—clay nanocomposites
(PCNC) with new and interesting properties. In these systems, the dispersed
particles have at least one dimension in the nanometer range and, consequently,
there are strong interfacial interactions between the polymer matrix and clay particles
as opposed to conventional composites. PCNC have attracted great interest due to
the wide range of advantageous properties compared to the free polymers, such as
increased mechanical strength, thixotropy, reduced gaseous permeability, and higher
heat resistance, even though the quantity of clay might be 5% or less. As a result of
these advantageous properties, PCNC have been proposed for several applications in
biochemical and pharmaceutical fields [37].

Both biopolymers and clay minerals have been proposed as adequate supports
for new drug delivery systems. The use of PCNC for drug delivery purposes appears
to be an interesting strategy for improving the features of both clays and polymers
[38]. The properties of the drug delivery systems based on PCNC can be modulated
by suitable choice of nanocomposite component materials (i.e., the polymers and
clays used) and/or manufacturing conditions. Several methods have been described
for loading the drug into PCNC. For example, the drug can be adsorbed on the
composite surface by suspending the nanocomposites in an active solution and
allowing the drug molecules to interact with the PCNC [39]. Another possible
loading process could be provided by preparing the polymer—clay nanocomposite
in the presence of the active ingredient, i.e., by mixing the polymer matrix,
clay particles, and the active ingredient [19]. Coating methods are an interesting
possibility for obtaining the modified drug delivery PCNC systems. For example,
drug granules of pellets can be partially or completely coated with a solution of the
PCNC by using a piece of fluid bed equipment [40]. The release pattern of the
encapsulated drug particles can be controlled by the thickness of the PCNC coating
and the size of the active ingredient particles. Otherwise, nanoparticles can be
obtained by coating of inert particles with a first drug layer (reservoir) and then
with a PCNC layer (diffusion layer).

Regarding the mechanisms of drug release from the PCNC, diffusion of the drug
molecules through the PCNC matrices, swelling or erosion of the PCNC, and ionic
interaction between the drug molecules and the polymer and/or clay have been
proposed. Frequently, drug release results have been explained on the basis of
different mechanisms. For example, the complexation of magnesium aluminum
silicate (MAS) with alginate beads improved the entrapment efficiency of diclofenac.
The release rate of the beads followed different kinetics depending on the release
medium, being controlled by interaction between the clay and the polymer, which led
to an increase in the tortuosity of the swollen beads. Additionally, this interaction
caused a stronger gel matrix and a slower disintegration of the beads, compared to
non-clay-reinforced beads, which led to the slower release rate of diclofenac. In a
recent work, Lu and Mai examined most of the existing models for interpreting the
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permeability of PCNC and proposed a tortuosity-based model, taking into account the
possible PCNC morphologies, i.e., intercalating, flocculating, and exfoliating and
modifying the previous models to consider the random motion of gas and/or liquid
molecules in the constrained environment of the PCNC [41].

2.4 CNT-Loaded PBNCs

In recent years, there has been intense interest in carbon nanotubes (CNTs) because
of their unusual physical properties and large application potential, covering a
broad range, in nanotechnology [42]. With their remarkable tensile strength, high
resilience, flexibility, and other superlative electrical, and physico-chemical proper-
ties, CNTs have been of paramount importance to researchers in recent years [43].
The large surface area together with the above-mentioned properties has also made
CNTs and their derivatives attractive and potential candidates for nanoelectronics,
nanolithography, composite materials, sensors, optical actuators, biomolecular
recognition, and biomedical applications including DNA modification, drug delivery,
and gene delivery [44]. In general, it is widely acknowledged that the chemical
modification of CNT surfaces with functional monomers and polymers or physical
wrapping of the polymers over the surface of the nanotubes are the methods for
making CNT—polymer hybrid materials with tailor-made properties and function-
alities [45]. Kumar et al. reported a simple method for the functionalization of
multiwalled carbon nanotubes (MWNTSs) with a biomedically important polymer,
poly(2-hydroxyethyl methacrylate) [poly(HEMA)], by chemical grafting of HEMA
monomer followed by free radical polymerization (Fig. 5). The nanotubes were first
oxidized with a mixture of concentrated nitric acid and sulfuric acid (1:3), in order
to obtain carboxylic acid functionalized MWNTs. Then, the grafting of HEMA on
to the surface of MWNTs was carried by chemical functionalization of HEMA with
acid chloride-bound nanotubes by esterification reaction [46]. FT-IR was used to
identify functionalization of -COOH and HEMA groups attached to the surface of
the nanotubes. The presence of poly(HEMA) on the nanotubes was confirmed by
FE-SEM, TEM, and thermogravimetric analyses. Additionally, the dispersibility
of the polymer-functionalized nanotubes in methanol was also demonstrated.
Considering the biomedical importance of poly(HEMA) and the recent successful
in vivo studies on CNTs, these materials are expected to be useful in the pharma-
ceutical industry as novel biomaterials composites with potential applications in
drug delivery.

A specially designed CNT has been developed for use in the early detection and
treatment of cancer. The key functionalities for biomedical diagnosis and drug
delivery are incorporated into the CNTs. Guo et al. assembled the nanotubes with
different properties and functionalities based on a unique nanoscale design [47]. An
idealized representation of the nanostructure design for in vivo imaging and drug
storage is schematically illustrated in Fig. 6. The hollow core and polymer-coated
surfaces of the nanotube can be used to store antitumor agents such as paclitaxel as
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a consequence of non-covalent adsorption. For deep tissue imaging, the outer
surface of the nanotube is conjugated with luminescent materials such as QD. In
this study, in vivo imaging of live mice is achieved by intravenously injecting
QD-conjugated CNTs. With near-IR emission around 752 nm, the CNTs with
surface-conjugated QDs (CNT-QD) exhibit a strong luminescence for non-invasive
optical in vivo imaging. CNT surface modification is achieved by a plasma poly-
merization approach that deposits ultrathin acrylic acid or poly(lactic-co-glycolic
acid) (PLGA) films (~3 nm) onto the nanotubes. The anticancer agent paclitaxel is
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loaded at 112.5 + 5.8 mg mg ™' to PLGA-coated CNT. Cytotoxicity of this novel
drug delivery system is evaluated in vitro using PC-3MM2 human prostate carcinoma
cells and quantified by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The in vivo distribution determined by inductively coupled
plasma mass spectrometry (ICP-MS) indicates CNT-QD uptake in various organs of
live animals.

2.5 Core=Shell PBNCs

For most biomedical applications, it is necessary to use biomacromolecules to
impart biological functionality and biocompatibility [48]. However, it remains a
challenge to incorporate biomacromolecules, such as proteins, into core—shell
nanoassemblies due to their fragility. On the other hand, bionanoparticles (BNPs),
such as viruses and virus-like biogenic assemblies, are promising building blocks
for materials development because they are monodisperse in size and shape, and
can be functionalized in a robust, well-defined manner [49]. Various functional
structures can be obtained through hierarchical self-assembly of BNPs [50].
Recently, a versatile strategy based on noncovalent interactions of BNPs and
polymers has been developed to obtain raspberry-like core—shell biocomposites
[51]. To enhance the polymer/oligomer—virus interactions, functional groups pro-
moting hydrogen bonding and electrostatic interactions are necessary. Therefore,
P4VP was employed in this study because it is well known that PAVP and block
copolymers comprising P4AVP can assemble with other polymers or nanoparticles to
form various morphologies. As shown in Fig. 7, the Cow Pea mosaic virus
(CPMV)-co-P4VP nanocomposite was obtained by mixing aqueous solutions of
CPMV and P4VP to prepare biocomposite spheres. The structures have very good
coverage of the NPs on the surface of polymeric spheres, as characterized by
TEM and FE-SEM analyses. Since BNPs, such as viruses and virus-like particles,
ferritins, heat shock protein cages, and enzyme complexes, are highly organized
scaffolds with robust chemical and physical properties and fascinating structural
symmetries, myriad BNPs have drawn attention in the past decade in functional
materials development [52]. This method allows the synthesis of hierarchically
assembled composite colloids using BNPs as building blocks, which will lead

CPMV
*### Water/DMF Dialysis
* 4 S —
W\ CPMV-co-P4VP
P4VP

Fig. 7 Formation of CPMV-co-P4VP raspberry-like nanocomposites through noncovalent
interactions
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to broad potential applications including drug delivery and tissue engineering.
Moreover, this approach should be applicable to other types of polymers and
biomacromolecules.

Micro- and nanoparticles of biocompatible and biodegradable polymers such
as poly(lactic-co-glycolic acid) (PLGA) are widely used as delivery devices for
the administration of sensitive biopharmaceuticals such as proteins, peptides, and
genes. PLGA composite particles combine at least two different materials, i.e., the
polymeric excipient PLGA and one or more active pharmaceutical ingredients. This
leads therefore to a number of quality criteria, e.g., drug loading (i.e., the drug
fraction in the drug—polymer co-formulation), encapsulation efficiency (i.e., the
fraction of the drug used in the process that is encapsulated in PLGA), or homogeneity
and stability of the produced co-formulations. Finally, there are further aspects of
product quality related to pharmaceutical activity that can be assessed in specific
testings, either in vitro or in vivo. Kluge et al. prepared PLGA micro/nanocomposite
using supercritical fluid extraction of emulsion process [53]. By variation of PLGA
concentration and stirring rate during emulsion preparation, particles of pure PLGA
with average sizes ranging between 100 nm and a few micrometers with very
narrow size distributions have been produced in a controlled and reproducible
manner (Fig. 8). Moreover, lysozyme has been used for the formation of composite
particles with PLGA. Three different encapsulation methods have been investigated
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Fig. 8 Strategies for drug encapsulation into PLGA particles
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and evaluated by determining the corresponding encapsulation efficiencies. With
the method of in situ suspension emulsions, an encapsulation efficiency of up to
48.5% has been achieved. The current study highlights the potential of supercritical
fluid extraction of emulsion as an attractive and scalable process for the manu-
facturing of drug—PLGA composite particles for pharmaceutical applications.

2.6 Hydrogel-Based PBNCs

Chitosan, a polysaccharide derived from naturally abundant chitin, is currently
receiving a great deal of interest for biomedical application because of good biocom-
patibility, biodegradability, and bioactivities [54]. Chitosan-based thermosensitive
hydrogel systems have been extensively studied for biomedical applications, e.g.,
drug delivery [55] and tissue engineering [56]. All of them are injectable liquids
at low temperature and transform to semisolid hydrogels at body temperature. This
is mainly because the temperature-responsive hydrogels do not require organic
solvents, copolymerization agents, or externally applied trigger for gelation suitable
for biomaterial applications [57].

Chenite et al. [58] first developed a novel approach for production of thermosensi-
tive neutral hydrogel based on chitosan/polyol salt combinations that could undergo
sol—gel transition at a temperature close to 37°C. Other researchers also evaluated
the hydrogel for use in pharmaceutical applications [59] and cartilage repair [60].
Many modified chitosan polymers also have thermosensitive characteristics, such as
PEG-grafted chitosan [61], hydroxybutyl chitosan [62], N-isopropylacrylamide-
grafted chitosan [63] and quaternized chitosan [64]. All of them are injectable liquid
at low temperature and transform to semisolid hydrogels at body temperature. There-
fore, they have a broad range of medical applications, particularly for sustained
in vivo drug release and tissue engineering. However, the burst delivery of drug-
loaded gels is obvious. This disadvantage can restrict their application as biomaterials.
Nanoparticles have been proposed as drug delivery systems with potential applica-
tions such as prolonging the residence time of drugs in the blood circulation [65] or
improving transmucosal transport of macromolecular bioactive compounds [66]. In
recent years, nanoparticles based on polyelectrolyte complexes from oppositely
charged macromolecules as controlled drug release formulations, especially for
peptide and protein drug delivery, have attracted considerable attention [67].

Polyelectrolytes are macromolecules carrying a relatively large number of func-
tional groups that either are charged, or that can become charged under suitable
conditions, [68]. The macromolecules may constitute either polycations or polya-
nions, depending on their functional group type. Polyelectrolyte complexes are
therefore formed by the reaction of one polyelectrolyte with another oppositely
charged polyelectrolyte in an aqueous solution. The process is simple, feasible, and
usually performed under mild conditions. Another advantage of this system is that
since preparation of the complex is through physical crosslinking by electrostatic
interactions instead of chemical crosslinking; the possibility of toxicity associated
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with crosslinking reagents involved in chemical crosslinking processes can be
eliminated. Among these polymers, polysaccharides have been frequently studied
for drug delivery and medical applications. A few papers [69, 70] also reported the
quaternized chitosan nanoparticles were biocompatible and nontoxic according to
cytotoxicity assay and have been used as an antibacterial agent, drug, and gene
delivery system. Through the electrostatic effect of -N*(CH3); and -COO~, the
nanoparticles of N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chloride—
carboxymethyl chitosan were prepared. The nanoparticles with different charges
were obtained by the different ratio of -N*(CHjz); and -COO~, which were suitable
for drug delivery with opposite charges, such as propranolol and diclofenac sodium.
Recently, the synthesis and characterization of a thermosensitive chitosan/poly(vinyl
alcohol) (PVA) composite hydrogel containing nanoparticles with different charges
for drug delivery were reported [71]. The release of the positive drug was slowest
with hydrogels containing negative nanoparticles. Similarly, the release of the nega-
tive drug was slowest with hydrogels containing positive nanoparticles. However, the
releases of the two drugs were both the fastest with the pure hydrogels. This indicated
that the addition of nanoparticles was helpful in slowing the suitable drug release.
Though the nanoparticles did not reinforce the gel strength, the electrostatic
effect between nanoparticles and drugs reduced the burst release. Therefore, the
composite gels are attractive for application as carriers for drug delivery.

Triggered delivery of drugs can also be achieved with nanocomposites by using
polymers that respond to external stimuli such as temperature. In one example, Wu
et al. reported on the temperature-dependent sol—gel transitions in thermosensitive
nanocomposite hydrogels made from Laponite nanoplatelets and Pluronic-type poly-
mers [72]. Pluronics are thermosensitive triblock copolymers composed of poly
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO), and
are important in injectable applications. The fast dissolution properties of pure Pluro-
nic hydrogels hinder their use for long-term drug release applications. The addition of
silicate nanoparticles was found to shift the phase transition temperature and to
enhance the dissolution resistant properties of the hydrogels. As a consequence, the
release of a macromolecular model drug, albumin, could be significantly lengthened.

A study by Lee and Chen described how to deliver model drugs from hydrogels
made of acrylic acid-poly(ethylene glycol) methyl ether acrylate and natural
Bentonite clay nanoparticles [73]. These authors found that the elution kinetics are
strongly dependent on the interactions between the surface charges of the clay and the
drug. Vitamin B12 (zwitter ionic), vitamin B2 (uncharged), crystal violet (cationic),
and phenol red (anionic) were used as model drugs. Attractive interactions between
the negatively charged silicate surfaces and the drug resulted in slower release rates,
whereas repulsive interactions between the two increased the rate of drug elution. The
authors highlighted the mucoadhesive properties of their hydrogels that increase
the efficiency of drug delivery. Another similar study by Takahashi et al. described
the ability of a PEO-polyamide blockcopolymer-Laponite nanocomposite to deliver
an uncharged hydrophobic model drug, pyrene [74]. The molecular interactions
between the Laponite and the pyrene resulted in sustained release drug delivery
profiles of a period of weeks.
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2.7 Magnetic PBNCs

With the growing interest in nanocomposites and their applications in biology and
medicine, studies examining the biocompatibility of those materials are crucial.
Magnetic hydrogel nanocomposites based on poly (N-isopropylacrylamide) and
iron oxide nanoparticles were fabricated via UV-polymerization with tetra(ethylene
glycol) dimethacrylate acting as the crosslinking agent [75]. In vitro biocompatibil-
ity analysis via NIH 3T3 murine fibroblast cytotoxicity was investigated. The
fibroblasts in both direct and indirect contact with the hydrogels exhibited favorable
cell viability, indicating minimal cytotoxicity of the systems. In addition, swelling
studies indicated that hydrogels with lower crosslink densities yield higher
swelling ratios and that the presence of magnetic nanoparticles did not affect
the swelling response of the hydrogel systems. Upon exposure to an alternating
magnetic field, the hydrogel nanocomposites with iron oxide nanoparticles showed
the capability of remote heating (Fig. 9). This evaluation shows that these hydrogels
have the potential to be used in biomedical applications such as drug delivery and
hyperthermia for cancer treatment.

Surface control of magnetic nanoparticles is gaining in importance because
surface modification has been proven useful in a wide range of technological
applications, including electronics and photonics, heterogeneous catalysis, chemical
sensing, water remediation, information storage, and medical diagnosis [76]. Com-
pared to polymer coatings, silica-coated nanoparticles represent one alternative for
increasing relaxivity and expanding modularity through different chemistries [77].
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Recently, monodisperse iron oxide/microporous silica core—shell composite nano-
particles [core(y-Fe,03)/shell(SiO,)] with a diameter of approximately 100 nm
and a high magnetization were synthesized by combining sol—gel chemistry and
supercritical fluid technology [78]. The chemical process to fabricate the material is
shown in Fig. 10. This one-step processing method, which is easily scalable, allows
quick fabrication of materials with controlled properties and in high yield. The
particles have a specific magnetic moment (per kg of iron) comparable to that of
the bulk maghemite and show superparamagnetic behavior at room temperature.
The nanocomposites are proven to be useful as T2 magnetic resonance imaging
agents. They also have potential to be used in nuclear magnetic resonance (NMR)
proximity sensing, theranostic drug delivery, and bioseparation.

