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Abstract

Bone defects requiring grafts to promote healing are frequently occurring and costly problems in
health care. Chitosan, a biodegradable, naturally occurring polymer, has drawn considerable
attention in recent years as scaffolding material in tissue engineering and regenerative medicine.
Chitosan is especially attractive as a bone scaffold material because it supports the attachment and
proliferation of osteoblast cells as well as formation of mineralized bone matrix. In this review, we
discuss the fundamentals of bone tissue engineering and the unique properties of chitosan as a
scaffolding material to treat bone defects for hard tissue regeneration. We present the common
methods for fabrication and characterization of chitosan scaffolds, and discuss the influence of
material preparation and addition of polymeric or ceramic components or biomolecules on
chitosan scaffold properties such as mechanical strength, structural integrity, and functional bone
regeneration. Finally, we highlight recent advances in development of chitosan-based scaffolds
with enhanced bone regeneration capability.

1 Introduction

Unlike many other tissues, bone has the remarkable ability to regenerate when damaged. In
many cases, bone fractures can be immobilized to allow for spontaneous healing over time.
However, when bone defects are large enough or critical-sized, they cannot regenerate via
normal physiological processes and require intervention in the form of bone grafts. This is
often the case for segmental defects, fracture non-unions, and traumatic fractures where
minimal tissue integrity remains in the defect site. The clinical standards for bone grafting
are autografts, harvested from a secondary site in the patient, and allografts, harvested from
cadavers and sterilized prior to use. Often additional materials such as pins, plates and bone
fillers are needed to immobilize the grafts.

Bone grafts and their companion materials constitute a billion dollar industry as upwards of
1.5 million grafts are placed annually in the United States.l: 2 The worldwide incidence of
bone disorders and conditions is expected to double by 2020, especially in populations
where aging is coupled with increased obesity and poor physical activity.3 While the
standard approaches generally result in successful defect repair, complications such as donor
site morbidity or disease transmission often arise, which demands the investigation of
suitable alternatives.-” Bone tissue engineering strategies offer promising alternatives to
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autografts and allografts by utilizing synthetic grafts to guide tissue regeneration. A
synthetic graft, commonly known as a scaffold, should act as filler within the defect site and
promote bone regeneration. At minimum, a synthetic bone scaffold should be 1)
osteoconductive to facilitate bone formation on its surface and 2) highly porous to allow for
nutrient and waste transport, neovascularization/angiogenesis and bone ingrowth. In addition
to these minimum requirements, a scaffold should have adequate mechanical strength to
support bone ingrowth at the site of implantation and maintain structural integrity during in
vivo tissue remodeling and it should degrade over time in concert with bone regeneration.
Scaffolds are often combined with cells and/or growth factors to promote osteoinductivity
and aid in the tissue regeneration process.

Different classes of materials have been utilized for scaffold fabrication including a variety
of ceramics and polymers. Synthetic calcium phosphate-based ceramics such as biphasic
calcium phosphate, p-tricalcium phosphate, and hydroxyapatite are popular scaffolding
materials because their chemical structures are similar to the mineral phase of bone. Other
ceramics utilized for bone tissue engineering include bioactive glasses, glass-ceramics, silica
and titania.8-12 Both synthetic and natural polymers have been investigated as bone scaffold
materials. Synthetic polymers of interest include polyesters such as polycaprolactone
(PCL),13. 14 poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and poly(latic-co-glycolic
acid) PLGA.15 16 Natural polymers investigated for this application include polysaccharides
such as alginate and chitosan, proteins such as collagen, gelatin and silk fibroin, and
glycosaminoglycans such as chondroitin sulfate and hyaluronic acid.1” Some of natural and
synthetic polymeric scaffolds utilized for bone tissue engineering can be found in Table 1.

Chitosan, a naturally occurring polymer, is a highly versatile biomaterial. Unlike natural
polymers derived from costly mammalian proteins, chitosan evokes minimal foreign-body
response and fibrous encapsulation. It is derived from the shells of crustaceans, a natural and
renewable source.18-21 Contrary to many synthetic polymers, chitosan has a hydrophilic
surface that promotes cell adhesion and proliferation and its degradation products are non-
toxic. Chitosan is an especially attractive as a bone scaffold material as it supports the
attachment and proliferation of bone-forming osteoblast cells as well as formation of
mineralized bone matrix in vitro.22 In addition, studies have shown that modified chitosan
scaffolds exhibit osteoconductivity in vivo in surgically created bone defects.23 Very few
compounds are classified as bioactive, biodegradable and osteoconductive; chitosan and
hydroxyapatite are among the most promising biomaterials utilized for bone tissue
engineering.2* Significantly, chitosan is a facile material that can be processed in multiple
ways to produce a variety of 3-dimensional scaffolds with different pore structures for use in
bone tissue engineering. It can also be combined with a variety of materials including
ceramics and polymers to yield composite scaffolds with superior mechanical and biological
properties.

Here we discuss some fundamentals in bone tissue engineering and recent advances in the
fabrication of chitosan and composite chitosan scaffolds for non-load-bearing bone tissue
engineering applications. We begin with a discussion of common methods used for
fabrication of porous scaffolds, followed by techniques that combine polymers or ceramics
with chitosan to yield composite scaffolds. We then discuss how the inclusion of these
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constituents improves scaffold mechanical and biological properties. Finally we review
some recent advances in chitosan-based bone scaffold technology including the in vivo
evaluation of scaffold-supported bone regeneration using animal models of critical-sized
bone defects.

2 Overview of bone biology

Bone is a multi-scale, hierarchically structured composite tissue (Figure 1) that plays
multiple physiological roles.2> Bone itself consists mainly of collagen fibers and crystals of
an apatite of calcium and phosphate where the apatite crystals are formed as slender needles
within and among the collagen fibers. Structurally, mineralized bone is divided into two
categories based on density. Cortical tissue is very dense and constitutes the outer surface of
bones whereas cancellous tissue is highly porous. Cancellous tissue is located in the interior
of bones and contains bone marrow. Bone provides the body with scaffolding as well as a
compartmental structure. It transmits forces or motion from one part of the body to another
and it acts as a mineral reservoir. Bone is a dynamic tissue that consistently undergoes
modeling and remodeling processes of resorption and regeneration in response to
mechanical and metabolic changes. The primary cells that dictate bone formation and
remodeling are osteoblasts, osteoclasts and osteocytes. Osteoblasts, derived from
mesenchymal stem cells, function to synthesize osteoid and regulate mineralization. Osteoid,
an unmineralized matrix, is composed mostly (94%) of type | collagen, but also contains
signaling proteins, such as growth factors, bone-specific non-collagenous proteins and
proteoglycans.2® During bone formation, the unmineralized matrix is calcified with a non-
stoichiometric carbonated apatite. This bone mineral is similar to synthetic and
stoichiometric hydroxyapatite and has a plate-like structure (2-6 nm thick, 30-50 nm wide
and 60—100 nm long).27- 28 While the mineralization process is not well understood, it
appears to involve the budding of matrix vesicles from osteoblasts that contain a limited
amount of pre-formed mineral crystals. These mineral crystals are released and serve as
templates for homogenous nucleation of additional mineral crystals utilizing calcium and
phosphate ions present in the extracellular fluid.2® When mineralization is complete,
calcified bone is composed of approximately 25% organic matrix, 5% water and 70%
inorganic mineral.28 Osteoblasts that become trapped within mineralized matrix further
differentiate into osteocytes. Osteocytes are capable of perceiving energy associated with
mechanical loading and translating that energy into a biological response involving bone
resorption and regeneration,3C a property known as mechanotransduction. Osteocytes form a
cellular network by extending dendritic processes through small canals or canaliculae and
these processes allow the cells to act as mechanosensors. As the predominant cell type,
osteocytes are thought to direct remodeling activities through the dispersal of paracrine
signals to other osteogenic cells.3! Finally, osteoclasts, derived from macrophages, are the
cells that resorb mineralized bone by forming a tight seal with their apical membrane and
secreting lytic enzymes.26 These bone cells work in concert to maintain the integrity of
healthy bone tissue and to regenerate bone that is damaged due to trauma or disease. In the
case of critical-sized defects, which are too large to regenerate based on normal remodeling
processes, bone grafts are needed to facilitate healing.
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3 The bone tissue engineering approach