3 Conclusions

In this chapter, we have discussed an emerging group of PBNCs based on various
natural as well as synthetic polymers and nanofillers that are either used extensively
or show promise in biomedical fields. These novel materials vary from inorganic/
ceramic-reinforced nanocomposites for magnetic and mechanical enhancement to
peptide-based nanomaterials in which peptides are both the filler and the matrix,
with the chemistry designed to render the entire material biocompatible. Interest in
these PBNCs varies from application-oriented design to understanding a multitude
of structure—property relations. Requisite functional criteria include mechanical
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strength, biocompatibility, biodegradability, morphology, and a host of other para-
meters, depending on end use. However, at the basis of the performance of these
PBNC:s are interactions between the polymer and the filler, which can be tuned and
perfected to suit specific needs. We hope that further research into these interactions
will prove valuable in contemplating the design of novel PBNCs for biomedical
applications.
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Chitosan and Chitosan Derivatives in Drug
Delivery and Tissue Engineering

Raphaél Riva, Héloise Ragelle, Anne des Rieux, Nicolas Duhem,
Christine Jérome, and Véronique Préat

Abstract Chitosan is a nontoxic, biodegradable, and biocompatible polysaccha-
ride of B(1-4)-linked p-glucosamine and N-acetyl-p-glucosamine. This derivative of
natural chitin presents remarkable properties that have paved the way for the
introduction of chitosan in the biomedical and pharmaceutical fields. Nevertheless,
the properties of chitosan, such as its poor solubility in water or in organic solvents,
can limit its utilization for a specific application. An elegant way to improve or to
impart new properties to chitosan is the chemical modification of the chain,
generally by grafting of functional groups, without modification of the initial
skeleton in order to conserve the original properties. The functionalization is
carried out on the primary amine group, generally by quaternization, or on the
hydroxyl group. This review aims to provide an overview of chitosan and chitosan
derivatives used for drug delivery, with a special emphasis on chemical
modifications of chitosan to achieve specific biomedical purpose. The synthesis
of the main chitosan derivatives will be reviewed. The applications of chitosan and
these chitosan derivatives will be illustrated.
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1 Introduction

Polymers are extensively used for the delivery of an active pharmaceutical ingredient.
They can form a matrix or membrane that can control the release of a drug over
a prolonged period, thus avoiding repetitive dosing. They can also be used to
form (nano)carriers to deliver drugs, in particular poorly soluble drugs or
biotechnology-based drugs. Both systems can protect the drug from degradation.
Moreover, when the carrier is functionalized by a targeting agent, the encapsulated
drug may be selectively released inside or near a specific tissue or organ. Polymeric
delivery systems can modify the pharmacokinetics of a drug, leading to a higher
therapeutic index by decreasing the side effects and/or increasing efficacy. Several
polymeric drug delivery systems such as nanoparticles, micelles, hydrogels, or
matrices are being studied worldwide. Generally, these systems are composed of a
biocompatible polymer, degradable or not, and of an active pharmaceutical ingredi-
ent dispersed or covalently bound to the polymer. The release of the drug usually
occurs by diffusion through the polymer, by degradation of the polymer, or by
disorganization of the supramolecular structure of the carrier.

Among all the polymers available to be used for drug delivery systems, (bio)
degradable polymers are highly recommended. Indeed, one of the key points of
this kind of system is the removal of the carrier after the release of the active
pharmaceutical ingredients. Moreover, to avoid side effects, in particular when the
carrier is injected, the polymer must be biocompatible. For all of these reasons,
natural polymers such as polysaccharides, polypeptides, or phospholipids are gen-
erally used as building blocks for the formulations [1].

This paper will focus on chitosan and chitosan derivatives developed for
biomedical applications. In the first section, the remarkable properties of chitosan
will be exposed. The main chemical modifications used to adapt this material for
biomedical applications will be reviewed. Their applications in drug delivery
systems and tissue engineering will then be discussed.
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2 Production and Properties of Chitosan

Chitosan is a nontoxic, semicrystalline [2], biodegradable [3, 4], and biocompatible
[5, 6] linear polysaccharide of randomly distributed N-acetyl glucosamine and
glucosamine units (Fig. 1).

Chitosan is not widely present as such in nature and thus cannot be directly
extracted from natural resources. Indeed, chitosan is a derivative of natural chitin,
the second most abundant polysaccharide in nature after cellulose [2]. Typically,
chitosan is obtained by deacetylation of the N-acetyl glucosamine units of
chitin, generally by hydrolysis under alkali conditions at high temperature. The
deacetylation of chitin is rarely complete. When the degree of acetylation falls
below the value of 60 mol%, chitin becomes chitosan. In nature, chitin is present in
life forms and more particularly in insects and crustaceans where it represents the
major component of their exoskeleton. Chitin is also present in the cell wall of
some mushrooms [7, 8]. Generally, chitosans produced from mushrooms present
a narrow molecular weight distribution compared to chitosan produced from
shrimps, and a non-animal source is considered to be safer for biomedical and
healthcare uses.

Chitosan offers remarkable biological properties, which have paved the way
for its application in the pharmaceutical and biomedical fields [9, 10] in new drug
delivery systems [1, 11, 12] or as a scaffold for tissue engineering [13]. Indeed,
chitosan has good mucoadhesive properties due to its positive charge [14], which
increases the adhesion to mucosa and so the time of contact for drug penetration.
Its haemostatic properties makes chitosan a good candidate for wound dressing
[15, 16]. Moreover, the antibacterial property of chitosan also limits the risk of
infection [17, 18].

Chitosan is a polycation whose charge density depends on the degree of acety-
lation and pH. So, chitosan chains are able to interact by electrostatic interactions
with negatively charged molecules. It can form nanoparticles by ionic gelation with
polyphosphates [19] and with nucleic acids [20-22].

However, chitosan suffers from a poor solubility in water, which is a major
drawback for drug formulations. Indeed, chitosan is only soluble in acidic solutions
of pH below 6.5, required to insure the protonation of the primary amine. In such
cases, the presence of positive charges on the chitosan skeleton increases the
repulsion between the different polymer chains, facilitating their solubilization.

OH

HO

NH,

Fig.1 Chemical structure of chitosan
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As far as organic solvents are concerned, chitosan is slightly soluble in dimethyl
sulfoxide (DMSO) and p-toluene sulfonic acid [23]. This poor solubility is a
limitation for the processing of chitosan and is also a brake in its chemical modifi-
cation. In order to tackle this drawback, chitosan oligomers are sometimes pre-
ferred. These oligomers (polymerization degree of around 20) are much more
soluble into water compared to their polymer counterpart, even at physiological
pH. Several methods for the synthesis of chitosan oligomers are reported that are
mainly based on an acidic hydrolysis at high temperature. Nevertheless, final
hydrolysis yields are often low and lead to a mixture of products (oligomers,
glucosamine monomers) that must be purified [24, 25].

An important aspect for the application of chitosan in drug delivery systems is
the fate of the chitosan in the body after absorption or injection. Generally, chitosan
is eliminated by renal clearance but if the molecular weight is too large a degrada-
tion step by enzymes is required [26]. In the human body, three chitinases showed
an activity leading to the formation of smaller chains [26]. Nevertheless, the rate of
degradation depends on the molecular weight and the acetylation degree of the
starting material [27].

3 Chemical Modifications of Chitosan

In order to improve or impart new properties to chitosan, chemical modification of
the chitosan chains, generally by either grafting of small molecules or polymer
chains onto the chitosan backbone or by quaternization of the amino groups, has
been investigated. Chitosan chains possess three attractive reactive sites for chemi-
cal modification: two hydroxyl groups (primary or secondary) and one primary
amine. The site of modification is dictated by the desired application of the final
chitosan derivative. For example, the preservation of the primary amine is highly
desirable for transfection application. Some chitosan derivatives having potential
application in drug delivery and tissue regeneration are presented in Sects. 3.1-3.3.

3.1 Quaternized Chitosan Derivatives

Several chemical modifications of chitosan have been tested to make the solubility
and/or positive charge of chitosan independent of pH.

The quaternization of the primary amine was investigated [28, 29]. This chemical
modification increased the solubility of chitosan in water [30], keeping chitosan
soluble over a wide pH range. In addition, the cationic character [23] can be
controlled and kept pH-independent, which is desirable for improving the stability
of ionic complexes [31, 32]. Typically, the reaction of chitosan with methyl
iodide under basic conditions is the most straightforward route for quaternizing
chitosan [33].
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Among all the quaternized chitosans described into literature, N,N,N-trimethyl
chitosan chloride (TMC) is the most widely applied for gene therapy applications
[28, 33, 34]. The quaternization maintained and improved the muco-adhesive
properties of chitosan, depending on the quaternization degree, which makes this
chitosan derivative an ideal candidate for gene delivery [23]. Typically, TMC can
be synthesized by reaction of chitosan with methyl iodide in the presence of sodium
hydroxide into N-methyl-2-pyrrolidinone at 60 °C. In a second step, the iodide ion
is substituted by chloride by an ion exchange process [34] (Fig. 2).

To enhance the delivery properties of TMC, Verheul and coworkers developed
a synthetic route for the preparation of thiol-bearing TMC [35, 36]. Indeed, the
presence of thiol increased the muco-adhesion of chitosan derivatives by formation
of a disulfide bond with mucin proteins of the cell membrane [37, 38].

To increase the water solubility of chitosan, Toh et al. grafted succinic acid onto
chitosan and demonstrated, by measurement of the cloud point, a higher solubility
in water at pH 7.3 when 20 mol% of primary amine are converted into carboxylic
acid [39]. Moreover, the grafting of carboxylic acids onto chitosan chains improved
the transfection efficiency compared to pure chitosan but led to the formation of
a weaker complex with DNA.

To improve the transfection efficiency of chitosan, the grafting of cationic
polymer chains onto chitosan was also investigated [40—42]. Jere et al. successfully
grafted low molecular weight poly(ethylene imine) (PEI) chains onto chitosan with
formation of the corresponding chitosan-g-PEI copolymer [43]. The grafting of the
PEI occurred in two steps. First, chitosan was reacted with potassium periodate in
an acetate buffer leading to opening of the glucosamine ring with formation of two
aldehyde groups. The reaction of the pendant primary amine of PEI oligomers with
these aldehyde groups allowed the grafting with formation of an imine, which was

OH
Q NaOH, Nal
+ CH—1 —
Ho O 60°C, NMP
NH, "
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N, N, N -trimethyl chitosan chloride (TMC)

Fig. 2 General synthesis of N,N,N-trimethyl chitosan chloride
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rapidly converted into amine by reduction with NaBH, during the second step. A
one-step alternative strategy was proposed by Gao et al. based on the use of
carbonyldiimidazole as coupling agent [44]. The grafting of poly(L-arginine)
(PLR) chains was proposed by Noh et al. via formation of an amide bond between
the primary amine of chitosan on the carboxyl acid of the PLR [45].

Another approach based on the introduction of amine groups onto chitosan was
also proposed. Ghosn et al. investigated the introduction of secondary and tertiary
amines to improve the transfection efficiency of chitosan [46]. This one-step
synthesis was based on the grafting of a carboxylic acid-bearing imidazole onto
chitosan by amide formation, mediated by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), and was simple and reproducible and improved the solubility
and the buffering capacity of the chitosan derivatives.

3.2 Amphiphilic Chitosan Derivatives

To synthesize amphiphilic chitosan derivatives, the grafting of hydrophobic
molecules was investigated. Initially, the grafting of hydrophobic alkyl chains
onto chitosan is the most straightforward way to impart amphiphilic properties to
chitosan. For this purpose, alkyl aldehydes or alkyl ketones were selectively grafted
onto the primary amino groups of chitosan with formation of the corresponding
Schiff base [47-49]. A reduction step mediated by sodium/potassium borohydride
(NaBH4/KBH,) or sodium cyanoborohydride (NaBH;CN) converted the imine
group into the more stable amine with formation of the corresponding N-alkyl
chitosan derivatives (Fig. 3).

For biomedical applications, the use of NaBH3;CN, able to generate toxic side
products (e.g., HCN), is not acceptable. The synthesis and application in drug

OH OH
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O + CH,4 -(CHZ)GJ-L —— O
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NH, HO N
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OH
0]
O
m
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Fig. 3 Grafting of alkyl chain by reductive amination
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delivery of N-alkyl chitosan derivatives with different chain lengths (C3, C5, C6,
C8, C10, and C12) are reported in the literature [S0-52]. Nevertheless, these N-
alkyl-chitosan derivatives did not show optimum properties for the formulation of
nanoparticles for drug delivery systems. In most cases, a double functionalization is
proposed based on the grafting of both hydrophobic and hydrophilic moieties to
improve the amphiphilic property of chitosan derivatives. As a representative
example, Zhang et al. sequentially grafted octyl chains by reductive amination
followed by the addition of sulfate groups onto chitosan chains [53, 54]. Typically,
the reaction occurred in a water/methanol mixture in order to solubilize both
hydrosoluble chitosan and liposoluble alkyl aldehyde. After reduction of the
imine group, the primary hydroxyl groups of chitosan were selectively converted
into sulfates by reaction of the N-octyl-chitosan with chlorosulfonic acid. Note the
triple functionalization of chitosan by an octyl chain on some of the primary
amines, by a poly(ethylene glycol) (PEG) chain on the remaining primary amines,
and by a sulfate on some hydroxyl groups of chitosan chains. This provided
both hydrophobic and hydrophilic character enhancement as proposed by Yao
and coworkers [55, 56]. Another example was proposed by Zhang et al. who
synthesized amphiphilic quaternized N-octyl-N-trimethyl chitosan chloride deriva-
tive by reaction of N-octyl-chitosan with iodomethane [49]. Huo et al. synthesized
N-octyl-O-glycol-chitosan by successive reaction of chitosan chains with N-octyl-
aldehyde followed by the ring opening of ethylene oxide under basic conditions
[48]. Xiangyang successfully converted the remaining amino group of N-octyl-
chitosan into carboxylic acid by reaction with succinic anhydride [57]. Li et al.
proposed a similar strategy, but based on the use of phtalic anhydride [58]. An
interesting approach was proposed by Liu et al. [S9] whereby hexahydroxyphtalic
acid was grafted onto N-octyl-chitosan by opening of acid anhydride by the
remaining primary amine. Surprisingly, the hexahydroxyphtalic group was easily
removed under acidic conditions leading to the precipitation of N-octyl-chitosan.
The grafting of alkyl chains is not limited to reductive amination. Ercelen et al.
grafted 2-(dodecen-1-yl)succinic anhydride onto oligo-chitosan chains by opening
of the cyclic anhydride by the nucleophilic primary amine [47]. Lao et al. proposed
the grafting of a C18 alkyl chain terminated by an epoxide followed by conversion
of both remaining primary amines and hydroxyl groups into sulfate [60].

The grafting of aromatic groups as hydrophobic moieties was also investigated.
Koutroumanis et al. grafted a 2-carboxybenzyl group by reductive amination [61].
Opnasasopit et al. reacted chitosan chains with phtalimic anhydride with formation
of hydrophobic phtalimide-chitosan. The amphiphilic property was obtained by the
grafting of poly(vinyl pyrrolidone) polymer chains terminated by a carboxylic acid
group onto the primary amine, mediated by the crosslinker EDC [62]. Opnasasopit
and coworkers extended this strategy by replacing poly(vinyl pyrrolidone) chains
by PEG chains [63].

With the purpose of preparing chitosan-based amphiphilic copolymer with only
natural and renewable compounds, the grafting of fatty acids was investigated by
several research groups [64—67]. Generally, the grafting occurred by formation of
an amide bond between the primary amine of chitosan and the terminal carboxylic
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acid of the fatty acid, mediated by EDC in a water/alcohol mixture under vigorous
stirring (Fig. 4).

Saturated stearic acid [65, 68—70] and unsaturated lineoic acid [66, 67] are two
examples of fatty acids successfully grafted onto chitosan oligomers by this strat-
egy. With this purpose, Zhang et al. preferred to first convert the carboxylic acid of
oleic acid into acid chloride before it was reacted with chitosan in chloroform in the
presence of pyridine [71]. Using a similar strategy, stearic, palmitic, or octanoic
anhydride were grafted onto chitosan by Jiang et al. [64].

Steroid derivatives were also employed as natural compounds able to confer
amphiphilic properties to chitosan. Several examples of grafting of 5B-cholanic
acid [72-75] and cholesterol [76] onto O-glycol-chitosan are reported in the litera-
ture (Fig. 5). For steroids, the strategy relies on the activation of the carboxylic acid
by N-hydrosuccinimide in order to favor the grafting efficiency on the primary
amine of glycol chitosan, mediated by EDC.

o
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Fig. 4 Grafting of stearic acid onto chitosan
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Fig. 5 Grafting of cholanic acid onto O-glycol chitosan
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The grafting of hydrophobic biodegradable and biocompatible aliphatic polyes-
ter chains [77], and more particularly poly(e-caprolactone) (PCL) chains [78-80],
was investigated for the preparation of biocompatible and biodegradable chitosan-
based amphiphilic grafted copolymers for nanoparticles formulation. For this
purpose, two grafting strategies were investigated: the “grafting from” and the
“grafting onto” techniques [81, 82] (Fig. 6).

In the “grafting from” technique, PCL chains are synthesized by the initiation of
polymerization of e-caprolactone directly by the primary amine, or the hydroxyl
groups, present on the chitosan chain. A selective initiation of the polymerization
exclusively by the hydroxyl groups can be reached if the primary amines are
protected before polymerization and deprotected afterwards [80, 83, 84]. The
grafting of PCL by “grafting from” initiated by the hydroxyl group was reported
by Duan et al. [80]. Typically, the primary amines were protected by formation of a
stable electrostatic complex with methylsulfonic acid, which is easily removed by
precipitation in a phosphate buffer after polymerization. In the case of the “grafting
onto” technique, polymer chains bearing an appropriate functional group at one
chain-end were grafted onto the primary amine or hydroxyl groups of chitosan [85].
In the same way as for the “grafting from” technique, no selectivity on the grafting
site was possible if the primary amines were not protected, e.g., by reaction
with phtalic anhydride with formation of phtalimide-chitosan [78]. Moreover, the
protection of the primary amine was also very helpful to solubilize chitosan in
organic media. Ester or urethane links are two examples of organic functions used
for the grafting of PCL terminated by a carboxylic acid [86] or an isocyanate group
[78], respectively, onto hydroxyl groups of phtalimide-chitosan. Compared to the
“grafting from”, the “grafting onto” technique allowed a better control of the
number and molecular weight of the PCL grafts onto chitosan.The grafting of
polymer chain onto chitosan is not limited to PCL. The grafting of PEG chains
onto chitosan is widely described in the literature [87-91]. Recently, Casettari et al.
grafted carboxylic acid-terminated PEG chains onto the primary amines of chitosan
and compared the toxicity of the resulting grafted copolymer to chitosan [85].
However, the grafting of hydrophilic PEG chains was not enough to confer amphi-
philic properties but can be coupled with the grafting of PCL chains. So, a
heterografted chitosan bearing PCL and PEG chains was synthesized by Liu et al.
by simultaneous grafting of carboxylic acid-terminated PEG and PCL onto the
hydroxyl group of phtalimide-chitosan [92].

Polymerization n O Coupling " m’

Fig. 6 The “grafting from” E
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3.3 Chitosan-Based Hydrogels

Due to its remarkable properties, chitosan has been applied to the synthesis of
scaffolds or hydrogels dedicated to tissue engineering. A hydrogel is defined as a
polymer network able to absorb an important quantity of water. These hydrogels are
called physical gels if the origin of the network is due to physical phenomena (phase
separation, sol—gel transition, etc.) and called chemical gels if the network is due to
the formation of covalent links between the polymers chains. By its hydrophilic
nature, chitosan can be applied as starting material for the elaboration of biode-
gradable and biocompatible hydrogels. Nevertheless, the properties of these
chitosan-based hydrogels are not satisfying enough for specific applications [93].
In order to increase the mechanical properties of chitosan, Madhumathi prepared
hydroxyapatite/chitosan composite [94]. Chitosan derivatives were then used for
the synthesis of improved chitosan-based hydrogels. So, chitosan-g-PEG graft
copolymer, synthesized by nucleophilic attack of the primary amine of chitosan
onto chloride-terminated PEG, was able to form a stable physical hydrogel [95].
Chemical chitosan-based hydrogel was successfully prepared by Michael addition
of a thiol-terminated six-armed star-shaped PEG onto acrylate-bearing chitosan
[96]. Photopolymerizable chitosan-g-PEG was synthesized by Poon et al. for layer-
by-layer cell encapsulation [97]. N-[(2-Hydroxy-3-trimethylammonium)propyl]
chitosan chloride (HTCC) was chemically modified using glycidyltrimethy-
lammonium chloride (GTMAC) by Shi et al. [98].

Another approach to improve the properties of chitosan hydrogels is via the
preparation of polymer composites. Porous hydrogels of N-carboxymethyl
chitosan/polyvinyl alcohol were prepared by Lee et al. [99]. Hydroxypropyl chitosan
was combined with sodium alginate for the formation of biodegradable hydrogels
[100]. Chitosan—hyaluronic acid composite was prepared by Tan et al. [101].

With the purpose of conferring thermosensitivity to chitosan-based hydrogels,
Park et al. proposed the grafting of carboxylic acid-terminated poly(ethylene oxide-
b-propylene oxide) block copolymer (Pluronic) onto the primary amine of chitosan,
mediated by EDC coupling agent [102]. With the same purpose, Wang et al. grafted
poly(N-isopropyl acrylamide) (NiPAM) chains onto chitosan by the copolymeriza-
tion of acrylic acid-derivatized chitosan and N-isopropylacrylamide (NIPAAm) in
aqueous solution [103].

4 Biomedical Applications of Chitosan and Chitosan
Derivatives

Chitosan and chitosan derivatives have been extensively studied for drug delivery
and other biomedical applications due to (1) their biocompatibility and low toxicity,
(2) their possible formulation in nanoparticles or in gels, and (3) their cationic
properties. An overview of their use in biomedical applications will be given for
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gene delivery, solubilization of poorly soluble drugs, tissue engineering, and
protein/vaccine delivery. These examples are not exhaustive but clearly demon-
strate the benefit of chitosan derivatives in drug delivery.

4.1 Gene Delivery by Chitosan and Chitosan Derivatives

4.1.1 Chitosan as Carrier for Gene Delivery

Over the past few decades, many studies have reported the potential of gene therapy
for purposes such as (1) silencing a gene (siRNA, shRNA), (2) compensating
for defective genes, and (3) producing beneficial proteins or vaccines (DNA).
However, the delivery of nucleic acids is confronted by many hurdles, like degra-
dation by nuclease or lack of efficiency because their negative charges impair
crossing over cellular membranes. For this purpose, viral vectors have been widely
used for encapsulation of the genes. Nevertheless, these vectors present some
immunogenic, cytotoxic, and oncogenic side effects [104, 105]. The substitution
of these viral vectors by synthetic vectors made of polycationic polymers is an
alternative way to protect the nucleic acids and to allow them to reach their
therapeutic targets: the cytoplasm for siRNA or the nucleus for DNA.

Chitosan is one of the most commonly studied polymers in nonviral gene
delivery [106]. Indeed, its positive charges under slightly acidic conditions allow
its interaction with nucleic acids such as DNA or siRNA and the condensation of
the nucleic acids into nanoparticles. In addition, the biocompatibility and low
toxicity of chitosan enable its in vivo use [107]. However, the poor buffering
capacity and poor solubility in water [46] make chitosan less efficient than other
cationic synthetic polymers, such as PEI or PLL.

Two major formulation methods for nucleic acid-loaded nanoparticles are
described in the literature. The simple complexation method consists in mixing
chitosan and nucleic acids without any purification of the nanoparticles [108].
Using this process, Howard et al. obtained 78% of gene silencing on EGFP-
H1299 cells [108]. However, as the obtained product might contain nucleic acid/
chitosan complexes coexisting with free chitosan and free nucleic acids, this
method could result in lower efficiency after intravenous administration. An alter-
native method, which ensures the entrapment of the nucleic acid into the
nanoparticles, is ionic gelation involving the addition of a crosslinking agent.
Therefore, in this method, formation of nanoparticles is based not only on electro-
static interactions but also on physical entrapment, resulting in stronger connections
between the components. The most commonly used crosslinking agent is
tripolyphosphate [109, 110]. Some authors used also polymers like alginate and
polyguluronate as crosslinking agents [99].

The ability of chitosan to form complexes with nucleic acids is highly dependent
on its structural characteristics. Indeed, the deacetylation degree (i.e., the percent-
age of deacetylated primary amine groups along the macromolecular chain)
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determines the positive charge density of the polymer and, consequently, influences
the electrostatic interactions with nucleic acids. To ensure a good complexation, the
deacetylation degree must be higher than 65% [32]. Thibault et al. also reported that
complexes with a greater degree of deacetylation showed a higher level of binding
to cells, resulting in enhanced uptake [111].

Another physical characteristic to be considered is the molecular weight of
chitosan, which influences the size and the stability of the nanoparticles. High
molecular weight chitosan allows a better stability of the nanoparticles, which is
advantageous for the protection of the nucleic acids but can also be an obstacle to
the intracellular dissociation of complexes and therefore for nucleic acid release.
Thus, the most efficient chitosans showed an intermediate stability and a kinetics of
dissociation that occurred in synchrony with lysosomal escape [111]. For optimum
DNA delivery and to ensure high transfection level, chitosan should have a molec-
ular weight of between 10 and 50 kDa [106]. In contrast, for siRNA (13.4 kDa),
higher molecular weight chitosan (65-170 kDa) can form stable nanocomplexes
and induce a higher silencing efficacy [112]. Indeed, longer DNA strands may be
able to compensate for the shorter chitosan chains in the assembly process.

The formation of nanoparticles also depends on the N:P ratio, defined as
the molar ratio of chitosan amino groups to nucleic acid phosphate groups. The
N:P ratio is different depending on the type of nucleic acid used, but in both cases
an excess of chitosan is required to ensure good complexation of nucleic acids. For
DNA, a ratio of between 3:1 and 5:1 is optimal [106], whereas higher ratios are
necessary for siRNA. Indeed, Liu et al. showed that 50% and 80% EGFP (enhanced
green fluorescent protein) silencing was obtained in H1299 cells at siRNA N:P
ratios of 50 and 150, respectively, whereas only 10% knockdown occurred at N:P
ratios of 2 and 10 [112].

4.1.2 Gene Delivery with Chitosan Derivatives

Although a few authors have reported good gene delivery efficiency using native
chitosan, several publications demonstrate the limitations of this polymer. Indeed,
one of the first restrictions is the poor solubility of the chitosan at physiological pH
because of the partial protonation of the amino groups. This pH-dependence
influences nucleic acid binding capacity and therefore the transfection effective-
ness. Indeed, Zhao et al. obtained the highest transfection level on chondrocytes
using chitosan/pEGFP complexes at pH 6.8 and 7 whereas a remarkable decrease
was observed at pH 7.4, which may be due to the decondensation of the complex
[113]. Therefore, decreasing the pH sensitivity of chitosan could be advantageous.
Hence, among the chitosan derivatives used in gene delivery, TMC (Fig. 2) has
been the most studied [114].

Moreover, in comparison to other cationic polymers like PEI, chitosan showed
restricted transfection efficiency. This might be caused by the insufficient
endosomal release of the complexes, due to the weak buffering capacity of chitosan
[115]. Based on these findings, new strategies were developed like the elaboration
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of innovative multicomponent formulations or the synthesis of new chitosan
derivatives, e.g., a chitosan-g-PEI carrier efficiently and safely delivered siRNA
to lung cancer cells [43].

Targeting function can also be grafted onto chitosan to achieve specific
targeting. For example, RGD (arginine—glycine—aspartic acid) peptide has been
conjugated with chitosan using a thiolation reaction. RGD enhances selective
intratumoral delivery of siRNA loaded in RGD-chitosan nanoparticles and induces
significant antitumoral activity [107]. Mannosylated chitosan-g-PEI has also been
designed as a targeted gene carrier [40].

4.2 Chitosan Derivatives for the Delivery of Poorly Soluble Drugs

Amphiphilic copolymers present a double affinity for both hydrophilic and hydro-
phobic environments and are able to self-organize in water to form, in most cases,
specific architectures such as micelles or vesicles, which can be used as carrier in
drug delivery systems. The supramolecular organization in water generates small
hydrophobic domains well-dispersed inside the solution. The self-assembled
nanosized colloidal particles display a hydrophobic core surrounded by a hydro-
philic outer shell in aqueous conditions, which allows the solubilization of hydro-
phobic drugs. Indeed, the inner core can serve as a nanocontainer for poorly soluble
drugs. Micelles as drug carriers provide a set of advantages, i.e., increase water-
solubility of sparingly soluble drug, improvement of bioavailability, reduction of
toxicity, enhancement of permeability across the physiological barriers, and
changes in drug biodistribution [116]. Because intravenous injection of a micellar
solution induces extreme dilution by blood, polymer micelles could disassemble
and release the loaded drug. However, their critical micellar concentration and
kinetic stability was usually higher than those of surfactant micelles [68].

Hydrophobically modified chitosan derivatives have been designed to increase
the solubility of poorly soluble drugs. However, chitosan is not optimal as the
hydrophilic part of an amphiphilic self-assembling polymer because it is only
soluble in acidic aqueous solutions with pH values lower than its pKa value (6.5).
Hence, glycol chitosan has been used to synthesize new amphiphilic chitosan-based
polymers. These amphiphilic glycol chitosan derivatives are expected to self-
aggregate and to ensure the solubility of poorly soluble drugs with a better stability
in physiological conditions than chitosan derivatives.

Four major groups of hydrophobically modified chitosan have been used as
potential drug delivery carrier for poorly soluble drugs: (1) steroid derivatives,
(2) fatty acids derivatives, (3) aryl and alkyl derivatives, and (4) carboxymethyl
derivatives of chitosan (Figs. 3—-6). Others types of modified chitosan have also
been synthesized [117-119]

Many of the poorly soluble drugs included in amphiphilic chitosan-based
nanocarriers are anticancer drugs, e.g., paclitaxel, doxorubicine, camptothecin,
and Mytomycin C. Besides increasing their solubility, the polymeric micelles
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allow passive targeting in the tumor by the enhanced permeability and retention
(EPR) effect. This is a form of selective delivery termed as “passive targeting”
[116]. In addition to the size, the stability of the nanoparticles is an important
parameter for a successful passive targeting. If the particles circulate in the blood-
stream for longer periods, they can reach tumor sites more effectively. Some other
therapeutics agents were also studied, e.g., anti-HIV, antifungal, and nonsteroidal
anti-inflammatory agents, as well as corticosteroids and proteins.

Drug loading in the polymeric nanocarriers is generally achieved by a method
requiring the use of organic solvent to dissolve the drug, dialysis, oil-in-water
emulsion solvent evaporation, and solid dispersion. Drug incorporation can modify
various physicochemical parameters of the carrier like size or surface charge.

4.2.1 Steroid Derivatives of Chitosan

The main steroids used to hydrophobically modify chitosan are 5B-cholanic acid
[72, 120], cholic acid [121], and cholesterol [76, 122] (Fig. 5).

Hydrophobically modified glycol chitosan (HGC) with 58 cholanic acid has
been extensively studied both in vitro and in vivo. This polymer was developed as
a new Cremophor EL-free alternative carrier systems for docetaxel [74] and
paclitaxel. Physical characteristics of the nanoparticules such as size, hydrophobic
core, and stability depend on the degree of 5- cholanic acid substitution. The
maximum loading content of paclitaxel into HGC nanoparticles was 10 wt% and
the loading efficiency was above 90% [120]. Cytotoxicity studies on MCF7 breast
cancer cells showed that HGC nanoparticles were less toxic than Cremophor EL,
and allowed a higher dose of paclitaxel administration. The survival rate of mice
that received 50 mg/kg paclitaxel in HGC nanoparticles increased substantially
compared to 20 mg/kg PTX in Cremophor EL—ethanol solutions [120].

4.2.2 Fatty Acid Derivatives of Chitosan

Different fatty acids were used to generate amphiphilic chitosan derivatives:
linoleic acid [66, 67], stearic acid [68, 70], and oleic acid [71] (Fig. 4).

The stability of the micellar structure can be controlled by adjusting the balance
between hydrophobic acyl groups and hydrophilic chitosan in an N-acyl chitosan.
The critical micellar concentration of chitosan modified with the smaller acyl chain
length like octanoyl was weaker than that using a longer chain length like stearoyl
because the hydrophobicity of the chitosan derivative was poorer [64]. Hence,
the most studied fatty acid grafted on chitosan is stearic acid, especially stearic
acid-grafted chitosan oligosaccharides (CSO-SAs). CSO-SA has been studied
for the solubilization of several molecules, including lamivudine stearate [69],
10-hydroxycamptothecin [123], mytomycin [70], doxorubicine [71], and DNA
[65]. As CSO-SA can rapidly release the drug by dilution, stearic acid was
solubilized into the core of CSO-SA micelles and was shown to significantly
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reduced doxorubicine release. This was because the enhanced hydrophobic interac-
tion between stearic acid and stearic acid segments in CSO-SA forms a tightly
packed hydrophobic core, and because of the ionic interaction between stearic
acid and doxorubicine [68]. A second way to reduce the initial burst of drug release
from CSO-SA micelles is to crosslink the shell of CSO-SA micelles using glutaral-
dehyde. The drug release could be highly controlled by the shell crosslinking of
the micelles without affecting the cellular uptake and drug encapsulation efficiency
of CSO-SA micelles [70]. PEGylation of CSO-SA did not affect the cellular uptake
of the micelles by cancer cells, and significantly reduced the internalization of
the CSO-SA micelles into macrophages [124].

4.2.3 Aryl and Alkyl Derivatives of Chitosan

N-mPEG-N-octyl-O-sulfate chitosan (mnPEGOSC) was synthesized with various
PEG chain lengths and various degrees of substitution. One of the derivatives was
able to increase the concentration of entrapped paclitaxel by three orders of
magnitude. Solubilization performance was influenced by crystallinity: the lower
the degree of crystallinity, the higher the entrapment efficiency [55]. Micelle
dissociation in plasma proceeded very rapidly for the first 5 min and then slowed
down. The micelles based on PEGylated chitosan greatly decreased the accumula-
tion in the liver and the spleen and slowed down the elimination of paclitaxel in the
later stage of intravenous injection [56]. Paclitaxel-loaded N-octyl-O-glycol
chitosan micelles showed lower toxicity and higher maximum tolerated dose
than Taxol [48]. Other alkyl chitosans like N-succinyl-N-octyl chitosan [57] and
N-octyl-N-trimethyl chitosan have been studied [49].

N-Phthaloylchitosan (PLC) is a typical aryl-modified chitosan developed to
improve the solubility of poorly soluble drugs like camptothecin [63], retinoic
acid [62], or prednisone acetate [125]. PLC showed concentration-dependent cyto-
toxicity in Hela cells, whereas none of the PLC-grafted poly(ethylene glycol)
methyl ether (PLC-g-mPEG) micelles were cytotoxic in vitro [63]. PLC-g-mPEG
improved the stability of a light-sensitive drug, all-frans retinoic acid from
photodegradation [62].

4.2.4 Polycaproloactone Derivatives of Chitosan

Functionalization of chitosan with polycaprolactone (PCL) led to the synthesis of
chitosan-PCL and a ternary derivative, chitosan-g-PCL-mPEG (CPP) [79, 80, 126].
Spherical micelles were formed through self-assembly of CPP in aqueous media.
Encapsulation efficiency higher than 5% could be achieved. The micelles can be
subjected to glutaraldehyde treatment to prolong the release of the incorporated
drugs [126]. The importance of substituent grafting was again highlighted as
an important factor for the morphology and the behavior of the nanoparticles
[127, 128].
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4.3 Chitosan and Chitosan Derivatives in Tissue Engineering

Tissue engineering aims to develop functional substitutes for damaged or diseased
tissues through complex constructs of living cells, bioactive molecules, and 3D porous
scaffolds that support cell attachment, proliferation, and differentiation. Such
constructs can be formed either by seeding cells within a preformed scaffold or
through injection of a mixture of living cells and solidifiable precursor to the defective
tissue. As cell and bioactive molecule carriers, injectable scaffolds are appealing,
particularly from the clinical point of view, because they offer the possibility of
homogeneously distributing cells and molecular signals throughout the scaffold and
can be injected directly into cavities with minimally invasive surgery. After injection
and solidification, an in situ scaffold provides a temporary 3D matrix on which the
cells can adhere, proliferate, and differentiate to form new, functional tissue [129].

Due to its properties, the natural biopolymer chitosan is an excellent candidate
for the preparation of wound dressings and hydrogel scaffolds for tissue engineer-
ing. There are different ways to form hydrogels from chitosan. Chitosan could be
used alone but this is rarely the case because pure chitosan hydrogel is fragile and
has low mechanical strength, which limits its application in tissue engineering
[130]. Chitosan has therefore been combined with other compounds or chemically
modified to improve its properties for tissue engineering applications, in particular
to create thermosensitive hydrogels that will gel in situ.

4.3.1 Chitosan Hydrogels for Tissue Engineering

Chitosan has been mainly combined with B-glycerophosphate [131-134] to make
thermosensitive chitosan solutions. If highly deacetylated chitosan is mixed with
B-glycerophosphate [135], it gels at 37 °C. The major function of B-glycerophosphate
is to lower the surface electrostatic charge of chitosan and thus elevate the pH of the
system [130]. By increasing the ratio of -glycerophosphate in the hydrogel, the pH
of the resulting solution was higher and the gelation time decreased [136]. The
underlying mechanism is that the poly-alcohol group of B-glycerophosphate
cuts off the chitosan chain, accelerating the formation of a hydrophilic shell around
the chitosan molecule, and thus improving the chitosan chain protective hydration,
which prevents the associative effects at low temperatures and neutral pH. However,
with an increase in temperature, hydrophilic interactions and hydrogen bonding start
playing an important role and trigger physical crosslinking throughout the whole
solution, starting the gelation process [136].

However, the hydrogels obtained are weak and some toxicity has been reported,
mainly due to the high osmolarity (781 mOsm for 0.8 w/v% chitosan/
glycerophosphate [137]) induced by the addition of glycerophosphate [138, 139].
This is the reason why Kim et al. [134] dialyzed the chitosan solution to reduce the
glycerophosphate concentration required to make chitosan gels at 37 °C. Others
combined chitosan/glycerophosphate solutions with other compounds to increase
the hydrogel modulus.
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Collagen displays low immunogenicity, biocompatibility, and biological
degradability. However, collagen has a unique molecular identifying signal system
that can improve cellular adhesion, proliferation, and differentiation, hence
providing a suitable scaffold bed for cellular expansion and differentiation. Colla-
gen gels at body temperature, although with the disadvantages of having a
fast degradation rate and a relatively low mechanical strength [136]. Chitosan/
glycerophosphate/collagen hydrogels possess an excellent cellular compatibility.
Chitosan/glycerophosphate has also been complemented with hydroxyethyl-
cellulose [129] for cartilage reconstruction or for improving the myocardial perfor-
mance in infarcted heart [140, 141], or with ethylcellulose [142] for neural repair.
For each study, the hydrogels were biocompatible and improved significantly the
function for which they were developed. Starch has also been added to chitosan/
glycerophosphate [143]. The physical properties, including flexibility, of
crosslinked chitosan hydrogels can be improved by blending chitosan with
pregelatinized starch. The presence of starch in the system increased the water
absorption of the hydrogel when compared to the system without starch.