While many materials are used in treatment of bone defects, such as metallic pins and
screws and ceramic-based particulate bone fillers, there is a need for bulk synthetic grafts as
alternatives to autogenous and allogeneic bone grafts. There are a few basic requirements for
materials as bone scaffolds. The scaffold material must be osteoconductive, a term referring
to the ability to recruit osteogenic cells, support their migration and serve as a template for
newly forming bone.32: 33 The scaffold must be highly porous yielding a structure that can
provide space for cellular infiltration and attachment, diffusion of nutrients, oxygen and
waste as well as neovascularization and bone ingrowth. A porous scaffold with sufficient
porosity should be highly interconnected with an optimal pore size in the range of 200-600
um.34 In addition to this macroporosity requirement, microstructural features in terms of
microporosity or surface roughness are also preferable as they may facilitate cell-scaffold
interactions.3%36 Mechanical properties are also an important consideration in scaffold
design and must be balanced against scaffold porosity as the two properties are intimately
related. Scaffold strength must attain a minimum level in the case of non-load-bearing
defects, and this strength should be defined based on maintenance of scaffold structural
integrity during and following placement in a defect site. For most studies on polymer-based
scaffolds the target strength is compressive strength in the range of cancellous bone, which
is generally reported as 1-12 MPa (Table 2).37-39 Most studies involving chitosan-based
scaffolds report the compressive modulus, which for human bone is generally 100-500
MPa.38. 40 Mechanical properties are also closely related to scaffold degradation and ideally,
the degradation rate should be tuned to match bone ingrowth so that regenerated bone
continuously replaces the scaffold material. Methods utilized to fabricated porous scaffolds
are described in detail below, but all afford a degree of control over the pore size and overall
porosity. For example using the phase separation and lyophilization or freeze gelation
methods, scaffold pore size decreases as the freezing temperature utilized to induce phase
separation of chitosan decreases.*! When using the particulate leaching method to generate
porosity, the smaller the porogen diameter, the smaller the resultant pores and lower the
overall scaffold porosity.#2 Correspondingly, decreasing the porogen concentration
decreases the overall scaffold porosity. It is well documented that the scaffold porosity and
mechanical properties are intimately related.29: 43: 44 The compressive strength of scaffolds
tends to increase as pore size and overall porosity decreases. This is due to an increase in
overall scaffold density and pore wall thickness, whereas larger and more interconnected
pores mean a higher scaffold void volume and thus lower mechanical strength. The
degradation rate of a scaffold is also intimately related to mechanical strength as the scaffold
strength decreases in concert with degradation.*® The scaffold degradation rate is highly
dependent on the scaffold material, and the properties of chitosan such as molecular weight
and degree of deacetylation that affect the degradation rate are discussed in more detail
below.

Synthetic grafts made of polymers and/or ceramics are often combined with biologics such
as mesenchymal stem cells (MSCs) and/or growth factors to yield tissue engineering
constructs. MSCs may participate directly in bone regeneration by differentiating into
osteoblasts and producing bone tissue or indirectly by secreting trophic factors that promote
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osteogenic activity of endogenous cells in the defect site.*6 Bone morphogenic proteins
(BMPs), are members of the transforming growth factor (TGF-B) family and are well known
for inducing bone formation. Bone morphogenetic protein-2 (BMP-2) is the most commonly
used growth factor due to its superior osteoinductivity.4” It induces the differentiation of
precursor cells with osteogenic potential, such as MSCs, into bone-forming osteoblasts.*’
Osteoinductivity can also be a material property as scaffolds fabricated with certain macro-
and microstructural characteristics are osteoinductive.*8: 49 While the mechanism of material
osteoinductivity is not well understood, it may be related to the co-precipitation of a
biological apatite layer with osteoinductive proteins, which can occur in vivo,47: 4850, 51
This is an important consideration when evaluating the bone regeneration capacity of
chitosan-based scaffolds in vivo. Many of the studies on polymeric bone tissue engineering
scaffolds as summarized in Table 1 utilized stem cells and/or growth factors in in vivo
investigation to evaluate the bone regeneration potential of the scaffolds.

4 Chitosan as a biomaterial for bone tissue engineering

4.1 Physicochemical properties of chitosan

Chitosan is a derivative of chitin, a structural element found in the exoskeleton of
crustaceans such as shrimp, crab and lobster. Commercially available chitosan results from
alkaline deacetylation of chitin and as shown in Figure 2, chitosan is a linear polysaccharide
composed of glucosamine and N-acetyl glucosamine units linked by B(1-4) glycosidic
bonds.52 There are many forms of pure chitosan, which differ by their degrees of
deacetylation (DD) and molecular weights. The degree of deacetylation represents the
glucosamine to N-acetyl-glucosamine ratio and generally falls in the range of 50-95%. The
molecular weight of commercially available chitosan ranges from ~300 to 1000 kDa
depending on the source and processing parameters.*! Both the degree of deacetylation and
the molecular weight have a strong influence on other physicochemical properties of
chitosan including crystallinity, solubility, and degradation.>3 For instance, chitin (0%
deacetylation) and fully (100%) deacetylated chitosan attain maximum crystallinity whereas
chitosan with intermediate degrees of deacetylation is semi-crystalline. Chitosan is insoluble
in neutral and basic solutions, but primary amines on deacetylated subunits of chitosan have
a pK, of 6.5, and thus chitosan forms water-soluble salts in both organic and inorganic
acids.>* When solubilized, free amine groups become protonated and render chitosan
positively charged. A higher degree of deacetylation corresponds to a higher percentage of
positively charged primary amines and an overall higher charge density. This cationic nature
is important for bone tissue engineering applications as chitosan can form polyelectrolyte
complexes with anionic biological macromolecules. Specifically, anionic
glycosaminoglycans such as heparin and heparan sulfate modulate the activity of several
cytokines and growth factors important to bone regeneration. So chitosan modification with
GAGs or chitosan association with GAGs in vivo could play a critical role in utilizing
growth factors to aid in bone formation.

An important property of chitosan in the context of tissue engineering is the ease with which
it can be functionalized. Reactive primary amines and primary and secondary hydroxyl
groups present on chitosan allow for the addition of side groups, peptides or amino acids, all
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of which can be important for optimizing chitosan for bone tissue engineering
applications.>® In addition, chitosan is amenable to graft polymerization. Chitosan
degradation in vivo occurs via the action of lysozyme, which hydrolyzes glucosamine-
glucosamine, glucosamine-N-acetyl-glucosamine and N-acetyl-glucosamine-N-acetyl-
glucosamine bonds resulting in chitosan oligosaccharides that are then incorporated into
GAG or glycoprotein pathways, metabolic pathways or excreted.> 57 Material degradation
is inversely related to the degree of deacetylation (DD) so higher DD correlates with higher
polymer crystallinity and thus with lower degradation rates. In addition, studies have shown
that a higher chitosan molecular weight correlates with a lower degradation rate.5® Chitosan
films made of high DD chitosan can remain intact for several months in vivo.5® For purposes
of bone tissue engineering where the degradation rate must be tuned to accommodate bone
ingrowth, the DD of chitosan may be selectively chosen to fabricate scaffolds that are
appropriate for the target application.

4.2 Biological properties of chitosan

Chitosan possesses many biological properties that make it an important biomaterial. When
implanted in vivo, chitosan evokes minimal foreign body response and fibrous
encapsulation.>® Chitosan has been shown to accelerate wound healing by activating and
modulating the function of inflammatory cells such as neutrophils, macrophages, fibroblasts
and endothelial cells and by promoting the formation and organization of granulation
tissue.%6: 60 Many of the interesting biological properties of chitosan can be attributed to its
cationic nature. For example, it binds negatively charged red blood cells thereby promoting
clotting and this hemostatic property has made it an important component in wound
dressings.>’ Similar to other cationic polymers, chitosan possesses antimicrobial properties.
Although the mechanisms behind its antimicrobial nature are not completely understood, it
is thought that because chitosan is cationic, it likely disrupts anions in bacterial cell walls
leading to suppression of biosynthesis and disruption of mass transport across the cell
walls.81 Chitosan functionality in terms of possessing amine and hydroxyl groups can be
utilized directly to physically entrap or chemically conjugate growth factors. In addition,
chitosan has been used as a drug excipient and its mucoadhesive properties are being studied
for drug delivery because adherence of the polymer to a mucosal surface might result in
enhanced or prolonged drug adsorption.>®

Early work investigating chitosan as a potential biomaterial showed that certain modified
chitosan, such as imidazole-modified chitosan and methylpyrrolidinone chitosan, are
osteoconductive in vivo thereby promoting bone regeneration in surgically-created bone
defects.23: 62 Importantly, chitosan is hydrophilic meaning that it should support adhesion
and proliferation of cells. In vitro studies have demonstrated that chitosan promotes the
adhesion and proliferation of osteogenic cells and mesenchymal stem cells.22 Osteogenic
cells cultured on chitosan deposit extracellular matrix which becomes mineralized to yield
bone tissue. In addition, chitosan has also been implicated in promoting osteogenic
differentiation of mesenchymal stem cells.63-65
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5 Scaffold fabrication methods