Chitosan was also complemented with polyvinyl alcohol (PVA) for wound-
healing [144] and bone regeneration [145]. The chitosan/PVA wound dressing
was more swellable, flexible, and elastic because of its crosslinking interaction
with PVA. The hydrogel significantly improved the wound healing effect compared
with a gauze control and the conventional product. For bone regeneration, the
chitosan/PVA blend was supplemented with hydroxyapatite, which significantly
enhanced the gel strength. The authors reported that the weak chitosan chain
association with phosphate resulted in an increase in gelation speed and an enhance-
ment of gel strength. The early burst of drug release was minimized or avoided in
comparison with the pure chitosan/PVA gel.

4.3.2 Chitosan Derivatives for Tissue Engineering

Chitosan has three types of reactive functional groups that allow modifications of
chitosan to produce various useful hydrogels for tissue engineering applications
[146].

Poon et al. [97] developed a chitosan-g-PEG-g-methacrylate copolymer that was
both thermoresponsive and UV-curable. Cells remained mostly viable when they
were encapsulated inside this gel and suffered little damage from the single brief
UV exposure.

N-[(2-Hydroxy-3-trimethylammonium)propyl] chitosan chloride (HTCC) shows
better water solubility, moisture retentiveness, antimicrobial activity, absorptive
property, and cell proliferative capacity than chitosan [98]. To form a gel, HTCC
was mixed with glycerophosphate. The mechanical and swelling properties of the
hydrogel were readily controlled by pH, the content of HTCC, and the content of
glycerophosphate. The gel could easily incorporate drug in the solution state, which
was stable below or at room temperature and became transparent at 37 °C. In
addition, these hydrogels possessed good biocompatibility, and the cells could
adhere and migrate inside the hydrogel networks.
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Park et al. [102] designed an injectable cell delivery chitosan—Pluronic hydrogel
for articular cartilage regeneration. The chitosan—Pluronic solution underwent a
sol—gel transition at around 25 °C. The chitosan—Pluronic hydrogel showed effec-
tive chondrocyte proliferation and promoted extracellular matrix expression com-
pared with alginate hydrogel.

Tan et al. [101] proposed a new class of biocompatible and biodegradable
composite hydrogels derived from water-soluble chitosan and oxidized hyaluronic
acid upon mixing, without the addition of a chemical crosslinking agent. The
gelation is attributed to the Schiff base reaction between amino and aldehyde
groups of polysaccharide derivatives. N-Succinyl-chitosan and aldehyde hyaluronic
acid were synthesized for preparation of the composite hydrogels. The results
demonstrated that the composite hydrogel supported cell survival and that the
cells retained chondrocytic morphology.

Thermosensitive chitosan hydrogels were also obtained through grafting with well-
known thermosensitive synthetic polymers like poly(NIPAAm) [103]. Hydrogels
were synthesized by the copolymerization of acrylic acid-derivatized chitosan
(CSA) and NIPAAm in aqueous solution. Cell adhesion and spreading was higher
on the surface of poly(NIPAAm-co-CSA) hydrogels than that of PNIPA Am hydrogel.
These hydrogels showed more rapid detachment of cell sheets. When the temperature
decreased, the poly(NIPAAm-co-CSA) hydrogel showed hydrophilicity and the cells
spontaneously detached along with their deposited extracellular matrix.

As chemical crosslinking can cause toxicity, chitosan was chemically modified
using N-acetyl-L-cysteine (NAC), with the degree of substitution of thiol groups
kept below 50% to minimize interference with biological function, and then
crosslinked by disulfide bond formation in air [147]. Disulfide-crosslinked chitosan
hydrogels were rapidly formed, their mechanical and swelling properties being
controlled by the content of free thiol, concentration of thiol, and the molecular
weight of chitosan. In vitro release of insulin and bovine serum albumin (BSA) was
dependent on loading efficiency, composition of thiolated chitosan, and the drug
entrapped, but the drug bioactivity was not affected during formation of the
hydrogels. These hydrogels exhibited good compatibility and cells could adhere
and migrate inside the hydrogel networks.

For corneal regeneration, Liang et al. [148] describe an in situ-formed hydrogel
based on a water-soluble derivative of chitosan, hydroxypropyl chitosan, and
sodium alginate dialdehyde. The composite hydrogel was both nontoxic and biode-
gradable and showed that corneal endothelial cells transplanted using the composite
hydrogel could survive and retain normal morphology.

5 Conclusion

Chitosan has received considerable attention as a functional biopolymer for diverse
pharmaceutical and biomedical applications. It is a nontoxic, biocompatible, and
biodegradable polymer. Chitosans can be formulated as nanocarriers mainly by
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ionic interactions, leading to drug-loaded colloidal systems with mucoadhesive and
controversial permeation-enhancer properties. They can also be formulated as
hydrogels.

However, for most applications, practical use of chitosan has been limited by its
physicochemical properties, in particular its low solubility above pH 6.5 and the
pH-dependence of the ionic interactions in the formulations. Hence, chitosan
derivatives have been recently developed to widen and improve the potential
biomedical applications of chitosan.

Due to its cationic properties, chitosan has been extensively used for gene
delivery. However, due to its low buffering capacity and the low stability of nucleic
acid-loaded chitosan nanoparticles, several chemical modifications have been
introduced to improve transfection efficiency in vivo: (1) quaternization to improve
solubility and stability of the nanoparticles, (2) grafting of polymer chains such as
PEI to improve endosomal escape, or (3) grafting of ligands for specific cell targeting.

When a hydrophobic moiety is conjugated to chitosan, the resulting polymer can
self-assemble and encapsulate poorly soluble drugs. Grafting a steroid, fatty acid, or
PCL onto chitosan or glycol chitosan leads to nanocarriers that are useful for drug
delivery, in particular passive or active targeting of anticancer drugs to tumors.

Chitosan can form 3D scaffold that are too weak to be useful in tissue engineer-
ing. Hence, inclusion in the chitosan matrix and/or grafting onto chitosan of other
substances such as collagen, other biopolymers, or hydroxyapatite has been
achieved to improve the mechanical properties of the scaffold and to mimic the
nanostructure of the tissue for a better cell adhesion/infiltration and/or to provide
thermosensitivity for in situ gelation.

The chemical modifications of chitosan described are not exhaustive but clearly
demonstrate their benefit for drug delivery. Similarly, besides the described
improvements in delivery of genes or poorly soluble drugs and in scaffolds for
tissue engineering, other improvements in the delivery of therapeutic peptide and
proteins or vaccines using chitosan-based systems have also been reported.

However, before the translation can be made to a marketed product containing
modified chitosan as an excipient, extensive preclinical studies, including toxico-
logical studies, as well as clinical studies are required. Moreover, scaling up of the
chemical synthesis and precise physicochemical characterization of the novel
polymers will be needed.
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Abstract The contribution of chitosan as a scaffold material is quite significant in
the field of tissue engineering, which is a multidisciplinary field of research and
technology development requiring the involvement of chemists, physicists, chemi-
cal engineers, biologists, cell-biologists etc. to regenerate injured or damaged
tissue. The advantages of using chitosan as a three-dimensional scaffold for tissue
engineering applications are due to its versatile physicochemical and biological
properties. Further, owing to its easy processability, it can be molded into the
desired shape and size. Therefore, it is no exaggeration to say that chitosan is a
promising biomaterial for tissue engineering scaffolds. There is an enormous body
of work already published in various journals on chitosan as a tissue engineering
scaffold but, to our knowledge, this work has not yet been brought together in one
chapter. We have used our best efforts to accumulate the research work already
done on chitosan in a single place so that chitosan researchers can easily find
information and can therefore escalate their research activities. This chapter high-
lights different methods for the fabrication of scaffolds, the suitability of chitosan
as a good scaffolding material, and its application as a scaffold for tissue engi-
neering of bone, cartilage, skin, liver, corneal, vascular, nerve, and cardiac tissue.
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1 Introduction

A look at the world population reveals that the most common chronic problem
associated with man is loss of tissue and organ damage. This can be cured by organ
transplantation using tissue engineering techniques. The main problem associated
with organ transplantation is shortage of suitable donors. This circumstance
demands the need of a suitable scaffold wherein autologous cells can be grown
under optimum conditions in vitro and subsequently transplanted back into the
human body. This will obviate the need to wait for a donor and, on the other hand,
will also increase the patients’ comfort and compliance. The very fundamental of
tissue engineering is the requirement for a scaffold material with specific charac-
teristics that provides a temporary artificial matrix for cell seeding [1]. One of the
most important characteristics of a scaffold material is that it should provide an
ideal site for cell attachment and proliferation, leading to further tissue engineering.
The extracellular matrix (ECM) not only provides the physical support for cells
but also regulates their proliferation and differentiation. Therefore, scaffolds need
to be developed for sustaining in vitro tissue reconstruction as well as for in vivo
cell-mediated tissue regeneration. Repair of tissue defects can only be possible if
the cells are supplied with such an ECM substitute [2]. A scaffold is a support,
either natural or artificial, that maintains tissue contour. Substances that are fre-
quently used for scaffold preparation are natural polymers, synthetic polymers, or
ceramics with adsorbed proteins or immobilized functional groups [3]. Natural
polymers have drawn the attention of various researchers because of their out-
standing biocompatibility properties. Biodegradable materials have gained more
attention because they have the advantage of allowing new tissue to take over their
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load-bearing or other functions without creating any potential chronic problems
associated with the presence of biostable implants [4]. The paradigm of tissue
engineering consists of seeding cells on a scaffold made of either a synthetic or
natural polymer blend, maturing the tissue in vitro, and finally implanting the
construct at the desired site in the patient as an artificial prosthesis [5, 6]. Overall,
the strategy of tissue engineering [7] generally involves the following steps:

1. Identify, isolate, and produce an appropriate cell source in sufficient amount

2. Synthesize a scaffold with the desired shape and dimension, which will subse-
quently be used as a cell carrier

3. Seed the cells uniformly onto or into the carrier and incubate for a predetermined
time in a bioreactor

4. Implant the cell-seeded carrier in a proper animal model. Depending on the site
and the structure, vascularization may be necessary

2 Scaffolds

Tissue scaffolds are synthetic bioresorbable polymers that act as functional sub-
stitutes for missing or malfunctioning human tissues and organ. The primary role of
a scaffold is to provide a temporary substrate to which the transplanted cells can
adhere [8]. The most important factors to be considered with respect to nutrient
supply to transplanted and regenerated cells are porosity, pore size and pore struc-
ture for porous scaffolds with a large surface-area-to volume ratio, and void
volume. Optimization of these parameters is desirable for attachment, growth,
maximal cell seeding, ECM production, and vascularization. Pores of the same
diameter are preferable in scaffolds in order to yield high surface area per volume,
provided the pore size is greater than the diameter of a cell in suspension [1, 2].

Thus, scaffolds provide physical support to cells, and pores provide space for
remodeling of tissue structures. The major challenge associated with the develop-
ment of scaffolds is the organization of cells and tissue in a three-dimensional (3D)
configuration so that molecular signals are presented in an appropriate spatial and
temporal fashion in a common manner that promotes the individual cells to grow
and form the desired tissue structures [9, 10].

2.1 Factors Governing the Design of Scaffolds

During design of a scaffold for real-life applications, we must pay attention in
choosing the scaffold material, body acceptability, mechanical properties, surface
chemistry, and porosity. The porosity, morphology, and mechanical strength of
scaffolds are governed by various factors. Some of the factors governing the
designing of scaffolds are discussed below.
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2.1.1 Materials

During design of scaffolds for tissue engineering applications, one must emphasize
the selection of suitable materials. The materials should be biocompatible and
biodegradable (i.e., they can be degraded into harmless products, leaving the
desired living tissue). Some of the materials used for fabricating scaffolds include
natural polymers, synthetic polymers, ceramics, metals, and hybrids of these mate-
rials [11]. Metals and ceramics are not a good choice for tissue engineering
applications because they are not biodegradable (except for bioceramics such as
a-tricalcium phosphate and B-tricalcium phosphate) and because their processabil-
ity is very limited. For these reasons, natural polymers have gained increased
attention because they are biodegradable and biocompatible. One of the major
drawbacks exhibited by scaffolds made up of natural polymers is their poor
mechanical properties. These problems associated with natural polymers can be
circumvented by using synthetic resorbable polymers such as poly(a-hydroxy
esters), polyanhydrides, polyorthoesters, and polyphosphazens. Polyglycolic acid
(PGA), polylactic acid (PLA), polydioxanone, and copolymers thereof are the only
FDA-approved synthetic and degradable polymers.

2.1.2 Porosity and Surface Area

Scaffolds should be highly porous and the pores should be interconnected to favor
tissue integration and vascularization. Scaffolds should have appropriate surface
chemistry to provide the necessary initial support for the attachment and prolifera-
tion of cells, and for the retention of their differentiated functions [12]. The porosity
and pore size of the scaffold play crucial roles in the regeneration of a specific
tissue. For instance, scaffolds with pore size less than 150 pm have been success-
fully used for regeneration of skin in burn patients [13]. Angiogenesis is a require-
ment for some scaffold application scenarios and can be unpleasantly affected by
material porosity. Pore morphology can also affect scaffold degradation kinetics
and the mechanical properties of the developing tissue [14]. The degree of inter-
connectivity has a greater influence on osteoconduction than does the actual pore
size [15]. Highly porous materials facilitate the easy diffusion of nutrients to, and
waste products from, the implant. Similarly, the larger the surface area of the
scaffold, the more it favors cell attachment and growth [16].

2.1.3 Mechanical Properties and Processability

The scaffold should possess good mechanical strength so that it can be used for the
reconstruction of hard, load-bearing tissues such as bone and cartilage. The bioma-
terial should be easily processed so that it can be easily fabricated into different
shapes and sizes to meet the needs of the desired tissue reconstruction. The scaf-
fold’s architecture plays a vital role in maintaining its dimensional stability [15].
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The scaffolds should have sufficient structural integrity that matches the mechanical
properties of native tissue [17]. The external shape of the scaffold is also extremely
important from the clinical point of view because the final anatomical shape of a
regenerated tissue is basically dependent on the shape of the associated scaffold [18].
The mechanical properties of scaffold in tissue-engineering applications are of great
importance due to the necessity of the structural stability to withstand stress incurred
during culturing in vitro and implanting in vivo. In addition, the mechanical proper-
ties can significantly affect the specific biological functions of cells within the
engineered tissue [19].

2.2 Scaffold Fabrication Techniques

Scaffolds can be fabricated by using different types of methodologies such as fiber
bonding, salt leaching, gas-induced foaming, phase separation, electrospinning,
solid freeform fabrication, and molecular self assembly [15, 17]. Some of the
fabrication techniques are discussed below.

2.2.1 Salt Leaching

Salt leaching is one of the simplest fabrication methods for producing scaffolds
with controllable porosity and pore size using various biodegradable polymers. The
process for the manufacture of solid polymer—porogen constructs consists of com-
bination of a suitable porogen with a solution of polymer in an appropriate mold.
The porogen is then leached out to form porous sponges [20]. The traditional
methods generally employ a solid porogen within a 3D polymer matrix to create
well-defined pore size, pore structure, and total scaffold porosity. Murphy et al. [21]
has introduced a modified method for producing porous, biodegradable tissue
engineering scaffolds with improved pore interconnectivity. They fabricated a 3D
porous scaffold by using a copolymer of 85:15 poly(lactide-co-glycolide) (PLG)
via a solvent casting and particulate leaching process. They partially fused the NaCl
crystals via treatment in 95% humidity to create the interconnecting pores, prior to
the formation of a 3D polymer scaffold. This technique allows scaffolds for tissue
engineering to be formed with minimal laboratory equipment and polymer amounts.
Several recent modifications to this method demonstrate the tremendous pace of
improvement in the manufacture of scaffolds with precise chemical, physical, and
biological properties.

2.2.2 Phase Separation

Phase separation is one of the most popular techniques for fabricating porous
scaffolds for tissue engineering applications. In this process, phase separation is
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induced by decreasing the temperature of a polymer solution, which results into two
different phases, one having a high polymer concentration (polymer-rich phase) and
one having a low polymer concentration (polymer-lean phase). The solvent from
the polymer-lean phase is later removed by extraction, evaporation, or sublimation
to leave behind open pores. The polymer in the polymer-rich phase solidifies into
the skeleton of the polymer foam. This separation can be categorized into two types
on the basis of the crystallization temperature of the solvent in the polymer solution.
One type is solid-liquid phase separation and the other is liquid-liquid phase
separation. When the solvent crystallization temperature is higher than the liquid—
liquid phase separation temperature, then it can be separated by lowering the
temperature and the process is known as solid—liquid phase separation. This process
consists of crystallization of solvent, and the polymer is expelled from the solvent
crystallization front. However, when the solvent crystallization temperature is
much lower than the phase separation temperature, a liquid—liquid phase separation
takes place on decreasing the temperature of the polymer solution. Phase separation
is relatively a simple technique for the fabrication of scaffolds having highly
organized structures [22].

2.2.3 Solid Freeform Fabrication

Control over internal architecture and interconnectivity is a tough task for research-
ers. These days, the solid freeform technique (SFF) has attracted the attention of
researchers. SFF is a collective term for a group of techniques that can rapidly
produce highly complex 3D physical objects using data generated by computer-
aided design (CAD) systems, computer-based medical imaging modalities, digiti-
zers, and other data makers. The technique involves in the manufacture of objects in
a layer-by-layer fashion from the 3D computer design of the object [23]. Some of
the advantages [24] of using SFF technique are listed below:

— In SFF scaffolds, the 3D interconnection of the scaffold can be maintained at a
wide porosity level

— Using computerized tomography (CT) or magnetic resonance image (MRI) as
the data source, scaffolds can be made with an external geometry conforming to
the patients’ anatomic structure, and thus the external geometry of the scaffolds
can also be designed and customized to fulfill the need of the tissue engineer to
construct scaffolds for specific tissues

— Scaffolds with a distinct material and design domain can be fabricated by using
SFF techniques

Finite element analysis (FEA) and CAD can be combined with manufacturing
technologies such as SFF to allow virtual design, characterization, and production
of scaffold that is optimized for tissue replacement. This makes it possible to
design and manufacture very complex tissue scaffold structures with functional
components that are difficult to fabricate.
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2.2.4 Supercritical Fluid Drying

Recently, various types of supercritical fluid processing methods have been devel-
oped for the production of microparticles, foams, fibers, and aerogels [25-27].
Fabrication of scaffolds using supercritical fluid has been reported recently by
several researchers [28—30]. The rapid expansion of supercritical solutions (RESS)
and the gas anti-solvent technique (GAS) are widely used for the formation of
microparticles and fibers. In RESS, a supercritical solution is rapidly expanded,
which leads to a rapid decrease of the polymer solubility in the supercritical fluid
(SCF) and, finally, to the formation of microparticles or nanoparticles with narrow
size distribution. In GAS, a polymer solution is expanded into a SCF, which acts as
an anti-solvent since it is not miscible with polymer but is miscible with the organic
solvent. Because the solvent is miscible with the SCF, it expands, resulting in the
reduction of solvent capacity to support polymer dissolution [25]. The author’s
laboratory [29, 30] have prepared chitosan scaffolds using supercritical carbon
dioxide (scCO,). In the first step, the hydrogels were prepared and treated with
organic solvent(s) and then placed in the chamber of a supercritical fluid reactor to
undergo solvent exchange. Thereafter, the temperature and pressure were raised.
Thus, the continuous flow of scCO, through the sample replaced all the organic
solvent with CO, to obtain a porous chitosan scaffold.

2.2.5 Hydrothermal Preparation

The use of a hydrothermal bomb for preparation of a metal organic framework is a
well-known technique in inorganic chemistry [31]. However, the use of a hydro-
thermal bomb for the preparation of scaffold is very rare. The final mixture with the
appropriate composition for scaffold preparation is sealed in a PTFE-lined acid
digestion bomb and heated at 40°C for 8 h under autogeneous pressure. After that,
the bomb is kept at room temperature to cool the product, which is then frozen at
—20°C. Finally, the product is vacuum dried to obtain the desired scaffolds [32-34]
(Dutta PK et al., unpublished results).

2.2.6 Electrospinning

Another important scaffold fabrication technique is that of electrospun nanofibers.
Electrospun nanofibers could be used to mimic the nanofibrous structure of the
ECM in native tissue [35-37]. Electrospinning involves the ejection of a charged
polymer fluid onto an oppositely charged surface. This technique is used to create
polymeric fibers with diameters in the nanometer range. In electrospinning, a charge
is applied to a polymer solution or melt, which is ejected toward an oppositely
charged target. The body of the polymer solution or melt becomes charged, and
electrostatic repulsion counteracts the surface tension so the droplets become
stretched. At a critical point, a stream of liquid erupts from the surface. This point
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of eruption is known as the “Taylor cone.” When the applied voltage is increased
beyond a threshold value, the electric forces in the droplet overcome the opposing
surface tension forces and a narrow charged jet is ejected from the tip of the Taylor
cone [38]. The commonly used polymers for the electrospinning method of fabrica-
tion are the aliphatic polyesters [39]. Preparation of chitosan scaffolds by electro-
spinning has been mentioned by various researchers [37, 40—42]. Duan et al. [43]
developed a nanofibrous composite membrane of poly(lactide-co-glycolic acid)
(PLGA)—chitosan/poly(vinyl alcohol) (PVA) by simultaneous electrospinning of
PLGA and chitosan/PVA from two different syringes and mixing on a rotating drum
to prepare a nanofibrous composite membrane, which was then crosslinked with
glutaraldehyde (GA). The obtained composite membrane was cytocompatible for
fibroblastic cells.

3 Chitosan as a Scaffolding Material

Among the naturally derived polymers such as gelatin, collagens, glycosamino-
glycan (GAGQG), starch, and alginate, chitosan, a partially deacetylated derivative of
chitin, is chemically similar to GAG and has many desirable properties that make it
a suitable candidate for use as a tissue engineering scaffold. Fabricating the hybrid
scaffolds by combining natural polymers with synthetic polymers and ceramics is
the best method, because the hybrid scaffolds possess both the mechanical strength
of synthetic polymers and the biodegradability of natural polymers [15].

The principal derivative of chitin, chitosan, has gained more attention as a
scaffold in tissue regeneration due to: (1) the possibility of large scale production
and low cost; (2) its positively charged and reactive functional groups that enable it
to form complexes with anionic polymers, including proteins that help to regulate
cellular activity, [44]; and (3) its antibacterial properties [45]. Apart from
this, chitosan is hemocompatible and non-immunogenic, and is degradable into
non-toxic oligosaccharides inside the body due to the action of lysozymes. But,
chitosan lacks the tensile strength required to match that of several natural tissues
[46, 47]. It has been reported that chitosan-based biomaterials do not lead to any
inflammatory or allergic reaction following implantation, injection, topical appli-
cation, or ingestion in the human body [48]. Chitosan possesses wound-healing
properties and favors both soft and hard tissue regeneration [49, 50]. By contrast,
many synthetic polymers exhibit physicochemical and mechanical properties com-
parable to those of the biological tissues that they are required to substitute, but are
not sufficiently bioactive [51]. Polyesters such as PLA, PLGA, and polycaprolac-
tone (PCL) can be reproduced with specific molecular weights, block structures,
degradable linkages, and crosslinking modes, and have excellent mechanical
strength [52, 53]. Thus, the lack of mechanical strength of chitosan scaffolds can
be resolved by incorporation of inorganic materials so that the hybrid material
possesses improved mechanical and biological properties. Many inorganic materials
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such as calcium carbonate, calcium phosphate, and silica have been studied for the
preparation of chitosan—inorganic composites [54].

3.1 Structural Analysis and Characterization of Chitosan

The structure of chitosan plays an important role if it is to serve as a scaffold
material for application in tissue engineering. The biocompatibility of chitosan is
attributed to its chemical properties. The polysaccharide unit of chitosan resembles
the structure of GAGs, which are a major component of ECM of bone and cartilage
and, hence, chitosan could be an attractive candidate for an ECM substitute [55].
The cationic nature of chitosan facilitates pH-dependent electrostatic interaction
with anionic GAGs, proteoglycans, and other negatively charged molecules. This
property is of particular interest in tissue engineering because it makes chitosan
suitable in various shapes and sizes, i.e., porous scaffolds [14], planar membranes
[56], and hydrogels [57], for specific interactions with growth factors, receptors,
and adhesion proteins [58]. The cell adhesion, proliferation, and differentiation
properties of chitosan are attributed to its hydrophilic nature, and its compact
aggregated polymeric chains are helpful in providing stability to the scaffolds in
terms of size and morphology during cell culture [59].

The physical and mechanical properties of chitosan can be ameliorated by
using graft copolymerization and crosslinking. Chitosan forms aldimines and
ketimines with aldehydes and ketones, respectively. Upon hydrogenation with
simple aldehydes, chitosan produces N-alkyl chitosan [60]. The physicochemical
and biological properties [61] as well as conformational structures [62] of chitosan
are very effective for biomedical applications.

3.2 Role of Molecular Weight and Degree of Deacetylation

The molecular weight (Mw) and degree of deacetylation (DD) of chitosan play
pivotal roles in dictating the biological properties of chitosan scaffolds. Notably, the
DD itself influences many of the properties of chitosan, namely mechanical proper-
ties, biodegradability, immunological activity, wound-healing properties, and oste-
ogenesis enhancement [63—71]. Chitosan scaffolds with higher DD showed higher
cell proliferation, lower biodegradation rate, and higher mechanical strength. One of
the studies in this direction was done by Hsu et al. [71]. They investigated the role of
DD and Mw of chitosan in terms of hydrophilicity, degradation, mechanical proper-
ties, and biocompatibility by seeding fibroblastic cells and immortalized rat chon-
drocytes (IRC) on chitosan films of differing DD and Mw. They observed that in the
chitosan films having similar Mw, the higher the DD of chitosan, the smaller was the
elongation of chitosan films; with similar DD, a higher Mw led to higher tensile
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strength. The results of degradation studies showed that for chitosan with the higher
average Mw, higher DD led to a higher degradation rate. However, the result for
chitosan films with the lower average Mw was found to be opposite, i.e., higher DD
led to slower degradation. The average Mw has also some significant effect on
degradation rate. For chitosan films having similar DDs, higher average Mw led to
the higher degradation rate. The acetyl group, -NHCOCH; of chitosan plays an
important role in deciding the degradation rate. Chitosan with lower DD have more
—NHCOCH; groups and might be more amorphous and degrade faster. The results
showed that with the lower average Mw, lower DD led to higher degradation rate of
chitosan films. They got the inference from their study that hydrophilicity and
biocompatibility of chitosan films were affected by DD. However, the rate of
degradation and the mechanical properties were found to be affected by Mw.

Another study in this direction was performed by Chatelet et al. [72]. They
investigated the effect of DD on the biological properties of chitosan films by
culturing keratinocytes and fibroblasts on chitosan films having different DDs.
They found that DD has no significant effect on the in vitro cytocompatibility of
chitosan films towards keratinocytes and fibroblasts. They demonstrated that the
lower the DD of chitosan, the lower was the cell adhesion on the films, and found
that keratinocyte proliferation increases when the DD of chitosan films increases.
They concluded from their study that the DD plays a key role in cell adhesion and
proliferation, but does not change the cytocompatibility of chitosan.

4 Application of Chitosan for Regeneration of Various
Types of Tissue

Chitosan scaffolds may find application in regeneration of skin tissue, liver tissue,
bone and cartilage tissue, cardiac tissue, corneal tissue, and vascular tissue to
mention a few [73]. A brief account of its application in various branches of tissue
engineering is described in this section.

4.1 Skin Tissue

Dermal wounds are very widespread in man. The skin damage can be caused by heat,
chemicals, electricity, ultraviolet, nuclear energy, or disease. In the case of wounds
that extend entirely through the dermis such as full-thickness burns or deep ulcers, as
a result of many skin substitutes such as xenografts, allografts, and autografts have
been employed for wound healing. However, the disadvantages of these approaches
include the limited availability of skin grafts in severely burned patients and the
problems of disease transmission and immune response [52, 53]. One of the good
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alternatives to skin grafts for curing skin damage is to develop a tissue-engineered
skin equivalent. Polymeric tissue scaffolds made of PLGA, collagen, and chitosan
are currently being employed for tissue reconstruction [74, 75]. An ideal scaffold
for skin tissue engineering should possess the characteristics of excellent biocom-
patibility, suitable microstructure such as 100-200 pum mean pore size and porosity
above 90%, controllable biodegradability, and suitable mechanical properties
[76-78]. A brief account of work done by some researchers in the field of skin tissue
engineering is given in Table 1.

There are complications in skin tissue engineering for cases of severe burn (third
degree burns). Composite skin substitutes are applied to patients suffering from
extensive burns, but slow cell ingrowths and insufficient vascularization has made it
unreliable for curing the people suffering from third degree burns [81]. Conse-
quently, some researchers are leaning towards the approach of tissue engineering,
which utilizes both engineering and life science disciplines, to promote skin
regeneration and to sustain and recover skin function [82].

In this direction, some good results-oriented data was reported by Liu et al. [81].
The work demonstrated the fabrication and effect of controlled-release of fibroblast
growth factor (bFGF) from chitosan—gelatin microspheres (CGMSs) loaded with
bFGF, where human fibroblasts were cultured on the chitosan—gelatin scaffold
itself. The comparative study looked at cell morphology, cell proliferation, GAG
synthesis, and gene expression with respect to loading of bFGF on the chitosan—
gelatin scaffold. The DNA assay result indicated that the DNA content of human
fibroblasts seeded on the scaffolds with and without bFGF-CGMS increased with
culture time. The cell proliferation was 1.47 times higher over a period of 2 weeks
on the scaffolds with bFGF-CGMS than on scaffolds without. GAG production was
also higher on scaffolds with bFGF-CGMS than on the chitosan—gelatin scaffolds.
Scanning electron microscopy (SEM) observations were also in accordance with the
suitability of scaffolds containing bFGF for skin tissue engineering. They indicated
that human fibroblasts attached and spread well on the scaffolds with bFGF-CGMS.
Overall, the results indicated that chitosan—gelatin scaffolds with bFGF have a good
potential as tissue engineering scaffolds to improve skin regeneration efficacy and to
promote vascularization.

Very recently, Dhandayuthapani et al. [83] reported the development of novel
chitosan—gelatin blend nanofiber systems for skin tissue engineering applications. In
this study, they were able to electrospin defect-free chitosan, gelatin, and chitosan—
gelatin blend nanofibers with smooth morphology and diameters of 120-200 nm,
100-150 nm, and 120-220 nm, respectively, by optimizing the process and solution
parameters. Chitosan and gelatin formed completely miscible blends, as evidenced
from differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR)
spectroscopy measurements. The tensile strength of the chitosan—gelatin blend
nanofibers (37.91 + 4.42 MPa) was significantly higher than that of the gelatin
nanofibers (7.23 £ 1.15 MPa) (p < 0.05) and comparable with that of normal
human skin.
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4.2 Bone and Cartilage Tissue

Scaffold serves as a temporary skeleton inserted into the sites of defective or lost
bone to support and stimulate bone tissue regeneration while it gradually degrades
and is replaced by new bone tissue [84—87]. Both bioactive ceramics and polymers
are used as scaffolding materials. Bioceramics have chemical compositions resem-
bling bone and they also allow osteogenesis. The major drawback of using bio-
ceramics as scaffolding material are its brittle nature and low degradation rates.
However, the biodegradation rates and mechanical properties of biopolymers can
be tailored to a certain extent for specific applications. Biopolymers are particularly
amenable for implantation and can be easily fabricated into desired shapes [15, 88].
Chitosan is widely used as scaffolding for the regeneration of bone tissue because of
its osteocompatible and osteoconductive properties, and can enhance bone forma-
tion both in vitro and in vivo [51]. The scaffolds should possess excellent mechani-
cal properties. The work done in the field of bone tissue engineering is outlined
in Table 2.

As far as chitosan is concerned for cartilage tissue engineering applications,
the rate of biodegradation of the scaffold (used to organize cells in vitro) plays
a crucial role. The presence of non-biodegradable articles in soft tissue often causes
acute foreign body reactions elicited by the body’s immune system that can result
in severe inflammation and soreness around the implant site. Many studies have
reported that chitin and chitosan are biodegradable polymers and that they degrade
in vivo mainly through their susceptibility to enzymatic hydrolysis mediated by
lysozyme, which is ubiquitous in the human body. However, this action is dependent
on factors such as pH, type of chitin or chitosan, and chitosan preparation method.
The use of chitosan as scaffolding material for cartilage tissue has been reported by
many researchers [2, 101, 102]. Composite chondroitin-6-sulfate/dermatan sulfate/
chitosan scaffolds were reported to be used for articular cartilage regeneration [103].
A brief account of work done in cartilage tissue engineering is described in Table 3.

4.3 Liver Tissue

Liver is one of the most important and complex organs, serving several essential
functions in the body. A biohybrid artificial liver using isolated hepatocytes and
polymer scaffolds is expected to be an alternative method of treatment for liver
failure because the shortage of suitable donors and costly surgical procedure has
limited the use of liver transplantation. For this approach, various scaffolds have
been used and it has been shown that the scaffolding material is crucial for control of
cell adhesion, growth, and tissue reconstruction [107]. For the culture of anchorage-
dependent cells such as hepatocytes, scaffolds require specific interaction with
ECM components, growth factor, and the cell surface receptor to ensure cell
survival, differentiation, and function [108]. This must be taken into account during
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the design and selection of polymeric materials for liver tissue-engineering. Calcium
alginate sponge has been used for hepatocyte culture [109]. However, the alginate
sponge is mechanically unstable due to ion exchange of Ca®* with monovalent
cations, and it lacks the cell-adhesive signals that are necessary to preserve long-
term hepatocyte function and to suppress apoptosis. Application of chitosan scaf-
folds in liver tissue engineering is described in Table 4.

4.4 Cardiac Tissue

Myocardial infarction is one of the major public health concerns and the leading
cause of death all over the world [118]. Human myocardium lacks the possibility of
regeneration after myocardial infarction [119]. This results in a progressive loss of
functional myocardium and a successive enlargement of the left ventricular cavity,
thus impairing cardiac function [120]. The loss of viable myocardium is irreversible
and, if extensive, could result in heart failure. The only available treatment of end-
stage heart failure is heart transplantation. Shortage of donor hearts and immuno-
logical rejection of the transplanted tissue has limited transplantation to certain
patients only. One good alternative for the treatment of heart failure is the replace-
ment of damaged tissue with a tissue-engineered graft generated using cells and
biodegradable scaffolds [121]. An ideal scaffold for cardiac tissue engineering
should be (1) highly porous with large interconnected pores, (2) hydrophilic, (3)
structurally stable, (4) degradable, and (5) elastic (to enable transmission of con-
tractile forces) [122, 123]. The main focus of cardiac tissue engineering is on the
development of 3D heart muscle that can be utilized to augment the function of
failing myocardium. Table 5 gives glimpses of work done on cardiac tissue engi-
neering applications.

4.5 Vascular Tissue

Vascular diseases, such as blood vessel damage, atherosclerosis, and aneurysms,
remain an obstacle for clinicians because of limited donor sites and the immune
response to allograft and xenograft. Tissue-engineered blood vessel is an optimal
alternative for blood vessel substitution. Vascular transplantation has been com-
monly used for the treatment of vascular diseases. An ideal scaffold for vascular
tissue engineering should use a biocompatible polymer with suitable degradation
rate and biological qualities that interact favorably with blood and cells. A variety
of biodegradable polymers, like poly(glycerol-sebacate), PLA or PLGA, as well as
collagen and chitosan have been evaluated as scaffolds to support the regeneration
of tissue-engineered vascular graft. More detail work in this direction is presented
in Table 6.
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4.6 Corneal Tissue

In the human body, the eye is the most delicate and remarkable organ. The cornea
is the transparent part of the eye that covers the iris, pupil, and anterior chamber. It
has five distinct anatomical layers. From anterior to posterior, the five layers are
corneal epithelium, Bowman’s layer, corneal stroma, Descemet’s membrane, and
corneal endothelium. Due to some hereditary diseases, infection, or injury, the cornea
becomes opacified and results in loss of vision. According to the World Health
Organization, over 10 million individuals are blinded from corneal scarring. Corneal
transplantation is the best way to overcome this kind of defect. In the USA, more than
40,000 corneas are transplanted successfully each year. Most patients receiving a
corneal transplant suffer from corneal scarring or decompensation due to keratoco-
nus, bullous keratopathy, corneal scars from trauma, Fuchs endothelial dystrophy,
and stromal corneal dystrophies such as lattice, granular, or macular dystrophy. In
addition to these, in much of the developing world, religious and cultural factors, lack
of general education, and the absence of eye banking facilities prevent widespread
cadaveric donation for corneal transplantation, leading to the need for an alternative
to cadaveric corneal transplantation. Thus, shortage of donor corneal tissue has drawn
the attention of researchers towards keratoprosthesis for the treatment of corneal
blindness. The ideal keratoprosthesis would be inert and not rejected by the patient’s
immune system, inexpensive, and maintain long-term clarity. In addition, it would be
quick to implant, easy to examine, and allow an excellent view of the retina [131].
Due to its good optical transmittance, chitosan is widely used in corneal tissue
engineering scaffolds and corneal regeneration; its transparency is above 85% at
400 nm [132]. Some more details of work in this field are given in Table 7.