5.1 Bulk chitosan scaffolds

The most frequently utilized method for fabrication of bulk chitosan scaffolds is the phase
separation and lyophilization technique as depicted schematically in Figure 3a.22: 41, 66-69 T
utilize this technique, a chitosan solution is prepared in dilute acetic acid, introduced into a
mold of interest and subjected to controlled freezing. Upon freezing, ice crystals form in the
chitosan solution, and are phase-separated from the chitosan acetate salt. During the
subsequent freeze-drying step, the ice crystals sublimate to yield a porous structure of solid
chitosan material. Finally, the scaffold is neutralized and hydrated using sodium hydroxide
and/or ethanol. The scaffold pore structure, in terms of pore diameter, orientation and
interconnectivity, varies depending on multiple processing parameters including freezing
temperature, thermal gradients, and polymer concentration. For example, the mean pore
diameter of chitosan scaffolds can be controlled by adjusting the freezing temperature and
thus cooling rate of chitosan solutions with lower freezing temperatures leading to faster
cooling rates and resulting in smaller pores (Fig. 4a).! Unidirectional thermal gradients can
reduce pore interconnectivity due to parallel ice crystal growth whereas radial thermal
gradients are more likely to result in ice crystal branching leading to enhanced
interconnectivity. But radial thermal gradients, commonly associated with surface cooling of
a chitosan solution in a glass mold, can lead to differences in ice nucleation conditions at the
solution-mold interface and the formation of two levels of porosity within a scaffold (Fig.
4b).*1 Care must be taken to maximize uniformity of the porous structure by maintaining
uniform cooling throughout the chitosan solution. Higher chitosan concentrations correlate
with smaller pores and increased pore wall thickness due to higher chitosan mass per unit
volume. This, in turn, correlates with enhanced scaffold mechanical strength.>° One major
drawback of the phase separation technique is the formation of a surface skin if the porous
scaffold matrix collapses at the scaffold-air interface due to interfacial tension during
solvent evaporation.”? This surface skin, with a non-porous structure, can block nutrient
exchange and oxygen diffusion into the scaffold, which would be highly detrimental to
tissue formation and ingrowth. Additionally, uniform scaffold porosity can be difficult to
achieve because freezing conditions can vary throughout a given scaffold volume. Overall,
although phase separation and lyophilization has its limitations, it is a relatively simple
method for fabrication of bulk chitosan scaffolds.

In the context of bulk chitosan scaffolds, the particulate leaching method is often combined
with phase separation and lyophilization to fabricate chitosan scaffolds, where a sacrificial
porogen is mixed with the chitosan solution and then leached out into a solvent following
the lyophilization step (Fig. 3b). This results in two levels of porosity generated by the
multi-step process.’l: 72 Commonly-used porogens in creating porous structures include
salts, sugars, paraffin and gelatin. Pore size and extent of porosity can be controlled by the
type, size and concentration of porogens. For example, sodium chloride, a cubic-shaped
porogen, generates higher scaffold porosity, thinner pore walls and enhanced pore
interconnectivity at higher porogen concentrations. Given a constant porogen concentration,
a larger diameter salt particle leads to larger diameter pores, thinner pore walls and thus
lower scaffold mechanical strength.”® Some studies reported that spherical porogens, such as
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gelatin and paraffin microspheres, result in more uniform pore morphology and pore
interconnectivity than cubic salt particles.” 7> Common porogens are generally inexpensive
and easy to handle, but one drawback of particulate leaching is that it can be time consuming
and therefore inefficient. In addition, there can be a lack of control of pore interconnectivity
during processing because porogens are dispersed within the polymer phase.

As an alternative to the use of a solid phase to induce porosity, gas foaming exploits the
nucleation and growth of gas bubbles within a polymeric matrix to yield a porous
structure.”® Gas bubbles form by either (1) mixing a foaming or blowing agent, such as
sodium bicarbonate, with a pre-polymer where gas is generated upon chemical
decomposition’8: 77 or (2) saturating a polymer with subcritical or supercritical gas at high
pressure where depressurization results in thermodynamic instability leading to nucleation,
growth and coalescence of gas bubbles as illustrated in Figure 3c.”® 7° Gas foaming does
not necessitate the use of organic solvents, but pore formation and porosity depend on rate
of nucleation and gas diffusion, which can be difficult to control.89 Carbon dioxide is often
used for foaming of biomaterials because of its moderate critical temperature (31°C) and
pressure (73 bar) and low toxicity.”8 Gas foaming with supercritical carbon dioxide has been
used for fabrication of porous chitosan scaffolds.>® Some PLA and PLGA systems have
been optimized in terms of parameters associated with supercritical CO, foaming and these
reports may provide some insight into optimization of chitosan systems. Studies of gas-
foamed PLA and PLGA scaffolds show that at constant pressure, a higher processing
temperature (above the critical temperature of CO,) during foaming leads to a larger
diameter and more open pores in the resultant porous structure. Given a constant
temperature, higher soaking pressure allows for the diffusion and incorporation of more CO,
into the polymer. In this case, when the system is depressurized, there is a higher nucleation
density resulting in pores of smaller diameters. When the temperature and pressure are held
constant, slower depressurization of CO5 slows the gas nucleation, which facilitates the
growth and coalescence of gas bubbles leading to pores of larger diameters.81: 82 As
previously mentioned, mechanical properties of porous scaffolds are intimately dependent
on pore diameter and overall porosity where larger and more interconnected pores correlate
with lower mechanical strength due to higher void volume.

Freeze gelation is another method applied to chitosan scaffold fabrication and is based on
the principle of phase separation. Instead of lyophilization, phase separated chitosan is
exposed to a sodium hydroxide/ethanol solution at —20°C to induce gelation (Fig. 3d). In
this case, the gelation of chitosan occurs below the freezing temperature of chitosan and
prior to the drying stage thus preserving the porous structure of the scaffold without the need
for freeze-drying.83 The sodium hydroxide/ethanol solution is removed from the scaffold by
air-drying at room temperature following gelation. Similar to the technique of phase
separation with lyophilization, the mean pore diameter can be adjusted by changing the
freezing temperature and thus the cooling rate of the polymer solution where lower freezing
temperatures correlate with faster cooling and smaller pore diameter. Pore interconnectivity
is related to the direction of temperature gradients during cooling. Unidirectional gradients
promote parallel ice crystal growth thereby minimizing pore interconnectivity whereas
radial gradients promote the intersection of ice crystals and thus enhance pore
interconnectivity. Chitosan solution concentration affects pore diameter, pore wall thickness
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and thus scaffold mechanical properties whereby higher concentrations correlate with
smaller pores and thicker pore walls.84 Whereas lyophilization can be time and energy
intensive, freeze gelation can be a more efficient process that also minimizes the presence of
residual acetic acid in scaffolds.8> Care must be taken, however, to optimize the freeze
gelation system to minimize local melting during gelation. This can occur due to the
exothermic reaction that results when frozen acetic acid solvent and sodium hydroxide
gelation solution are mixed.8°

5.2 Chitosan scaffolds made by rapid prototyping

Rapid prototyping technology encompasses a category of fabrication methods that utilize
computer-aided design (CAD) and computer-aided manufacturing (CAM) to produce
scaffolds with strictly defined architecture (Fig. 5a).86 There are many rapid prototyping
techniques available where the commonality among them is the printing or deposition of a
periodic structure in an additive, layer-by-layer fashion where the periodic scaffold structure
is formed by intersecting struts as illustrated in Figure 5b. When using rapid prototyping
technology to fabricate scaffolds, the most common method is an indirect one where molds
of wax8” or PDMS88 with the inverse scaffold structure are deposited and then used to cast
chitosan solutions into scaffolds (Fig. 5¢,d). This indirect rapid prototyping technique is
often combined with freeze gelation or phase separation to generate scaffolds with both a
periodic macrostructure defined by scaffold strut diameter and strut spacing and
microstructure due to phase separation within the struts (Fig. 5e).8% A significant advantage
of the rapid prototyping technology is the strict control over scaffold pore size, shape and
interconnectivity. As scaffold porosity dictates the mechanical strength, optimization of
these properties is critical and this technology allows for precise changes to scaffold
architecture allowing for systematic variations to optimize porosity and thus mechanical
strength. In addition, the rapid prototyping technology can be combined with medical
imaging technology to fabricate customized implants with complex geometries.?® One
drawback of rapid prototyping technology for fabricating scaffolds from natural polymers is
the use of the indirect or inverse method, which requires casting of scaffolds using rapid
prototyped molds. This increases the complexity of the fabrication process compared to
direct writing. Overall, RP technology is not highly accessible and therefore is not as
versatile as more traditional methods described above. Technology for direct printing of
chitosan remains under development, but may be very useful for fabrication of chitosan
scaffolds.