4.7 Nerve Tissue

The nervous system plays a vital role in maintaining body functions. Nervous tissue
is composed of two main cell types: neurons, which transmit impulses, and the
neuralgia, which assist propagation of nerve impulses as well as provide nutrients to
the neurons. The nervous system is a complex, sophisticated system that regulates
and coordinates the basic functions and activities of our body. Overall, it plays the
role of headmaster in giving instructions to all parts of the body. Yet the nervous
system is complex and is vulnerable to various disorders. Nervous system disorders
cause many diseases such as Alzheimer’s disease, brain cancer and brain tumors,
Meningitis, Parkinson’s disease etc. In recent years, researchers are devoting efforts
to cure these diseases by regenerating nervous tissue. Some studies showed that
chitosan promotes survival and neurite outgrowth of neural cells in vitro [137-141].
In most of the studies, a nerve guidance conduit is employed for peripheral nerve
regeneration. In general, a suitable material for peripheral nerve regeneration should
possess the following properties [142, 143]:
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1. It must be biocompatible

2. It must allow diffusion transport of nutrients while preventing external cells
from entering the conduit

3. The material must be degraded slowly enough to maintain a stable support
structure for the entire regeneration process, but it should not remain in the
body much longer than needed to prevent later compression of the nerve

4. The material must be able to support cell adhesion and cell spreading on its surface

Chitosans have these biological properties and can serve as the main materials for
artificial nerve conduits. Neural stem cells (NSCs) have drawn the interest of
researchers because of their potential for neural regeneration [144]. Recently,
Scanga et al. [145] reported that chitosan had the greatest surface amine content
and the lowest equilibrium water content, which probably contributed to the greater
viability of neural precursor cells (NPCs or stem and progenitor cells) as observed
over 3 weeks in culture. Plating intact NPC colonies revealed greater cell migration
on chitosan relative to the other hydrogels. Importantly, long-term cultures on
chitosan showed no significant difference in total cell counts over time, suggesting
no net cell growth. Together, these findings reveal chitosan as a promising material
for the delivery of adult NPC cell-based therapies. Table 8 focuses on the develop-
ment of chitosan-based biomaterials for neural tissue regeneration and neural stem
cell implantation.

Table 8 Chitosan for neural tissue regeneration and neural stem cell implantation

Product developed Procedure adopted Evaluation Conclusion drawn  Name of
researchers
[Ref]
Chitin and chitosan Chitin hydrogel Lumber dorsal root Chitosan films Frier et al.
tubes tubes from ganglion showed more [146]
chitosan solu- dissected from enhanced
tions using E9 White Rock neutrite
acylation chicks on chitin outgrowth than
chemistry and and chitosan on chitin films
mold cast films
techniques separately in a
cell culture
medium
Porous chitosan Buffalo embryonic The polygonal The scaffolds are ~ Thein-Han
scaffolds using stem-like buffalo ES-like promising for et al.
different (ES-like) cell cells proli- neural tissue [147]
degrees of culture ferated well on regeneration
deacetylation 88% and 95% and neural stem
DD scaffolds cell implan-
tation
Hybrid PCL/ Culture of rat More cell Hybrid scaffolds ~ Prabhakaran
chitosan Schwann cells proliferation have more cell et al.
nanofibrous (RT4-D6PT2) on the PCL/ proliferation [148]
scaffolds on the PCL chitosan scaf- and are thus
scaffolds and folds than on useful for
PCL/chitosan PCL-alone peripheral
scaffolds scaffolds nerve regene-
ration

(continued)



Chitosan: A Promising Biomaterial for Tissue Engineering Scaffolds 71
Table 8 (continued)
Product developed Procedure adopted Evaluation Conclusion drawn  Name of
researchers
[Ref]
Porous tubular Novel method for  Differentiated Porous chitosan Wang et al.
chitosan synthesizing Neuro-2a cells scaffolds with [149]
scaffolds porous tubular grew along the well-defined
chitosan oriented architectural
scaffolds macrochannels features may
and the inter- serve as a
connected promising
micropores material for
for beneficial nerve tissue
nutrient dif- engineering
fusion and cell
ingrowth to the
scaffold’s
interior
Chitosan films with Neural cell Dependency of Cell compatibility  Frier et al.
different compatibility neural cell can be adjusted [150]
degrees of of chitosan and compatibility by amine
acetylation N-acetylated on DA. 0.5% content for the
(DA) chitosan using acetylated nervous tissue
primary chick chitosan films system
dorsal root showed the
ganglion greatest cell
neurons viability
Porous composite  In vitro culture Cell proliferation =~ Composite Xiangmein
nerve conduit studies by study scaffolds et al.
of collagen and seeding retinal promote the [151]
chitosan pre- pigment adhesion and
pared by epithelial cells proliferation of
freeze-drying on composite cells. Increase
steam extrusion scaffolds of chitosan
content dec-
reases cell
proliferation
slightly
Chitosan as a In vivo studies by  Faster regeneration Chitosan gel Ishikawa
scaffold for transplanting of axons in sponges with et al.
transplantation the chitosan chitosan gel BMSC-derived [152]
of bone marrow sponge Schwann cells
stromal cell containing for
(BMSC)- BMSC-derived regeneration of
derived Schwann cells peripheral
Schwann cells into Wistar rats nerves
Chitosan gel Axonal - Sponge may serve Ishikawa
sponge regeneration of as an effective et al.
the rat sciatic scaffold for [153]

nerve

axonal regene-
ration of the rat
sciatic nerve




72 P.K. Dutta et al.

4.8 Some Other Applications

Apart from the above use of chitosan as scaffolding material in tissue engineering, it
also finds application in periodontal tissue engineering [154, 155] and disc tissue
engineering [156]. The other uses of chitosan as scaffolding material may find
applications in esophageal tissue, dental tissue and breast tissue for organ-specific
tissue regeneration.

5 Conclusions

Among other natural polysaccharides, chitosan is a very promising and versatile
biomaterial due to the ease with which this material can be manipulated to fit certain
circumstances. This discovery has opened several avenues of thought concerning
chitosan as a biopolymer for tissue engineering applications. The fundamental
principles of tissue engineering are based on living cells, signal molecules, and
scaffold. Tissue engineering involves repair of injured body parts and restores their
functions by using laboratory-grown tissues, materials, and artificial implants. In
this chapter, we have mainly concentrated on the selection of chitosan as scaffold-
ing material and looked at different types of scaffold fabrication techniques as well
as the factors governing the design of scaffolds for various tissue engineering
applications. It is hoped that this article will act as a research guide for beginners
on the use of chitosan as a scaffold for the regeneration of various types of tissues
and organs. The description of methods for producing tissue engineering scaffolds
may also be useful for practitioners to understand the physicochemical and bio-
logical properties of chitosan scaffolds in their real-life application.
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Abstract Tissue repair and regeneration is an interdisciplinary field focusing on
development of biological and bioactive substitutes. Chitosan is a natural polysac-
charide exhibiting excellent biocompatibility, biodegradability, affinity to biomo-
lecules, and wound-healing activity. It can also be easily modified via chemical and
physical reactions to obtain derivatives of various structures, properties, functions,
and applications. This paper focuses on chitosan and its derivatives as biomaterials
for tissue repair and regeneration. Tuning the structure and properties such as
biodegradability, mechanical strength, gelation property, and cell affinity can be
achieved through chemical reaction, immobilization of specific ligands such as
peptide and sugar molecules, combination with other biomaterials, and chemical
or physical crosslinking. To obtain applicable three-dimensional scaffolding mate-
rials such as porous sponges, hydrogels, and rods, the formulation and stimuli-
responsiveness of this material can also be modified. Moreover, chitosan and its
derivatives can function as vectors for delivery of cell growth factors and parti-
cularly of functional genes encoding cell growth factors, which are easier to
integrate with the formulated materials to obtain scaffolds of higher activity. Recent
studies have shown that such scaffolds are of particular importance in mediating the
proliferation, migration, and differentiation of stem cells. Finally, integration of
chitosan with cell growth factors and associated genes and/or with cells (stem cells)
produces chitosan-based biomaterials with applications in repair or regeneration of
skin, cartilage, bone, and other tissue.
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1 Introduction

In recent years, advanced surgical therapies including organ transplantation, recon-
struction surgery, and use of artificial prosthesis have been applied to treat the
loss or failure of organs and tissues. However, they have several therapeutic and
methodological drawbacks such as incomplete biological functions, donor short-
age, and bacterial or virus infection [1]. Tissue engineering takes the multidisci-
plinary principles of materials science, medicine, and life science to generate
tissues and organs of better biological structures and functions. In a typical therapy
based on tissue engineering, cells are seeded into a temporary scaffolding matrix
and allowed to remodel the matrix into the desired tissue [2]. It is also possible to
implant the matrix materials only, regenerating the tissue following a regenerative
medicine strategy based on the recruitment of native cells into the material, and
subsequent deposition of extracellular matrix (ECM) [3].

Whether a “cellular” or “acellular” [4] approach is taken, the supporting matrix
materials play a crucial role because they act as an artificial ECM to provide a
temporary environment for cells to infiltrate, adhere, proliferate, and differentiate.
Finally, the matrix guides the repair and regeneration of tissue (Fig. 1). Various
forms of material can be considered as the supporting matrix, including three-
dimensional (3D) sponges, hydrogels, and microcarriers. For an ideal matrix
material, some properties are required that include biocompatibility, suitable micro-
structure, desired mechanical strength and degradation rate, and most importantly
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Fig. 1 Cellular (top left) and acellular (bottom left) tissue engineering approaches. Matrix
materials are implanted into patient and act as an artificial ECM for cells to infiltrate, adhere,
proliferate, and differentiate, and finally to guide repair and regeneration (modified from [5])

the ability to support cell residence and allow the retention of the metabolic
functions [6, 7]. Tissue repair and regeneration is a complicated process. Particu-
larly, many signaling molecules (e.g., growth factors, functional DNAs or siRNAs)
are involved in mediating the cell responses and in modulating cell behavior.
Therefore, the delivery systems as well as their combination with the various
bioactive factors are important, and in many cases take a pivotal role for tissue
repair and regeneration.

So far, both natural and synthesized polymers have been used as the supporting
matrix for tissue repair and regeneration. Among the synthesized polymers,
polyurethane (PU), poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), poly-
caprolactone (PCL), polylactide (PLA), polyglycolide (PGA), and poly(lactic-
co-glycolic acid) (PLGA) have been intensively explored [8]. Polymers of natural
origin are attractive options, mainly due to their similarities with ECM as well as
chemical versatility and biological performance. The widely considered natural
polymers include collagen, gelatin, alginate, chitosan, starch, and cellulose.

Chitosan is of particular interest for a broad range of applications as biomaterial
and especially as the supporting matrix or delivery system for tissue repair and
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regeneration. As a linear polysaccharide, chitosan is a partially deacetylated deriv-
ative of chitin (an important constituent of the exoskeleton in animals) and is
the second most abundant biosynthesized material [9]. Structurally, chitosan is
composed of B (1—4)-linked p-glucosamine residues with a variable number of
randomly located N-acetyl-glucosamine groups. The ratio of glucosamine to the
sum of glucosamine and N-acetyl-glucosamine is defined as the degree of deace-
tylation (DD) [10]. The average molecular weight (Mw) of chitosan can range from
300-1,000 kDa with a DD of 30-95%, depending on the source and preparation
procedure [11, 12]. Mw and DD are the predominant parameters that influence
the solubility, mechanical strength, and degradation properties of chitosan and
chitosan-based biomaterials. Generally, chitosan is insoluble in neutral or basic
conditions, while protonation of free amino groups facilitates solubility of chitosan
in dilute acids (pH < 6) [7]. Mw and crystallinity also influence the mechanical
properties of chitosan-based materials, although the mechanical strength depends
strongly on the material forms and structural parameters such as pore size, porosity,
and pore orientation for the porous scaffolds. In vivo degradation of chitosan is
mainly attributed to the effect of lysozyme through hydrolysis of acetylated resi-
dues [10]. Basically, higher DD not only decreases the number of reactive positions
for hydrolysis degradation but also results in larger crystallinity, which further
facilitates a slower degradation rate [4]. In addition, the degradation also inherently
influences the solubility and mechanical properties owing to the structural changes
both at molecular or macroscopic levels.

Due to its outstanding properties in terms of biocompatibility, biodegradability,
non-antigenicity, and antibacterial activity, chitosan has become one of the most
important biomaterials for diverse applications in drug release, nutrition supple-
ments, wound healing, semipermeable separation etc. [13—-16]. Moreover, chitosan
possesses some advantages that make it particularly suitable for tissue repair and
regeneration. First, it can be easily formulated into matrices of various forms for
cell culture and tissue formation. For instance, by a simple freeze-drying method,
chitosan-based 3D scaffolds with interconnected porous structures can be prepared
[7, 17, 18]. Second, as a result of the protonation of free amino groups under acidic
conditions, chitosan exhibits a pH-dependent cationic nature and has the ability to
interact with anionic glycosaminoglycans (GAGs), heparin, proteoglycans, and
nucleotides like DNA or siRNA. This property is of great importance because a
large number of growth factors and cytokines are bound and modulated by GAGs.
In addition, delivery systems for DNAs and siRNAs can be obtained through
electrostatic interactions between protonated amino groups on chitosan and phos-
phate groups on nucleotides.

This review firstly focuses on modification of the chitosan molecule to obtain
desired properties and functions. The most important material forms (porous scaf-
folds, hydrogels, and rods) and delivery vectors fabricated from chitosan and its
derivatives will be introduced. Particularly, the interaction and modulation of stem
cell behavior by chitosan will be discussed. Finally, the applications of chitosan-
based materials for repair and regeneration of various tissues and organs such as
skin, cartilage, and bone will be summarized.
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2 Modification of Chitosan for Tissue Repair

As a kind of renewable resource, unmodified chitosan has been widely used in
many fields such as pharmaceutical, agriculture, food, and biomedical applications.
In order to realize the full potential of chitosan and bring a breakthrough in its
broader utilization, attempts have been made to modify chitosan to obtain various
derivatives. For the tissue repair and regeneration applications, chitosan can be
functionalized by chemical reaction, coupling with specific ligands or moieties,
combining with biomacromolecules, and crosslinking in the presence or absence of
crosslinkers.

2.1 Modification with Functional Groups

Chemical modification of chitosan molecules usually occurs at three reactive
positions: the amino group at C(2) and the primary and secondary hydroxyl groups
at C(3) and C(6), respectively [19]. This is of great significance because the funda-
mental skeleton of chitosan and its original outstanding physicochemical and bio-
chemical properties as a biomaterial are retained after modification, while achieving
desirable structures and functions particularly suitable for tissue repair and regenera-
tion applications. Important chitosan derivatives include sulfated chitosan, trimethyl
chitosan, thiolated chitosan, hydroxyalkyl chitosan, carboxyalkyl chitosan, phos-
phorylated chitosan, and cyclodextrin-linked chitosan.

2.1.1 Sulfated Chitosan

Derivation of chitosan through chemical modification of the amino or hydroxyl
group with a sulfate group has been of increasing interest mainly because of the
structural similarity of sulfated chitosan to heparin, which displays anticoagulant,
antisclerotic, and antiviral activity, and bioaffinity to growth factors [19]. Several
techniques have been developed to synthesize sulfated chitosan. For example,
Nagasawa et al. [20] used sulfuric acid as sulfating agent in combination with
tetrahydrofuran (THF) and phosphorous pentoxide at —20°C. In another procedure,
2-chloroethane sulfonic acid sodium salt was applied to obtain sulfoethyl chitosan
[21]. It was also feasible to introduce a sulfonic acid function onto chitosan
molecules through the reaction with 5-formyl-2-furansulfonic acid, sodium salt
[22]. Due to the poor solubility of chitosan in organic solvents in which the
sulfation procedure takes place, it can be assumed that the synthesis of sulfated
chitosan is performed in heterogeneous conditions and that the constitution of the
product is heterogeneous as well.

Structural similarity with heparin endows the sulfated chitosan with high anti-
coagulant potency. Li et al. [23] used layer-by-layer self-assembly techniques to
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modify titanium with multilayers of collagen and sulfated chitosan. The coated
surface of the multilayers exhibited better anticoagulant property than untreated
titanium in terms of platelet adhesion, partial activated thromboplastin time, and
prothrombin time. The relationship between Mw and anticoagulant activity of
sulfated chitosan has also been studied. It is concluded that the sulfated chitosan
with low Mw shows an increased anticoagulant activity, similar to that of heparin
[24]. Due to its affinity to many kinds of growth factors, the sulfated chitosan is also
applied as a promising component for building of scaffolds or delivery systems
for tissue repair and regeneration. Amphiphilic N-octyl-O-sulfate chitosan can
form micelles and has been used as a delivery system for the water-insoluble drug
paclitaxel [25]. The PEG monomethyl ether group was conjugated to N-octyl-O-
sulfate chitosan, which further enhanced the biocompatibility and biostability of the
system. Our group prepared sulfonated carboxymethyl chitosan (SCC), which was
utilized as a component of skin tissue engineering scaffolds [26]. SCC is expected
to have the ability of trapping, binding, and protecting growth factors involved in
the wound-healing process, such as fibroblast growth factor (FGF) and vascular
endothelial growth factor (VEGF), leading to enhanced repairing activity.

2.1.2 Trimethyl Chitosan

It has been known that the protonated form of chitosan in acid conditions exhibits
bioadhesion and permeation properties by transiently opening the tight junctions
in cell membrane, which is of great significance in drug or gene delivery [27].
However, the poor solubility of chitosan at neutral and basic pH limits its biomedi-
cal applications, especially in physiological environments. Attempts have been
made to boost the positive charge density, resulting in an enhanced solubility of
chitosan over a broader range of pH. Development of trimethyl chitosan (TMC) was
an effort in this regard. Methylation of chitosan can be achieved via the reaction
of methyl iodide and amino groups (Fig. 2) [28]. A strong alkaline environment is
required in order to neutralize the acidic products and avoid protonation of the
unreacted primary amino groups. The physicochemical and biological properties of
TMC are strongly determined by the degree of quaternization (DQ), which is
controlled by the time and route of the reaction.

TMC is supposed to possess the property of permeation enhancement, and
therefore has been studied as a delivery vector for proteins and genes. For example,
TMC nanoparticles were prepared by ionic crosslinking with tripolyphosphate
(TPP) and used as a delivery system for ovalbumin [30]. The loading efficiency
and capacity of the protein were up to 95% and 50%, respectively, with an
improved integrity. Most importantly, transportation of the protein-loaded particles
across nasal mucosa was confirmed by an in vivo uptake test. In another study, the
influence of DQ on the property of protein-loaded TMC/TPP nanoparticles was
investigated [31]. A lower DQ leads to an increased particle size and a slower
release rate of protein.



Chitosan-Based Biomaterials for Tissue Repair and Regeneration 87

HOH,C .
HOHG o NaOH, Nal "o inexchange _ HOMS 4
Nor Do o ey oL e DI O SRR —e R o
o N 60°C.NMP HO HO
g = N+(CHy), o N+(CHy),
Chitosan Trimethyl chitosan iodide Trimethyl chitosan chloride
SH
HS
SH
HN o ‘\(0 NH,*Cr
H NH H NH H NH
H H y
OH OH OH
H H nooH g H
H o} O---- H o —o-- H o Lo
CH,0H CH,OH CH,OH
Chitosan-Cysteine Chitosan-Thioglycolic Acid Chitosan-4-Thio-Butylamidine

Fig. 2 Synthesis of N,N,N-trimethyl chitosan and substructure of thiolated chitosan derivatives
[28, 29]

TMC and its derivatives have also been reported as promising gene vectors. Our
group synthesized TMC with high Mw and studied the role of DQ in terms of gene
transfection efficiency and cytotoxicity [32]. It was found that the TMC showed
some toxicity under a long-term cell culture. When the DQ is larger than 12%, a
further increase of the DQ lowers the gene transfection efficiency. To further
improve the gene delivery efficiency and biocompatibility of TMC, thermosensitive
poly(N-isopropylacrylamide) (PNIPAAm) was grafted to the TMC molecule [33].
The TMC-g-PNIPAAm/DNA can form compact particles above the lower critical
solution temperature (LCST) of PNIPAAm as a result of collapse of the PNIPAAm
chains. After cellular uptake of the particles, the culture was maintained below the
LCST for a period of time to facilitate the unpacking of DNA from the complexes.
By this strategy, the gene transfection efficiency was significantly improved while
the overall good cytocompatibility was maintained. Other studies have also been
performed to enhance the colloidal stability and cellular uptake of the TMC/gene
particles by modifying TMC with PEG and folate [34, 35].

2.1.3 Thiolated Chitosan

Thiolated chitosan is generally formed through the reaction between primary amino
groups on the chitosan molecule and thiol-bearing reagents such as cysteine,
thioglycolic acid (TGA) and 4-thio-butylamidine (TBA) (Fig. 2) [29]. Thiolated
chitosan shows enhanced mucoadhesiveness owing to formation of disulfide bonds
between the thiol groups on chitosan and mucus glycoproteins. Moreover, the
thiolated chitosan can form inter- and intramolecular disulfide bonds within a pH
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range of 5-6.8, endowing the molecule with in situ gelling properties, which is quite
important for preparation of a delivery system.

Chitosan—-TBA microparticles have been prepared by an emulsification solvent
evaporation technique, along with insulin and the permeation mediator reduced
glutathione for nasal administration [36]. Because of the improved mucoadhesive
properties and enhanced permeation properties, the bioavailability of the chito-
san—TBA/glutathione microparticles is 3.5 times of that of the systems based on
unmodified chitosan. Attempts have also been made to combine the mucoadhesion
of thiolated chitosan and the permeation-enhancing effects of TMC. TMC—cysteine
(TMC-Cys) conjugate has been prepared and allowed to form nanoparticles with
insulin through electrostatic interactions (Fig. 3) [37]. Partly attributed to the
formation of disulfide bonds between TMC-Cys and mucin, the TMC-Cys/insulin
nanoparticles display higher mucoadhesion and insulin transport properties. Thio-
lated chitosan-based gene delivery systems have been constructed as well. Through
the disulfide crosslinkage under the oxidation treatment, an enhanced protection
effect and sustained release of plasmid DNA are achieved, resulting in higher gene
transfection efficiency [38]. TMC-Cys can enhance the positive charge and solubil-
ity of TMC and the reversible crosslinking features of thiolated chitosan, and has
recently been evaluated as a gene vector (Fig. 4) [39]. Thiolated chitosan can also
be used to build a porous scaffold for tissue-repairing applications. In the study
carried out by Li et al. [40], composite chitosan/chitosan—-TGA scaffolds with
different component ratios were fabricated by a freeze-drying method. The maxi-
mum tensile strength of the scaffold is obtained with a chitosan to chitosan-TGA
ratio of 3:7 and at a freezing temperature of —20°C. Fibroblasts exhibit preferential
growth on this scaffold.

2.2 Modification by Specific Ligands

In order to endow the biomaterials with desirable interactions with cells and
mediate specific cell responses and behavior, it is crucial to introduce cell-specific
ligands or signaling molecules into the materials. For this purpose, many attempts

e e @
@M Self-assembly @ @
" =g TMC-Cys NP
insulin

Fig. 3 Chemical structure of TMC-Cys and schematic representation of formation of self-
assembled TMC-Cys/insulin nanoparticles (TMC-Cys NP) [37]
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electrostatic affinity and disulfide bonding, uptake via endocytosis, endosomal escape, intracellu-
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have been made to functionalize chitosan with specific ligands. From the viewpoint
of biomimetics, combination with ECM proteins like collagen, fibronectin, and
laminin is an attractive strategy for chitosan modification. However, direct modifi-
cation by proteins has several limitations due to the possible immunogenicity, low
cell-binding efficiency, and easy denaturation. By using small peptide sequences
derived from these ECMs, however, the drawbacks are overcome while the main
biofunctions are retained, since the short peptides are more stable against steriliza-
tion, heat treatment, and variation in pH. In addition, implication of sugar moieties
in cell signaling mechanisms and in recognition processes indicates them as another
key component for chitosan modification.

2.2.1 Peptides

The arginine—glycine—aspartate (RGD) sequence or RGD-containing short peptides
are by far the most widely distributed and extensively used ECM-derived biomole-
cules for stimulating cell attachment by specific recognition with integrins on the
cell surface [41]. Various approaches have been developed to immobilize the RGD-
containing peptides on chitosan. Karakecili et al. [42] grafted RGDS peptide on
the surface of chitosan film by photochemical techniques based on phenyl-azido
chemistry (Fig. 5). In another strategy, chitosan reacted with 2-iminothiolane to
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Fig. 5 Production of nitrene groups in phenyl-azido derivatized RGDS by UV irradiation and
immobilization on chitosan surface [42]

generate a SH-chitosan derivative and, subsequently, RGDSGGC was introduced by
disulfide bond linkage with the aid of dimethyl sulfoxide [43]. This chitosan-RGDSGGC
conjugate shows excellent adhesion and proliferation for chondrocytes and fibro-
blasts.

A99a (ALRGDN) and AG73 (RKRLQVQLSIRT) are laminin-derived peptides
with cell-specific activity. A99a is an avf3 integrin-binding peptide, while AG73 is
a syndecan-binding peptide. Two kinds of peptide-conjugated chitosan membranes
were prepared by binding A99a and AG73 to maleimidobenzoyloxy—chitosan [44].
Both bioactive membranes promoted cell attachment according to the cell-type
specificity, with different mechanisms: A99a—chitosan membrane recognizes an
integrin receptor whereas the AG73—chitosan membrane interacts with proteogly-
can. Further investigation found that the membrane structure partially influenced
the cell attachment activity of A99a, but had no effect on that of AG73. Optimiza-
tion of the peptide amount on the membrane was conducted to obtain the strongest
cell adhesion, cell spreading, and neurite outgrowth [45]. As an example of the
potential application in tissue engineering, the AG73—chitosan was reported to
enable the delivery of keratinocytes to the wound bed [46].

YIGSR is another laminin-derived peptide and has been regarded as capable of
enhancing neural outgrowth [47]. When YIGSR-modified chitosan/hydroxyapatite
tubes were implanted as bridge grafts into the sciatic nerve of Sprague-Dawley rats,
the nerve regeneration and sprouting from the proximal nerve stump were enhanced
[48]. To further enhance the bioactivity of the YIGSR sequence, glycine spacers
were introduced to yield the CGGYIGSR peptide [49].
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The EPDIM sequence is derived from an ECM protein, Big-h3. Bae et al. [50]
reported that EPDIM promoted keratinocyte adhesion, proliferation, and migration
by integrin-mediated interactions. Compared to those unmodified materials, the
EPDIM-immobilized chitosan porous beads significantly enhanced the growth rate
of NIH3T3 fibroblasts and HaCaT keratinocytes, which is promising for the wound
healing of injured tissue such as skin.

2.2.2 Sugars

Galactose is one of the most popular ligands to the asialoglycoprotein (ASGPR)
receptors on the surface of hepatocytes and has been used to modify biomaterials
to enhance hepatocyte adhesion as well as liver-specific functions [51]. Galacto-
sylated chitosan (GC) is synthesized from chitosan and lactobionic acid bearing
galactose ligands by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
as an active ester intermediate [52]. Other methods have also been developed using
etherization of chitosan and galactose in THF using BF;.0Et, as catalyst [53].
GC has been used as scaffolding material and shows good hepatocyte attachment
and functions for live tissue engineering. Feng et al. [54] utilized an electrospinning
technique to fabricate a GC-based nanofibrous scaffold, in which rat primary
hepatocytes formed 3D flat aggregates with high mechanical stability and excellent
bioactivity. The nanofibrous scaffold was further applied to develop a multilayer
radial-flow bioreactor [55]. This new bioreactor showed exciting properties and
might afford short-term support of patients with hepatic failure. As a gene vector,
GC or its copolymers (such as GC-g-PEG or GC-g-dextran) can form complexes
with DNA and exhibit hepatocyte-targeted transfection [52, 56, 57].

Lactose is a disaccharide consisting of galactose and glucose. Donati et al. [58]
conjugated lactose to a highly deacetylated chitosan via a reductive N-alkylation.
The resulting lactose—chitosan could induce chondrocyte aggregation, formation of
nodules of high dimensions, and synthesis of aggrecans and type II collagen. The
author attributed this chondro-specificity to the presence of galactose residues,
implying the existence of specific interactions between galactose and chondrocyte
[59]. Tan et al. [60] blended the lactose—chitosan with heparin for chondrocyte
culture, resulting in better cell adhesion, proliferation, and GAG secretion.

Mannose can interact specifically with macrophages and dendritic cells via
surface mannose receptors involved in endocytosis and phagocytosis [61]. A man-
nose moiety can be introduced onto chitosan or chitosan-g-polyethyleneimine (PEI)
molecules by a thiourea reaction between the isothiocyanate group and the amine
groups (Fig. 6) [62, 63]. The mannose-bearing polymers show enhanced macro-
phage-specific bioactivity both as a vaccine and as a gene delivery system.

Sugar—lectin specific interaction is an important cellular phenomenon. Li et al.
[64] linked L-fucose to chitosan, which can act as a somatic agglutinin to induce
bacteria aggregation. The enhanced antimicrobial activity of chitosan—L-fucose is
attributed to the specific recognition and binding of the L-fucose moiety with PA-I1
lectin on Pseudomonas aeruginosa surface.



92 X. Liu et al.

CH,OH CH,OH CH OH CH, 0“
N o b
¢}
o_NoH r_|>[\ OH PQI\ S —— o\
[ 1 H I | H
H  NH, H  NH, H NH:
. Periodate-oxidized
Chitosan chltocen
+NHCHZCH2HTCH,CH2+
n n
CH,CH,NH, NaBH,

Ea

CH,OH CH,0H w_" J! | Gron CHon
Q*' Doms
mmnopyr-nmylplltnyl H H, \
isothiocyanate

Man-| PEI PEI Man PEi PEI
Mannosylated CHI-g-PEI Chitosan-graft-PEI
(Man-CHI-g-PEI) (CHI-g-PEI)

Fig. 6 Proposed reaction scheme for synthesis of mannosylated chitosan-g-PEI [62]

2.3 Modification by Macromolecules

2.3.1 Natural Macromolecules

Due to the inherent advantages like biocompatibility and biodegradability of natural
macromolecules, especially ECM-derived biomacromolecules, they have been
extensively used to modify chitosan to improve its biological performance as a
tissue-repairing material. As the most abundant ECM component, collagen exhibits
excellent cytocompatibility owing to the specific cell-binding sites such as the RGD
peptide sequence [65]. However, the use of collagen is greatly limited due to its poor
mechanical properties, fast biodegradation rate, and contraction during cell culture.
Ma et al. [66] designed a chitosan-based dermis substitute that was more stable in terms
of pore size and microstructure when cultured with cells. Our group prepared a
porous scaffold consisted of collagen and chitosan by freeze-drying [18]. The chitosan
molecules function as a crosslinking bridge under glutaraldehyde (GA) treatment, and
thereby improve the stability of the composite against biodegradation. Moreover, the
composite scaffold exhibits good cytocompatibility both in vitro and in vivo.

Gelatin is a partially hydrolyzed product of collagen [67]. Pulieri et al. [68]
prepared dehydro-thermally crosslinked chitosan/gelatin blend films, in which the
gelatin amount affected the physicochemical properties significantly. The blends
with 80% gelatin displayed the best affinity for neuroblastoma cell attachment
and proliferation. In another study, He et al. [69] developed a chitosan/gelatin
hybrid scaffold with well-organized microstructures, which facilitated hepatocyte
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growth in vitro. Chitosan/gelatin nanofibers fabricated by electrospinning show
remarkably higher tensile strength (37.91 4+ 4.42 MPa) than the pure gelatin fibers
(7.23 £ 1.15 MPa), which is of great significance for potential skin tissue engi-
neering applications [70].

Chondroitin sulfate (CS) is a heparin-like GAG abundantly existing in cartilage,
cornea, skin, and arterial walls. It consists of a repeating disaccharide unit of dif-
ferently sulfated residues of B-p-glucuronic acid and o-D-acetylgalactosamine [71].
Thanks to the heparin-like structure, it has the ability to bind with growth factors and
thereby stabilize the active conformations. Mi et al. [72] prepared a crosslinked
chitosan/CS porous scaffold in which the basic fibroblast growth factor (bFGF)
retained its bioactivity after release. CS is also expected to improve cytocompat-
ibility. Chondroitin-6-sulfate is immobilized onto chitosan nonwoven fabric by
glutaraldehyde [73]. Besides the increase of cell-seeding efficiency, the proliferation
of fibroblasts is improved to about 45 times of that of the original chitosan scaffold.

Hyaluronic acid is composed of repeating disaccharide units of N-acetyl-p-
glucosamine and p-glucuronic acid [74]. It functions as the backbone of GAG
complexes in the ECM and can bind with some cell-specific receptors such as
CD44 [75]. Wang et al. [76] immobilized hyaluronic acid onto the surface of
chitosan film, improving the hydrophilicity and cytocompatibility. Xu et al. [77]
used the chitosan/hyaluronic acid hybrid films as wound dressing, and found that
with the increase of hyaluronic acid amount the water-uptake ratio and water
retention capacity were enhanced while protein adsorption and fibroblast adhesion
were weakened. Galactosylated hyaluronic acid is utilized to combine with chitosan
to prepare a porous sponge. Fan et al. [78] concluded that in the presence of galacto-
sylated hyaluronic acid, the mechanical strength of the sponge was improved and
hepatocyte functions were promoted.

Alginate is a kind of naturally derived polysaccharide comprising 1,4-linked
-p-mamnuronic and a-L-guluronic residues. Compared to the chitosan counterpart,
the chitosan/alginate hybrid scaffolds display significantly improved mechanical
properties due to the ionic interaction between chitosan and alginate [79]. Li et al.
[80] specially emphasized the biological effect of the alginate constituent. They
found that the chitosan/alginate composites exhibited superior ability over pure
chitosan scaffold in terms of HTB-94 cell proliferation and phenotype maintenance.

2.3.2 Synthetic Macromolecules

Broadly speaking, biomaterials used as supporting matrix for tissue repair appli-
cations must meet two requirements: mechanical and structural similarity to the
target tissues, and appropriate interactions with cells [5]. Synthetic biopolymers
have attracted much attention because they display mechanical properties and
degradation behaviors more suitable for some applications than their natural coun-
terparts mentioned above. However, the synthetic biopolymers have disadvantages
such as hydrophobicity and poor cell affinity as well as lack of biological responses
[81]. It is a simple but effective strategy to combine synthetic biopolymers with
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natural biopolymers such as chitosan by blending or coating, to generate biomater-
ials with a balance between the physicochemical and biological properties. The
most widely used synthetic biodegradable polymers are PCL, PLA, PGA, and
PLGA.

Considering the decomposition of chitosan before melt flow, it is crucial to use a
common solvent for the solution blending of chitosan and synthetic biopolymers.
Wan et al. [82] used hexafluoro-2-propanol as the common solvent and sodium
chloride as the porogen to fabricate a chitosan/PCL scaffold, which possessed well-
defined compressive properties and dimension stability in wet state. The incorporated
chitosan is capable of buffering the acidic hydrolysis products of PCL during
degradation and minimizing the possible side effects in vivo as well. Malheiro
et al. [83] utilized a formic acid/acetone mixture (70:30 vol%) as a common solvent
to obtain a fibrous chitosan/PCL hybrid scaffold by a simple wet spinning method. By
optimizing the processing parameters, it is possible to tune the mechanical and
biological properties. Cruze et al. [84] synthesized semi-interpenetrating polymer
networks (semi-IPNs) by simultaneous precipitation of chitosan/PCL blend, followed
by physical crosslinking of chitosan, and finally melt processing and leaching out to
prepare porous scaffold. The resulting semi-IPNs scaffold exhibited high porosity
and good mechanical properties. Xu et al. [85] prepared chitosan/PLA blend micro-/
nanofibers from a trifluoroacetic acid mixture solution by electrospinning. Along with
the increase of PLA content, the fiber diameter was enlarged, with a fine morphology.

2.4 Crosslinking Modification

Crosslinking is another effective approach for modulating a broad spectrum of
characteristics of chitosan-based biomaterials for tissue repair. Typically, in the
case of chitosan porous scaffolds, the mechanical strength and biostability can be
enhanced by the crosslinking treatment. With chitosan-based hydrogel systems, the
releasing profiles of drugs or bioactive factors (e.g., growth factors, cytokines, and
genes) can also be regulated by the crosslinking.

Two types of crosslinking are used for the chitosan porous scaffolds: ionic
crosslinking by polyanions such as triphosphate, hyaluronic acid, CS, and alginate;
and covalent crosslinking by glutaraldehyde and genipin. In an effort to fabricate
alginate-crosslinked chitosan scaffold incorporated with pentoxifylline (PTX), the
extensive effects of various crosslinking degrees have been studied [86]. In com-
parison with the non-crosslinked chitosan scaffolds, the crosslinked scaffolds are of
higher mechanical strength and resistance to enzymatic degradation. In addition,
the crosslinking is favorable for sustained release of PTX from the scaffolds, which
may be significant in reducing inflammation around wound sites.