5.3 Microparticle-based chitosan scaffolds

Chitosan scaffolds can be fabricated through the fusion or sintering of chitosan
microparticles or microspheres.%1: 92 Multiple techniques have been developed for formation
of chitosan microparticles and microspheres with the most common methods including
ionotropic gelation and chemical crosslinking with agents such as glutaraldehyde or
genipin.93 Scaffolds can be formed by mixing, compressing and drying hydrated
microspheres that have been packed into a mold.94 Alternatively, dry microspheres can be
mixed with a small volume of acetic acid to promote surface dissolution and expedite
particle aggregation once the particles are placed into a mold for heating and drying.%2
Sintered/fused microparticle scaffolds tend to possess more optimal mechanical properties
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for applications in bone tissue engineering because the pore walls are composed of the
microparticles themselves and therefore the scaffolds have a higher density than scaffolds
formed via phase separation. One drawback of sintered microparticle scaffolds is the low
level of overall porosity, which is generally less than 40% compared to >90% exhibited by
scaffolds prepared via the phase separation technique. Such low porosity may be insufficient
to support cell infiltration, neovascularization and tissue ingrowth.92 95 Increasing sintering
temperature or sintering time for processing of chitosan-PLGA microsphere scaffolds
resulted in an increase in compressive modulus and compressive strength as well as an
increase in median pore size, but was accompanied by a decrease in overall porosity.92 The
decrease in overall porosity may be due to greater fusion of microspheres leading to pore
closure. This is an example of the difficult balance in the design of bone tissue engineering
scaffolds where there is a trade-off between scaffold porosity and mechanical strength.

r-based chitosan scaffolds

Polymeric nanofibers have garnered significant attention as a material platform for tissue
engineering because their structure is similar to proteoglycans and fibrous proteins found in
natural extracellular matrix.1® For example, mineralized collagen fibrils found in bone have
a diameter of approximately 50-100 nm.2%: 9 The high surface area-to-volume ratio of
nanofibers and the high porosity of nanofiber mats and scaffolds render them promising for
a wide range of biomedical applications. Various methods have been utilized to generate
polymer nanofibers including phase separation,®’ template-assisted synthesis, % self-
assembly, % drawing, 190 wet spinning,10%: 192 and electrospinning.103: 104 Electrospinning is
a favorable route for fabrication of polymeric nanofibers because the apparatus (Fig. 6a) is
relatively simple and the process relatively inexpensive. To make nanofibers by
electrospinning, a polymer solution is held in a liquid dispenser such as a syringe and an
electric field is applied between the solution and the collection plate. A droplet of the
polymer solution becomes charged and is deformed into a conical shape after leaving the
syringe tip and then further stretched to allow for drawing of a fiber from the liquid. This
occurs because electrostatic repulsion of surface charge on the polymer solution surmounts
the surface tension.19% A charged liquid stream is achieved where the high surface charge
density causes bending of the stream to yield a fiber that solidifies due to solvent
evaporation. Randomly-oriented nanofibers can be collected directly on a stationary
collector plate whereas aligned fibers are often collected using a rotating mandrel where the
degree of the alignment depends on the speed of mandrel rotation.18 106 Studies have shown
that faster rotating speeds correlate with a higher degree of fiber alignment.106

Natural polymers, like chitosan, are generally less spinnable than their synthetic counterparts
because of their limited solubility in most organic solvents, high molecular weight,
polycationic character in the dissolved state, and 3-D networks of strong hydrogen bonds.103
Specifically, chitosan is difficult to electrospin because of the low solubility of chitosan and
the high viscosity of chitosan solutions. Yet researchers have found some success in
electrospinning pure chitosan (Fig. 6b) and composite chitosan nanofibers.18: 103, 104, 107
Chitosan nanofiber systems require significant optimization of polymer solution properties
such as polymer concentration and solvent concentration. Other important parameters to
consider include electric field strength, solution feed rate and the distance between the
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syringe tip and collection plate.198 In general, when the polymer concentration/viscosity is
too low, there is insufficient material to form stable, solid fibers and instead, droplets or
beads are formed.18 Yet if concentration and viscosity are too high, it is impossible to
achieve continuous flow. At an optimal concentration, fibers can be drawn and increased
concentrations generally correlate with larger fiber diameters.199 Polymer flow/feed rate
defines the amount of solution available and plays a role in fiber diameter. A low flow rate
generally results in small fiber diameters. Flow rates that are too high can lead to fibers that
are still wet upon collection because there is insufficient time for solvent volatilization.109
Correspondingly, a minimum distance must be established between the syringe tip and
collector to allow for collection of dry fibers. In terms of electric field strength, higher
voltages correlate with smaller fiber diameters and yet can lead to the formation of bead
defects.197 Overall, the main commonality among studies reporting electrospinning of
chitosan is that there are narrow parameter windows for any given system in terms of
spinnability, and the optimization of operation parameters is required.

-based hydrogel scaffolds

An important category of chitosan-based materials useful for application in bone tissue
engineering is that of chitosan-based hydrogels. Hydrogels are crosslinked polymer
networks with a high density of hydrophilic groups within the polymer chains. This
hydrophilicity promotes polymer hydration and thus renders the polymer with high water
content. Hydrogel dissolution is prevented due to crosslinking, which can be achieved via
non-covalent interactions such as physical entanglements or ionic bonding or by covalent
means involving small molecule crosslinkers or secondary polymerization of pre-
functionalized polymer chains. Detailed discussion of chitosan hydrogel formation and
mechanisms associated with chitosan-based hydrogel crosslinking is covered by Bhattarai et
al.110 Hydrogels are generally utilized in bone tissue engineering as a controlled delivery
system for localized, sustained delivery of cells and/or growth factors. In order to effectively
serve as bone tissue engineering scaffolds, hydrogels must 1) possess sufficient structural
integrity and mechanical strength to occupy the given bone defect, 2) maintain the viability
and/or bioactivity of biological agents being applied to the defect site to promote cell
migration, proliferation and/or differentiation in support of tissue regeneration and 3)
degrade in concert with tissue regeneration.

Examples of chitosan-based hydrogels for bone tissue engineering include pure chitosan,111
chitosan/glycerol phosphate,112 chitosan-g-poly(N-isopropylacrylamide),113 chitosan/
lactide, 114 and chitosan/poly(ethylene oxide).115 In addition, chitosan-based nano- or
microparticles are often combined with polymeric hydrogels to promote bone
regeneration.116-118 Hydrogels are advantageous as scaffolds because they provide a good
environment for encapsulation and localized delivery of cells and/or bioactive molecules.
Care must be taken in designing hydrogel systems for this purpose as some methods of
crosslinking can harm or denature cells or growth factors. Injectable hydrogels that undergo
gelation in situ are especially useful for tissue engineering because they can be applied in
Vivo in a non-invasive manner or easily combined with other scaffold materials. Depending
on the specific system, in situ gelation can be achieved by photocrosslinking with UV
light114 or temperature-induced crosslinking.112: 113,115, 119, 120 Hydrogels are generally
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elastic and rubbery, similar to natural tissues, and hydrogels easily adopt the geometry of the
space that they occupy, meaning that they can be applied to irregularly shaped defects. One
disadvantage of hydrogels is their poor mechanical properties, which can be overcome when
hydrogels are combined with other scaffold materials.

6 Preparation of composite polymer-based chitosan scaffolds

6.1 Physical

While chitosan possesses many properties that make it a favorable material for bone tissue
engineering, some of its properties are sub-optimal. For example, it is mechanically weak
and the compressive modulus of the vast majority of pure chitosan scaffolds remains one or
two orders lower in magnitude than that of cancellous bone (Table 2). Chitosan also lacks
structural stability in aqueous environments. It cannot maintain a predefined shape when
hydrated, which is a critical requirement of implantation in a defect site as it should act as
filler within the site in addition to facilitating bone regeneration processes. Therefore
chitosan is often blended with other synthetic or natural polymers in order to improve its
mechanical properties and structural integrity when hydrated.

blends

A simple method for forming polymeric composite scaffolds is to physically mix two or
more polymers prior to scaffold fabrication. Formation of a single homogenous phase
comprising chitosan and a synthetic polymer, such as a polyester, is difficult to achieve
because of lack of co-solvents that can accommodate both polymers. Thus in one study,
mechanical stirring was utilized to form a homogenous suspension of milled chitosan
microparticles in a solution of PLGA in methylene chloride. Subsequently, composite
chitosan-PLGA microspheres were formed via solvent evaporation and microspheres fused
to yield scaffolds.92 Chitosan has also been combined with polyesters using a method called
melt blending where heating and compression of polymer particles results in the formation
of a continuous polymer network.121-124 Combined with leaching of salt particles, melt
blending yields porous scaffolds and in both cases, mechanical strength of the resultant
scaffolds exceeded that of pure chitosan scaffolds.

6.2 Polyelectrolyte complexes

Polyelectrolyte complex networks form between chitosan and anionic macromolecules due
to electrostatic interactions among charged functional groups.110 Chitosan-based
polyelectrolyte complexes (PECs) useful for bone tissue engineering include chitosan
complexed with alginate, gelatin and chondroitin sulfate.%9: 125-129 |n particular, chitosan-
alginate (CA) scaffolds result from the complex formed between chitosan amino groups and
alginate carbonyl groups. These scaffolds are fabricated by mixing individual polymer
solutions and then utilizing any of the fabrications methods described above to create the
final polymer complex scaffold. PEC scaffolds are generally stronger than scaffolds
fabricated from the individual materials that constitute the PEC. Interestingly, the
mechanical strength improves despite an increase in the overall porosity of PEC scaffolds,
which is a result of a more open network structure.89: 125130 |n addition, the structural
stability of chitosan-based PEC scaffolds in aqueous environments is superior to pure
chitosan scaffolds.125
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7 Chitosan-calcium phosphate composite scaffolds

Pure chitosan is a suitable substrate for attachment and proliferation of osteogenic cells such
as mesenchymal stem cells, but it does not induce bone formation nor does it form a bond
with bone. Calcium phosphates (CaPs), on the other hand, are bioactive, meaning that they
bond to bone, and are osteoconductive and in some cases, osteoinductive. They are similar
in chemical composition to the mineral phase of bone and the most biologically relevant
forms include hydroxyapatite (HA), tricalcium phosphate (TCP), biphasic calcium
phosphate (BCP), octacalcium phosphate (OCP) and dicalcium phosphate dehydrate all of
which differ in terms of Ca/P ratio, crystal structure and rate of dissolution.131 While
monolithic, macroporous calcium phosphate scaffolds are generally too brittle for use on
their own, chitosan-calcium phosphate composite scaffolds often fulfill the requirements of
scaffolds for non-load-bearing bone graft applications. Most importantly, calcium
phosphates have been shown to enhance osteoblast response and direct mesenchymal stem
cell phenotype thus improving the biological response to chitosan scaffolds.33 51, 132

7.1 Calcium phosphate coatings on chitosan scaffolds

7.2 Calcium

Calcium phosphate can be combined with chitosan scaffolds via the direct formation of a
synthetic coating or biological apatite layer on the chitosan scaffold surface. Calcium
phosphate coatings enhance the bone bonding ability of chitosan scaffolds as well as their
osteoconductivity.33 The coatings can be created on chitosan scaffolds (1) by soaking
scaffolds in simulated body fluid (SBF), (2) by soaking scaffolds in a heated solution
containing Ca2* and PO43~ in ethanol solution8® or (3) via a double diffusion method.8”
Soaking scaffolds in SBF mimics some aspects of natural biomineralization in vivo as the
solution ionic components, pH and temperature are similar to that of blood plasma.133 Here
the biomineral is nucleated onto surfaces from aqueous solution so this process is fairly
versatile and can accommodate scaffolds of varying materials and geometries. Apatite
formation via SBF is accelerated on chitosan-chondroitin sulfate and chitosan-alginate
scaffolds compared to that on pure chitosan scaffolds, and MSCs proliferated more rapidly
on apatite coated scaffolds.%? It is possible that the negative charges associated with
chondroitin sulfate and alginate promote electrostatically-driven accumulation of Ca2* on
the scaffold surface thereby inducing nucleation and growth of the apatite layer.134 The
double diffusion method involves diffusion of previously segregated calcium and phosphate
ions into the scaffold allowing for precipitation of an apatite layer on scaffold pore walls in
manner.

phosphate particles in bulk chitosan scaffolds and nanofiber mats

Another route to fabrication of composite chitosan-calcium phosphate scaffolds is to
physically mix calcium phosphate particles with chitosan prior to scaffold fabrication. This
has been reported using calcium phosphate microparticles:35136 and more recently attention
has shifted to the incorporation of nano-hydroxyapatite (nanoHA) within chitosan materials.
The nanoHA particles, as compared to micro-scale HA particles, more closely resemble the
biological apatite found in bone in terms of size-scale, and the increased surface area to
volume ratio of the nanoscale material enhances the interaction of the particles with
polymeric matrices. HA nanoparticles can be incorporated into chitosan scaffolds in a
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number of ways. They can be physically blended with chitosan solutions or co-precipitated
with chitosan. As HA is insoluble in neutral and basic solutions and precipitation of chitosan
occurs in solutions with pH > 6, the conditions for precipitation of both materials are almost
the same. In situ co-precipitation forms the mineral phase in association with the polymer
phase during physiological mineralization of bone resulting in strong interfacial bonding of
the mineral and the polymer. Physical mixing is a simple and quick process, but in situ co-
precipitation may be advantageous because a more homogeneous distribution of HA in the
polymer matrix can be achieved and the resultant nanoparticles are more intimately
integrated into the polymer matrix.137 Co-precipitated chitosan and nanoHA show good
miscibility at various nanoHA/chitosan weight ratios138 and a degree of control can be
exerted on the size of nanoHA particles by varying the weight proportion of chitosan to
calcium and phosphate ions in solution.139 Similar to bulk chitosan scaffolds, nanoHA
particles can be introduced into chitosan nanofibers through physical mixing or co-
precipitation within the chitosan solution prior to electrospinning.140-142

8 Evaluation of physicochemical and biological properties of chitosan
scaffolds in vitro

Similar to other types of scaffolds, the in vitro evaluation of chitosan-based bone tissue
engineering scaffolds generally begins with characterization of scaffold microstructure in
terms of pore size, shape and interconnectivity. Scanning electron microscopy is the primary
method for visualizing scaffold pores, and the technique known as “liquid displacement” is
commonly used to determine overall scaffold porosity.143: 144 pore size and distribution are
characterized by mercury intrusion porosimetry where chitosan scaffolds are initially placed
in a chamber and subjected to high vacuum. The pressure is then applied to mercury, a non-
wetting liquid, to force it into scaffold pores.14> The pressure required to fill the scaffold
pores with mercury is correlated with the pore size, and increased pressure is required for
smaller pores. Care must be taken when applying this method to chitosan scaffolds because
a vacuum that is too high could result in collapse of the scaffold and its pores. X-ray
diffraction analysis provides information about scaffold crystallinity, and Fourier transform
infrared spectroscopy (FTIR) is commonly used to examine phase changes or chemical
composition of composite scaffolds. Chitosan scaffolds swell easily in agueous solution due
to the high density of protonated amine groups that have a strong affinity for water
molecules. It is necessary to neutralize or crosslink chitosan scaffolds in order to reduce
swelling. Neutralization can be achieved by soaking the scaffolds in a basic solution such as
sodium hydroxide or ammonium hydroxide. Commonly used crosslinking agents for
chitosan scaffolds include covalent crosslinkers such as glutaraldehyde and genipin and
physical crosslinkers such as calcium chloride and tripolyphosphate that form ionic
complexes.110 Crosslinking agents such as glutaraldehyde are generally not favorable as
they are often toxic even in trace amounts and therefore harmful to cells and tissues.146
Water uptake and retention by chitosan scaffolds are measured by weighing dry versus
hydrated scaffolds, and scaffold swelling is determined by measuring changes in hydrated
scaffold diameter over time.
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Mechanical strength of chitosan-based scaffolds is a critical property generally characterized
via compression testing. Many studies on chitosan-based scaffolds report the compressive
modulus and/or strength because bone is principally loaded in compression in vivo. Yet it is
difficult to directly compare the mechanical properties of chitosan scaffolds among different
studies because raw material properties such as molecular weight and degree of
deacetylation can differ significantly between studies. In addition, factors related to the
process of mechanical testing can differ, such as strain rate applied during compression and
scaffold hydration state. We present the mechanical properties of some chitosan and
composite chitosan scaffolds in Table 2 to illustrate the differences in mechanical properties
among pure chitosan scaffolds reported in different studies as well as the differences
between pure chitosan and composite chitosan scaffolds reported in individual studies. This
summary of studies also shows that there is a significant difference in compressive moduli
between dry and hydrated scaffolds where hydrated scaffolds posses significantly reduced
moduli compared to dry scaffolds. Compressive properties in the hydrated state are likely to
be more relevant because scaffolds are hydrated within the in vivo environment, but strength
and/or moduli values are often reported for dry scaffolds. Overall, the compressive moduli
of pure chitosan scaffolds fabricated using methods such as phase separation and gas
foaming fall far below that of cancellous bone (100-500 MPa)3: 38 although there is an
increase in modulus observed with increased chitosan concentration. The compressive and
tensile strengths and moduli reported for cancellous/trabecular bone (Table 2) represent a
range of values due to variation among anatomical location and bone density.147 While the
tensile strength is generally lower than the compressive strength, the compressive and tensile
Young’s modulus are not significantly different.*0 Fabrication methods such as particle
aggregation and rapid prototyping can generate scaffolds with an overall porosity below
50% and these scaffolds display higher compressive moduli due to the higher pore wall
thickness in the porous structure and lower fraction of overall pore space. Specifically, in
Table 2, only scaffolds fabricated via particle aggregation exceeded the lower limit of
cancellous bone compressive modulus (>100 MPa). Whereas scaffold fabricated via particle
aggregation do not achieve overall porosity higher than 50%, in the case of rapid
prototyping, scaffold porosity can be controlled based on strut diameter and spacing so the
overall porosity can be greater than 50%. While the mechanical properties of particle-
aggregated chitosan-based scaffolds are superior compared to those derived from other
methods, the low overall porosity is suboptimal for promoting tissue regeneration.