However, ionic crosslinking is based on physical interaction and in many
cases cannot provide enough stability and controllability. Therefore, the covalent
crosslinking of chitosan scaffolds is performed by making use of the chemical reac-
tions between amino and/or hydroxyl groups of chitosan and crosslinkers. Di- or
polyaldehydes such as glutaraldehyde [87, 88], oxidized starch [89], and oxidized
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cyclodextrin [90] are the most commonly used crosslinkers for chitosan. Hoffmann
et al. [91] compared the effect of glutaraldehyde and oxidized dextran, which varied
in “bridge lengths” and number of aldehyde groups. Although both crosslinkers
can alter the pore structure and improve the mechanical properties, glutaraldehyde
favors formation of a stiffer network due to its length being smaller than that of the
oxidized dextran. Due to the potential toxicity of aldehydes to cells and tissues
[92, 93], a kind of diimidoester crosslinker, dimethyl-3,3'-dithio-bis-propionimidate
(DTBP), is used to treat the chitosan scaffolds. DTBP has proved to be effective,
because the crosslinked scaffolds exhibit greater tensile strength and a lower enzy-
matic degradation rate than the non-crosslinked ones [94]. Moreover, the resulting
scaffolds are of lower cytotoxicity compared to those crosslinked by glutaraldehyde.

As mentioned above, it is a common strategy to combine chitosan with other
polymers to generate hybrid scaffolds. Crosslinking of the chitosan-based composite
materials is also important with respect to the physical and biological properties. For
instance, an amide-type crosslinker 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide/N-hydroxysuccinimide (EDC/NHS) is usually utilized to crosslink the systems
containing amino and carboxylic groups such as collagen/chitosan composites.
However, owing to the limited length of the crosslinkages [95], the carboxylic and
amino groups located on adjacent collagen microfibrils are too far apart to be linked.
Rafat et al. [96] cooperatively used EDC/NHS and a long-range bifunctional cross-
linker PEG dibutyraldehyde (PEG-DBA). As shown in Fig. 7, EDC/NHS enables
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Fig. 7 Molecular and structural schematics of hybrid polymer network scaffold comprised of
chitosan-embedded collagen scaffold crosslinked by PEG-DBA and EDC/NHS [96]
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short-range intramolecular and intermolecular crosslinking and thereby contributes to
the strength enhancement, while PEG-DBA provides long-range intermolecular and
interfibrilar linkages to increase robustness and elasticity. This hybrid crosslinking
approach results in well-balanced physical characteristics for the collagen/chitosan
composites, which are promising candidates for tissue engineering corneal tissue.
Our group [97] developed an EDC/NHS-based crosslinking method under the
assistance of an amino acid (glycine, glutamic acid, or lysine) to prepare collagen
scaffolds. It is demonstrated that the ratio of amino groups to carboxyl groups in the
crosslinking system is the dominant factor influencing the microstructure as well as
the biostability of the scaffolds. It is feasible that the amino-acid-assisted approach
can be further exploited for the crosslinking of collagen/chitosan composite scaffolds.

3 Structures and Functions of Major Importance

3.1 Porous Scaffolds

As one of crucial components in tissue engineering and regenerative medicine,
porous scaffolds serve as an ECM analog to support cell attachment, proliferation,
differentiation, and delivery of bioactive molecules. The scaffold should have
suitable pore size for cell penetration and enough interconnectivity for transport
of nutrients and waste [17]. Other factors such as porosity and pore morphology
influence cellular colonization rate and organization and, additionally, angiogenesis
required for certain applications [98]. Freeze-drying is the most commonly used
technique to fabricate chitosan-based porous scaffolds. Briefly, chitosan solution is
frozen, and then the formed ice crystals are removed through sublimation during a
lyophilization process to generate porosity. The above-mentioned pore parameters
can be regulated by controlling solution concentration, freezing temperature [7, 99],
and crosslinking treatment.

Some newly developed techniques have also been applied. Supercritical carbon
dioxide (sc.CO,) has been reported to be a promising processing medium for
fabrication of porous scaffolds by the supercritical drying technique [100-102].
In a typical preparation process [103, 104], chitosan is dissolved in acetic acid and
supplemented with a crosslinker such as formaldehyde, and then is stirred continu-
ously to form a viscous hydrogel. After solvent exchange by acetone to remove any
water from the system, the chitosan gel is put into a sealed chamber of sc.CO,
extractor to react for 2 h at 40°C and 200 bar. Subsequently, a flow of CO, is
applied through the gel to replace acetone. Finally, the temperature is increased to
20°C and the pressure is released slowly to the atmosphere, resulting in a solid
scaffold with a porous structure. As CO, is nontoxic, inexpensive, and readily
available [105], the sc.CO,-based technique is regarded as a “green” approach. In
comparison with the chitosan scaffolds prepared by the conventional freeze-drying
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technique, this scaffold exhibits a larger pore size and surface area, better thermal
stability, and is expected to support cell growth better [103].

The replica-assisted technique is attractive for preparation of porous scaffolds
because it allows good control of the micro- or nanoscale structures. In an example
of replica molding, the chitosan scaffolds are formed from a network of random
unbound fibers (Fig. 8) [106, 107]. After the chitosan solution is filled into the
microchannels (with depths and widths ranging from 1 to 50 pm) of the poly-
dimethylsiloxane mold, another aqueous solution is used to induce pH-dependent
coagulation of the molded chitosan. Finally, the chitosan fibers are released and
collected from solution, generating the desired scaffold. A remarkable advantage of
this approach is that the dimension and shape of the fibers can be controlled according
to the mold. In addition, the macroscopic shape of the scaffold is easily manipulated
by rearrangement of the chitosan network since the fibers never leave the aqueous
phase and experience no unbalanced forces. Another example of a replica-assisted
fabrication process was reported by He et al. [69]. This study involved the combina-
tion of rapid phototyping, microreplication, and freeze-drying techniques to fabricate
a chitosan/gelatin hybrid scaffold with a porous structure, well-organized fluid

chitosan solution

mold

Excess chitosan
solution removed

rrrrrn:;ldlrrrij

Coagulation bath
to release fibers
from mold

chitosan fibers

Fig. 8 Fabrication of novel random fibrous chitosan scaffolds. (a) Illustration of the micromold-
ing process. (b—d) SEM images of chitosan scaffolds composed of fibers measuring 22 pum (b),
13 pm (c¢), and 4 pm (d) in width [106]



98 X. Liu et al.

(A) Computer model of the scaffold (B) Resin mold fabricated by stereolithography

(C) Cast PDMS in vacuum (D) PDMS mold fabricated by microreplication

(E) Cast chitosan-gelatin solution at  (F) Porous scaffold with pre-defined channels
40°C in vacuum and chambers fabricated by freeze-drying

Fig. 9 Fabrication process for porous chitosan/gelatin scaffold with well-organized channels and
chambers [69]

channels and hepatic chambers (Fig. 9). The resultant scaffold mimics the architec-
ture of natural liver lobule and is promising for hepatic tissue engineering.

Fabrication of the chitosan porous scaffolds based on microsphere or particle
aggregation has drawn much attention due to the combined advantages of good
mechanical properties and high interconnectivity. The bonding of adjacent particles
is enabled due to the bioadhesive property of chitosan, assuring the mechanical
integrity of the scaffolds. Jiang et al. [108, 109] developed chitosan/PLGA hybrid
scaffolds by a microsphere-based method. The chitosan/PLGA composite micro-
spheres with diameters ranging from 500 to 710 pm were prepared by a solvent
evaporation technique [110], and were then packed into a stainless steel mold. The
scaffolds were formed when the adjacent microspheres were sintered together by
heating the mold above the glass transition temperature of PLGA. By controlling
the sintering temperature and sintering time, scaffolds with defined pore structures
and mechanical properties were obtained. Malafaya et al. [111, 112] proposed
another approach for construction of the chitosan particle-agglomerated scaffolds.
Typically, regular particles were produced by extruding chitosan acetic acid solu-
tion through a syringe into a NaOH precipitation bath. After these prefabricated
particles were pressed into molds, they were dried in an oven at 50°C for 3 days to
obtain a particle-agglomerated scaffold. Recently, the bonding of chitosan micro-
spheres has also been implemented using an acidic solvent [113].

3.2 Hydrogels

Hydrogels are highly hydrated 3D physically or chemically crosslinked polymer
networks. Smart hydrogels can respond to environmental stimuli such as light,
temperature, electric or magnetic fields, pH, ions, and chemical or biochemical
molecules. Here, the responses may include gelation, reversible adsorption on a
surface, and alteration between hydrophilic and hydrophobic states [114, 115],
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leading to changes in properties such as rheology, mechanical strength, cell-binding
affinity, and drug-loading efficiency. In tissue repair applications, these hydrogels
have attracted increasing attention because of their similarity to the ECM environ-
ment and their injectable capability. In comparison with preshaped scaffolds, the
injectable hydrogel can fit any shape of the target defects and entrap cells or other
biological molecules easily. In addition, minimal invasive procedures are required
when using the hydrogels as tissue-repairing biomaterials, which is of great advan-
tage for in vivo applications.

Our group has modified chitosan by sequential grafting of methacrylic acid and
lactic acid to obtain a Kind of crosslinkable and water-soluble chitosan derivative,
chitosan—methacrylic acid-lactic acid (CML), which underwent a gelation transi-
tion under the initiation of a redox system, i.e., ammonium persulfate (APS)/N,N,
N',N' -tetramethylethylenediamine (TEMED) or photoinitiator (Fig. 10) [116, 117].
In vitro culture of chondrocytes and in vivo tests demonstrated that the CML
hydrogel exhibited considerable cytocompatibility and histocompatibility [116].
CML could also be combined with collagen-coated PLA microspheres, as micro-
carriers for cells, to form a composite hydrogel [118]. As expected, incorporation of
the microcarriers substantially enhanced the mechanical strength of the hydrogel
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Fig. 10 (a) Molecular structure of a water-soluble and crosslinkable chitosan derivative (CML)
obtained by grafting methacrylic acid and lactic acid onto the pendant amine groups of chitosan.
The structure does not represent the real ratio between each monomer unit. (b) Illustration of the
chitosan hydrogel network linked by alkyl chains, which are formed via C=C polymerization
[116]
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system. It was found that the chondrocytes were able to attach and proliferate on the
surface of the microcarriers to form confluent cell layers, demonstrating the feasi-
bility of the strategy. However, the potential cytotoxicity of the redox system
APS/TEMED remains a problem. To overcome this drawback, another photoini-
tiator, Irgacure2959, was used to make the CML hydrogel, which showed no
cytotoxicity at lower initiator concentration and is thereby more suitable for tissue
repair applications [119]. In a better-designed system, a composite photoinitiated
CML hydrogel was prepared by blending with PLGA particles modified by
methacrylic acid-graft-gelatin [120]. Improved mechanical properties and cyto-
compatibility were achieved owing to the addition of the particles, indicating a
great opportunity of this composite material to be applied in chondrogenesis.

Temperature- and/or pH-responsive chitosan hydrogels have been extensively
studied because these two stimulii are applicable in vivo. Mixing chitosan with
glycerol phosphate (GP) disodium salt has been proved to be a feasible approach for
constructing temperature-responsive hydrogels [121]. The gelation at higher tem-
peratures is partly attributed to the electrostatic interaction between chitosan and
GP, and partly due to the salt-induced reduction of electrostatic repulsion between
chitosan molecules, resulting in an increased hydrogen bonding [121]. Further
in vivo experiments demonstrate that co-injection of the chitosan/GP hydrogel
with embryonic stem cells improves myocardial performance in infracted rat hearts
[122, 123]. A pH-responsive PV A—chitosan—poly(acrylic acid)-IPN hydrogel was
prepared by Zhang et al. [124]. This hydrogel shows a swelling change in response
to the pH of the medium, indicating potential application in modulating material
systems for tissue repair. Ding et al. [125] reported the preparation of dually
responsive injectable hydrogel by in situ crosslinking of glycol chitosan and
benzaldehyde-capped poly(ethylene oxide)-b-poly(propylene glycol)-b-poly(ethyl-
ene oxide) (PEO-PPO-PEO). The hydrogels were formed in situ. The release of
both the loaded hydrophobic and hydrophilic drugs could be manipulated by pH
and temperature. The benzoic—imine bonds and PEO-PPO-PEO segments serve as
pH-labile covalent linkers and thermosensitive moieties, respectively.

3.3 Rods

Chitosan rods are of great importance as they are promising biomaterials for bone
fixation applications. However, processing chitosan into a rod is not an easy job due
to its low decomposition temperature. So far, many efforts have been made to
obtain chitosan rods with high-enough mechanical strength for bone repair and
regeneration.

Hu and coworkers [126, 127] firstly developed an in situ precipitation approach
to fabrication of 3D ordered chitosan rods with a structure of concentric circles
through the formation process illustrated in Fig. 11. Briefly, the chitosan/acetic acid
solution is filled into a bag made of chitosan membrane, and then immersed into 5%
NaOH aqueous solution. When OH™ ions from the outside solution permeate into
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Fig. 11 Formation of chitosan gel with a multilayer structure [127]

the inner chitosan solution, the first layer of the gel is formed by precipitation due
to neutralization of the protonated amino groups on chitosan. With continuous
diffusion of the OH™ ions, all the chitosan solution turns into gel eventually,
resulting in a rod formed of concentric circles after drying. Due to the inductive
effect of the OH™ concentration gradient, a spoke-like oriented structure can be
obtained. The chitosan rods with this special structure exhibits very good mechani-
cal properties, with a bending strength of 92.4 MPa, bending modulus of 4.1 GPa,
and shear strength of 36.5 MPa, showing a great potential to be used as a bone
fixation biomaterial.

It has been widely accepted that introduction of hydroxyapatite (HA) can
improve the bioactivity of bone-repairing materials and induce neo-bone formation.
By using the in situ precipitation approach, a homogenous and high-strength
chitosan/HA composite rod has been prepared [128]. The matrix chitosan and filler
HA are simultaneously synthesized, solving the problem of aggregation of nano-
sized HA when dispersed in the chitosan matrix. The bending strength and modulus
of the composite rods reached 86 MPa and 3.4 GPa, respectively, which are two or
three times stronger than rods of PMMA and bone cement. These chitosan/HA
composite rods can be further reinforced by crosslinking with glutaraldehyde,
resulting in an increment of bending strength and modulus by 107% and 52.9%,
respectively. Using the in situ precipitation method, different organic or inorganic
components such as cellulose fibers, CaCO3, and magnetite can be combined with
chitosan to generate hybrid rod materials for other specific applications [129-131].
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3.4 Delivery Systems

Bioactive signals such as growth factors, hormones and functional genes play
crucial roles in tissue repair and regeneration processes by mediating communica-
tion between cells and their microenvironment, and thereby modulating cellular
adhesion, proliferation, migration, differentiation, and gene expression. Exogenous
delivery of these bioactive biomolecules in combination with tissue-repairing
biomaterials has emerged as an important approach for construction of bioactive
materials that can stimulate desirable cell response and neo-tissue formation.

3.4.1 Delivery of Growth Factors

Cell growth factors such as basic or acidic fibroblast growth factor (bFGF or aFGF),
transforming growth factor-beta (TGF-p), hepatocyte grow factor (HGF), vascular
endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF) are
extensively applied in tissue repair and regeneration [132]. Due to the short half-
lives, relatively large size, slow tissue penetration, and potential toxicity, many
efforts have been made to develop well-designed micro-/nanovectors for delivery
of these proteins.

Chitosan can be directly used to physically entrap or chemically conjugate to
growth factors in various material forms such as films, fibers, porous scaffolds, and
hydrogels. In a study reported by Park [133], a chitosan sponge fabricated by
freeze-drying and adsorbed with PDGF-BB solution exhibited good cytocompat-
ibility and marked increase in new bone formation. By using a simple approach, an
EGF-containing chitosan gel was developed and proved favorable to promote
epithelialization in burn healing [134]. Obara et al. [135] incorporated FGF-2 into
a chitosan hydrogel by photocrosslinking to generate a carrier material that sig-
nificantly accelerated wound closure due to its ability to retain the bioactivity of
FGF-2 as well as to release it in a controlled manner. Covalent immobilization of
EGF onto chitosan membranes is also achieved through photochemical reactions,
leading to a bioactive material for stimulating fibroblast growth [136].

The chitosan-based microcarriers including particles, micro-/nanospheres, and
microgranules have also been applied to encapsulate and deliver growth factors.
Moreover, they are also easily combined with the scaffolding biomaterials to
generate tissue-repairing materials with improved bioactivity. For example, TGF-
B1-loaded chitosan microspheres are fabricated by an emulsion method, leading to a
sustained release of TGF-f1 [137]. The porous scaffold loaded with chitosan/TGF-31
microspheres can augment cell proliferation and production of ECM. A similar
approach for providing prolonged delivery of growth factors was proposed by
Liu et al. [138], in which a chitosan/gelatin hybrid scaffold containing bFGF-loaded
chitosan/gelatin microspheres was used to improve skin regeneration. Recently,
better designed chitosan-based nanoparticles have been reported for protection and
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release of bFGF. Typically, thiol-modified chitosan sulfate forms self-assembled
polyelectrolyte complexes with chitosan and simultaneously incorporates bFGF,
providing a novel method for specific delivery of growth factors [139].

Heparin can specifically bind and store growth factors, thus biomaterials com-
bined with heparin are able to bind and release heparin-binding growth factors.
A kind of non-anticoagulant heparin is synthesized and used to form hydrogel
with water-soluble chitosan through ionic interactions, with the enhancement of
the stability and bioactivity of the loaded FGF-2 [140]. Our group constructed
a gelatin/chitosan/hyaluronan ternary complex scaffold and further modified the
scaffold by covalent immobilization of heparin using carbodiimide [141]. The
bFGF was subsequently bound onto the scaffold by a bioaffinity force. Ho et al.
[142] also used a chemical method to modify chitosan/alginate scaffolds by hepa-
rin, and confirmed that the bFGF-binding efficiency of the modified scaffolds could
be increased up to 15 times. Moreover, the heparin-functionalized scaffold dis-
played controllable release of bFGF and could prevent the growth factors from
inactivation.

Inspired by the above research, some biomacromolecules with a similar structure
to heparin were also used to construct tissue-repairing materials. For instance,
chondroitin sulfate (CS), a heparin-like GAG with the ability to enhance the
binding affinity of growth factors, is utilized to prepare a CS/chitosan sponge.
The release rate of PDGF-BB from this sponge can be modulated by varying the
content of CS [143]. Mi et al. [72] also demonstrated the effect of CS in a
CS/chitosan composite on retaining the biological activity of bFGF, and thus
enhancing vascularization of the composite. Fucoidans are fucose-containing poly-
saccharides that are known to bind heparin-binding growth factors and enhance
the