In vitro cell culture studies are used to examine cell-scaffold interactions in terms of cell
attachment, viability, proliferation and osteoblastic differentiation. Prior to initiating in vitro
cell culture studies, chitosan scaffolds must be sterilized. Because the scaffolds can be
damaged when autoclaved at high temperature and pressure, they are sterilized using ethanol
solution or ethylene oxide gas. Cells and cell lines commonly used for in vitro testing of
chitosan scaffolds include: MG-63 human osteosarcoma cells, MC3T3-E1 pre-osteoblast
cells derived from mouse calvaria, CH310T1/2 mouse embryonic stem cells and
mesenchymal stem cells (MSCs) from various species. Cell activities that are monitored to
evaluate compatibility of osteoblasts with chitosan scaffolds include cell proliferation,
extracellular matrix deposition and maturation and finally, matrix mineralization.
Osteoblastic differentiation of pre-osteoblasts and stem cells is often measured based on
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temporally-defined expression of markers such as alkaline phosphatase, osteocalcin and
osteopontin.148 Alkaline phosphatase enzyme activity and mRNA expression increase
following osteogenic cell proliferation, reach a maximum during the matrix maturation
stage, and decrease at the onset of mineralization.14® As matrix mineralization is initiated,
expression of genes for bone-related non-collagenous proteins such as osteocalcin, bone
sialoprotein and osteopontin is initiated and increases. The exact role of these proteins in
bone matrix is not clearly defined, but they are all believed to play a role in regulation of
mineralization.*3

9 In vivo evaluation of chitosan scaffolds

The first step in the in vivo evaluation of newly developed chitosan-based scaffolds involves
implantation of the scaffold in a subcutaneous or intramuscular site of a small animal model,
such as mice or rats, to determine tissue compatibility and extent of cell infiltration and
neovascularization.8: 125, 150 sometimes scaffolds are implanted intramuscularly to evaluate
scaffold osteoinductivity in terms of potential ectopic bone formation.15 Next, the chitosan
scaffold is implanted in an orthotopic site to evaluate its bone-regenerating capacity. The
most useful type of surgically-created bone defect for this purpose is a critical size defect.
Critical size defects are too large to heal spontaneously so any bone regeneration observed is
attributed to the scaffold and/or biologics that are introduced to the defect site. Examples of
animal models and corresponding defect sites used to evaluate chitosan-based scaffolds are
summarized in Table 3. Many researchers utilize mouse or rat calvarial defects as first line,
small animal models of non-load-bearing, critical-sized bone defects.46: 152 Chitosan-based
scaffolds or other tissue engineering constructs are placed in defects and then retrieved at
predetermined time points.

Common methods of evaluating the bone regeneration capability of chitosan scaffolds
implanted in surgically-created defects include radiography, microcomputed tomography
(micro-CT) and histological staining. Radiography utilizes x-rays to provide two-
dimensional projection images of bone at a relatively low resolution allowing researchers to
have a first-line, macro view of possible bone regeneration in a defect site. Radiography is
preferable as an initial examination modality because it can be utilized to track bone
regeneration over a time course without having to sacrifice animals for sample retrieval. X-
ray attenuation by mineralized bone is significantly higher than attenuation by chitosan
material, so macro-quantities of mineralized bone within a defect site can be easily detected.
Micro-CT is a radiographic imaging modality at a higher resolution. Two-dimensional
radiographs captured via micro-CT can be reconstructed allowing data to be manipulated as
a 3D object as opposed to a series of 2D projections. Knowing the size of the surgically-
created defect and the chitosan scaffold used to fill the defect, it is possible to quantify
newly mineralized bone and determine the extent of defect closure. In some cases, micro-CT
can be applied to live, but sedated small animals for imaging during the time course of the
study. Histology is a very powerful tool for visualizing bone regeneration at the cellular
level. The process requires retrieval, fixation, embedding, sectioning and staining of
explants. Chitosan scaffolds with bone that has been demineralized are embedded in paraffin
whereas chitosan scaffolds containing mineralized bone can be embedded in poly(methyl
methacrylate) (PMMA). Hematoxylin and eosin is a basic histological stain combination
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that allows for visualization of cellular details and is commonly applied to paraffin-
embedded sections. Demineralized bone is generally stained pink with osteocytes, stained
blue, distributed throughout the bone matrix. More specialized stains and stain combinations
have been developed for bone histology including toluidine blue,153: 154 \yon Kossa,1%°
Goldner’s trichrome, 156 and Sanderson’s rapid bone stain/acid fuchsin,157 to name a few.
Some of these stains are applied to PMMA-embedded samples and can distinguish between
osteoid and mineralized bone, which is not possible with standard hematoxylin and eosin
staining.

10 Advances in chitosan-based scaffolds for bone tissue engineering

Many advances have been made in developing chitosan-based scaffold technology for bone
tissue engineering in the past few years.

10.1 Chitosan scaffolds

Pure chitosan scaffolds are generally not well-regarded for purposes of bone tissue
engineering because of their weak mechanical strength. A recent study reported fabrication
of pure chitosan scaffolds via phase separation where the chitosan concentration is in the
range of 4-12 wt%.59 At the highest chitosan concentration (12 wt%), pure chitosan
scaffolds had an average compressive modulus of 17.99 + 0.11 MPa. It is generally difficult
to prepare chitosan solutions in acetic acid with a chitosan concentration above 4 wt% due to
high solution viscosity. In this study, optimization of solvent acidity and polymer
concentration allowed for preparation of chitosan solutions greater than 4 wt% that could be
utilized for scaffold preparation. All scaffolds in this study had a pore size in the range of
100-500 um, but overall porosity decreased and pore wall thickness increased with an
increase in chitosan concentration. Higher mechanical strength, lower swelling and better
structural integrity in aqueous environments are observed and can be attributed to the
increased pore wall thickness. In addition, the chitosan material exhibited increased
crystallinity at higher chitosan concentrations, which also played an important role in
improving scaffold mechanical properties. MG-63 cell proliferation was significantly greater
on 12 wt% chitosan scaffolds than on 4 wt% chitosan scaffolds over a course of 7 days in
culture. This shows the importance of cell-substrate interactions where in this case, scaffolds
with higher mechanical strength are more effective in promoting osteogenic cell
proliferation. Thus pure chitosan scaffolds retain utility for bone tissue engineering, and in
vivo studies are needed to further investigate the potential of these high strength scaffolds in
bone tissue engineering.

10.2 Polymer-based composite chitosan scaffolds

Among polymer-based composite chitosan scaffolds, polyelectrolyte complex (PEC)
scaffolds show significant improvements in multiple scaffold properties as compared to pure
chitosan scaffolds, and like pure chitosan scaffolds, they are relatively easy to fabricate.
Chitosan has been blended with alginate to fabricate a PEC scaffold via phase separation;
the microstructures of chitosan and chitosan-alginate (CA) scaffolds are shown in Fig. 7a-d.
The CA complex scaffold exhibits significantly-elevated compressive modulus and strength
compared to pure chitosan scaffolds (Table 2).125 In addition, less swelling was observed
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with the CA scaffold upon hydration, which enhanced its overall structural stability. Water
retention and thus swelling of hydrogel-based porous scaffolds in an aqueous environment is
an important property because swelling increases porosity and surface area in support of cell
attachment and tissue regeneration. But continuous or excessive swelling is detrimental to
scaffold integrity. Swelling of pure chitosan scaffolds is pH-dependent (Fig. 7¢) making it
unsuitable for in vivo environments. CA scaffolds swell, but retain their swollen shape and
structural integrity for an extended period of time. This improved stability may be attributed
to a decrease in protonation of chitosan amino groups due to complexation with alginate and
the buffering capacity of alginate carboxyl groups to maintain a more neutral pH.125

As another example of chitosan-based PECs, carboxyl groups of the anionic protein, gelatin,
can form a network with cationic chitosan through hydrogen bonding. Gelatin, generated
through the hydrolysis of collagen, retains the RGD-like sequences of collagen, which
promotes cell adhesion and enhances cell spreading via integrin binding.126 A study has
shown that the complexation of chitosan and gelatin decreases scaffold crystallinity yielding
a more amorphous structure that is less amenable to degradation.12” Therefore a degree of
control can be exerted on scaffold degradation by controlling the ratio of gelatin to chitosan
in solution and can be potentially applied to PEC systems composed of chitosan and other
anionic polymers. The ability to tune the scaffold degradation rate is important for bone
tissue engineering applications as degradation must not occur prior to the initiation of bone
regeneration and at the same time, should not impede bone regeneration.

10.3 Chitosan-based hydrogel scaffolds

Thermally-induced gelation of chitosan occurs in various chitosan-based hydrogel systems
including chitosan-glycerophopshate,112: 120 chitosan-poly(ethylene glycol),115 119 and graft
co-polymers of chitosan and poly(N-isopropylacrylamide).113 Recently, a chitosan-collagen
hydrogel microbead was reported as a vehicle for culture and delivery of cultured-expanded
mesenchymal stem cells or fresh bone marrow mononuclear cells.117 The microbeads were
fabricated via a two-step process. Chitosan, collagen and -glycerophosphate were mixed in
solution and bead formation was achieved using a water-in-oil emulsion system followed by
thermally induced gelation at physiological temperature. This process was carried out with
cells of interest dispersed within the pre-polymer solution with maintenance of cell viability
during fabrication. Both fresh bone marrow mononuclear cells and cultured expanded MSCs
could be induced to undergo osteogenic differentiation in vitro making this a promising
vehicle, when combined with bulk collagen-chitosan hydrogel for promoting bone
regeneration within a defect site. Poly(N-isoproprylacrylamide) (PNIPAM), is a well known
thermo-responsive hydrogel polymer with a lower critical solution temperature of 37°C,
above which the polymer undergoes a sol-gel transition. Yet a limitation in using PNIPAM
for purposes of bone tissue engineering is its lack of biodegradability and biocompatibility.
To improve upon these deficiencies, PNIPAM has been modified, via grafting, with natural
polymers. A recent study describes a hyaluronic acid-g-chitosan-g-PNIPAM copolymer
where the presence of hyaluronic acid and chitosan renders the copolymer more
biocompatible and biodegradable.113 The hydrogel was used to encapsulate bone marrow-
derived mesenchymal stem cells for in vitro studies to characterize cell proliferation,
osteogenic differentiation and osteogenic activity. In vitro culture within the hydrogel
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resulted in enhanced proliferation and osteogenic activity following differentiation
compared to cells cultured on tissue culture polystyrene. In addition, the cell-hydrogel
construct was stronger and more elastic after osteogenic differentiation of the BMSCs.
Canine BMSC-loaded hydrogel solutions were injected subcutaneously in nude mice and
results showed ectopic bone formation, which did not occur for hydrogels without cells.

An example of a photocrosslinkable chitosan-based hydrogel was reported where chitosan-
polylactide combined with methacrylic anhydride crosslinker undergoes gelation with the
application of UV light.114 The combination of chitosan and polylactide exploits the
biocompatibility and biodegradability of chitosan as well as the control over physical and
mechanical properties afforded by highly crystalline polylactide. The hydrogel composition
in terms of the density of lactide side chains grafted onto the chitosan backbone as well as
the crosslinking density as controlled by UV exposure time resulted in control over hydrogel
mechanical properties and degradation rate as well as drug release kinetics. Higher chitosan
to lactide ratios and lengthened crosslinking times reduced degradation rates where the
effect of crosslinking time had significant effect on model protein release. Longer
crosslinking times reduced the burst release of bovine serum albumin and extended the
overall period of release. Chitosan-lactide hydrogels were useful to carryout controlled
release of BMP-2, which promoted osteogenic differentiation of pre-osteoblastic mouse
bone marrow stromal cells in vitro. Overall, injectable, chitosan-based hydrogels that
undergo gelation in situ hold significant promise for bone tissue engineering because they
provide a suitable environment for encapsulation of cells and/or growth factors and their
application to a defect site can occur in a minimally invasive manner. Importantly, hydrogels
can be easily combined with bulk, porous scaffolds to yield composite scaffolds that include
biological factors.

10.4 In vivo evaluation of polymer-based composite chitosan scaffolds

While small animal models are not entirely representative of human physiology, their use
represents a necessary step toward evaluation of the bone-regeneration potential of chitosan-
based scaffolds in an orthotopic defect site.#6: 152, 158-163 The hone regeneration potential of
chitosan-alginate (CA) scaffolds was evaluated with critical size rat calvarial defects.158 The
experimental groups included (1) an empty control, (2) CA scaffolds and CA scaffolds
containing (3) undifferentiated rat MSCs, (4) rat bone marrow aspirate or (5) BMP-2. After
16 weeks, no healing occurred in the empty defect, confirming the critical size nature of the
defect. Significant bone formation occurred in all other implant groups as shown in Figure 8.
MicroCT imaging and corresponding data indicated that ~33% defect closure occurred in
defects filled with CA scaffolds whereas ~71% closure occurred in defects filled with CA
+BMP-2 scaffolds. The ability of CA scaffolds to promote bone regeneration indicates a
certain degree of scaffold osteoconductivity although the specific mechanisms that drive this
behavior are not clear at this time. Only the CA+BMP-2 group showed mature lamellar bone
and bridging trabeculae upon histological evaluation. These results indicate that the
osteoconductive nature of CA scaffold is enhanced by the inclusion of osteoinductive cells
or growth factors.
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10.5 Chitosan-calcium phosphate composite scaffolds

Biphasic calcium phosphate (BCP) is composed of essentially insoluble hydroxyapatite and
highly soluble tricalcium phosphate. When exposed to cell culture media, chitosan scaffolds
containing BCP microparticles (Figure 9a) were quickly enveloped in a mineral layer on the
scaffold surface (Fig. 9b,c).164 It is likely that partial dissolution of the BCP microparticles
led to reprecipitation of calcium and phosphate ions on the scaffold surface. Compared to
pure chitosan scaffolds, chitosan-BCP scaffolds promoted osteogenic activity of MC3T3-E1
cells in terms of cell attachment, morphology, mineralization and expression of marker
proteins of osteogenesis (Fig. 9d). In a different study, the incorporation of hydroxyapatite
microparticles (microHA) into chitosan-gelatin scaffolds also improved cell-scaffold
interactions and osteogenic differentiation potential 138 In this case, because HA has very
low solubility, the mechanism controlling cell-scaffold interactions is likely different from
the BCP microparticle case. However, hydroxyapatite has been shown to adsorb proteins
such as fibronectin and vitronectin from serum, which may play a role in enhancing binding
and proliferation of MSCs.16°

Commercially available nanohydroxyapatite (nanoHA) powder has been combined with
chitosan to fabricate scaffolds via phase separation.128 Enhanced proliferation of MC3T3-E1
pre-osteoblasts was observed on nanoHA-containing composite chitosan scaffolds as
compared to pure chitosan scaffolds. Cells attached to composite scaffolds had rough
surfaces due to significant accumulation of calcium-rich particles on the cell membrane.
This can be attributed to significantly higher mineralization of the composite scaffold.
Alternatively, chitosan-nanoHA composites can be fabricated with the HA component
formed in situ in chitosan solution. This co-precipitation is a biomimetic process as the
mineral phase is formed in association with the polymer phase yielding strong interfacial
bonds, similar to physiological mineralization of bone. This approach may be advantageous
compared to physical mixing of chitosan with nanoHA, as it may generate a more
homogenous distribution of nanoHA throughout the polymer matrix. Mineralization of
osteoid involves growth of bioapatite plate-like crystals in the gaps within collagen fibrils as
well as in spaces between fibrils.2”: 28 Collagen fibrils are therefore bridged by areas of
mineral, and unfortunately, this process is difficult to mimic.

Hydroxyapatite-chitosan-alginate (HA-CA) scaffolds created through in situ co-precipitation
and lyophilization®2 were placed in 4 mm critical size mouse calvarial defects for 4 and 8
weeks and compared to control CA scaffolds. After 4 weeks, defects containing HA-CA
scaffolds showed low-density mineralization whereas no bone formation was apparent in
sites filled with CA scaffolds. After 8 weeks, defects filled with HA-CA scaffolds contained
mineralized bone, osteoblasts and osteoclasts, while only low-density mineralization was
visible in CA scaffold-filled defects at this later time point. In this case, the presence of
nanoscale HA seemingly rendered the scaffolds osteoinductive and allowed for recruitment
and differentiation of native MSCs. Overall, the inclusion of nanoHA in the polymer matrix
seems to improve chitosan scaffolds in three ways: 1) the response of osteogenic cells is
enhanced in terms of cell attachment, proliferation and differentiation,%1: 128, 136, 166 2y the
scaffold compressive modulus is increased and 3) scaffold swelling is decreased.128: 167 The
improvement in osteogenic cell response may be related to changes in scaffold surface
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roughness/topography,®! enhanced protein binding to nanoHA leading to improved focal
adhesion formation,13¢ and/or biological apatite formation facilitated by nanoHA particles
acting as nucleation sites.168 While modest, increases in scaffold compressive moduli have
been reported for chitosan scaffolds containing hydroxyapatite,89 91. 128, 169, 170 and some
of these scaffolds demonstrate compressive moduli in the range of cancellous bone (Table
1).

10.6 Chitosan-based nanofiber scaffolds

To incorporate nanoHA particles into chitosan nanofibers, multiple studies have reported
successful electrospinning of chitosan-nanoHA fibers using ultrahigh molecular weight PEO
as a fiber-forming agent.149-142 While the reports showed some aggregation of nanoHA
within fibers, the ceramic phase remains crystalline despite the utilization of an acetic acid
solvent system for nanofiber preparation (Figure 10).141 Composite nanofibrous scaffolds
appeared to better support long-term attachment and proliferation of C3H10T1/2 mouse
mesenchymal stem cells as compared with pure chitosan scaffolds, and without osteogenic
supplementation, expression of osteogenic genes including Col I, Runx2, ALP, and OC were
all significantly upregulated in MSCs cultured on composite scaffolds.140 Because
osteogenic media supplementation was not necessary to stimulate expression of markers of
osteogenic differentiation, it is likely that the presence of nanoHA imparts osteoinductivity
on the scaffold.

Defining and understanding the mechanisms that govern the interactions between osteogenic
cells and chitosan-based scaffolds is essential to improving the design of next generation
scaffolds that are able to promote efficient and complete bone regeneration in vivo. Initial in
vitro studies of rat bone marrow-derived mesenchymal stem cells (BMSCs) seeded on
scaffolds composed of chitosan nanofibers and HA particles, investigated the effect of
nanofibers and nanoHA on cell shape, proliferation rate, gene expression and alkaline
phosphatase activity.46 The results showed that scaffolds containing HA, whether micro- or
nano-particles, supported a spindle morphology for rat BMSCs, which was in contrast to the
spherical morphology adopted by the cells on chitosan nanofiber scaffolds without a calcium
phosphate component. This was an indication that the presence of HA supports cell adhesion
and spreading. Overall, this study concluded that the scaffolds induced activation of
integrins, the BMP signaling pathway and subsequently, osteogenic differentiation of rat
BMSCs thus indicating a possible mechanism behind the cell-substrate interactions in this
system. Scaffolds were also loaded with rat BMSCs and used to fill critical size rat calvarial
defects. Compared to other experimental groups (chitosan nanofiber scaffolds with cells and
nanoHA/chitosan nanofiber scaffolds without cells), scaffolds with BMSCs promoted large-
area bone regeneration within the defect site. The role of BMSCs in bone regeneration could
be attributed to 1) their differentiation into bone-forming osteoblasts and/or 2) their release
of trophic factors that promote recruitment and differentiation of native MSCs.

10.7 Enhanced functionality of chitosan-based scaffolds

The presence of micro- or nanoscale calcium phosphate particles in chitosan scaffolds
provides important functionalities as described above, but the incorporation or
immobilization of a second or even third functional component can further improve bone
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tissue engineering scaffolds for clinical use. A recent study describes the enzymatically-
assisted co-precipitation of amorphous calcium phosphate and the antibiotic ciprofloxacin
within a chitosan solution.1’1 The composite polymeric solution was then subject to a
unidirectional freeze-drying process known as ice segregation induced self-assembly
(ISISA) to form porous scaffolds. Ciprofloxacin precipitation resulted in needle-like crystals
with granular aggregates of amorphous calcium phosphate on the crystal surfaces as shown
in Figure 11. Amorphous calcium phosphate is significantly more soluble than
hydroxyapatite and therefore its dissolution into calcium and phosphate ions can promote
scaffold biomineralization and possibly osteoinductivity. The ciprofloxacin component may
be very useful for combatting possible post-surgical infections following scaffold
implantation. Rational design of multifunctional, multicomponent biomaterials that address
more than one aspect of the bone regeneration process is an important step toward clinically-
relevant and useful synthetic bone grafts.

A critical property of functional chitosan-based scaffolds is osteoinductivity or the ability of
the scaffold to recruit and induce differentiation of mesenchymal stem cells into bone-
forming osteoblasts. While mesenchymal stem cells may respond positively to a scaffold in
vitro in terms of adhesion, proliferation and even differentiation in the presence of media
with osteogenic supplements, the end goal of bone tissue engineering is to promote efficient
and complete bone regeneration in a defect in vivo. Osteoinductivity can be imparted on
chitosan-based scaffolds by incorporating calcium phosphates that dissolve and reprecipitate
to yield a biological apatite layer or through the incorporation and subsequent delivery of
growth factors such as BMP-2. While growth factors are often combined with chitosan-
based scaffolds through physical entrapment and released via diffusion, the amount of
growth factor needed to elicit a biological response is often at supraphysiologic levels. In
addition, there is often an issue with a burst release of the growth factor. An alternative
approach for growth factor delivery is to mimick non-covalent growth factor-extracellular
matrix interactions. Heparin, an anionic glycosaminoglycan, plays a role in modulating the
activity of growth factors such as bone morphogenetic proteins via non-covalent
interactions!’2 and this type of relationship can be exploited for improving chitosan-based
scaffolds. For example, heparin has been covalently conjugated to chitosan-alginate PECs
used for drug delivery.1’3 When the PECs were exposed to basic fibroblastic growth factor
(FGF-2), the presence of heparin and its interaction with FGF-2 acted to localize the growth
factor activity and significantly slow its release.

Heparin has been both covalently and non-covalently (via electrostatic interactions)
immobilized on porous chitosan scaffolds for bone tissue engineering applications. In vitro
results demonstrated that chitosan scaffolds functionalized with heparin had a significant
positive effect on the differentiation of MC3T3-E1 pre-osteoblast cells in terms of enhanced
alkaline phosphatase activity and osteocalcin expression as compared with chitosan
scaffolds without heparin.1” The mechanism of action here is likely the sequestration of
cell-secreted BMPs by heparin thus promoting localization of the growth factor and thereby
facilitating osteogenic differentiation. The non-covalent immobilization of heparin onto
microsphere-based chitosan-poly(lactide-co-glycolide) (PLGA) scaffolds via electrostatic
interactions allowed for subsequent immobilization of BMP-2 in a manner that mimicks
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non-covalent growth factor-ECM interactions.15® These scaffolds were applied to the rabbit
ulnar critical-sized defect model and the presence of heparin and BMP-2 resulted in early
bone formation compared to the other experimental groups (6 week time point) as well as
complete bridging of the defect on the radial side at 12 weeks. In that study, scaffolds were
exposed to a BMP-2 solution to promote its immobilization, but functionalization of
chitosan-based scaffolds with heparin and heparan sulfate glycosaminoglycans may also be
very useful for sequestration of endogenous growth factors in vivo in support of bone
regeneration.1’®

11 Conclusions

Bone tissue engineering is regarded as an alternative approach to autograft and allograft for
the treatment of bone lost to trauma or disease. Recent years have witnessed intensified
efforts in developing chitosan scaffolds and their application in the field of bone tissue
engineering due to its minimal foreign body response, intrinsic antibacterial nature,
biocompatibility, biodegradability, and ease of manufacturing. A variety of methods have
been introduced for fabrication of chitosan scaffolds with highly interconnected porous
structure and pore diameters suitable for cell ingrowth and bone formation. Pure chitosan is
a suitable substrate for adhesion and proliferation of osteoblasts as well as matrix formation
and mineralization, but the strength and structural stability of pure chitosan scaffolds is
inadequate for bone tissue engineering applications. Composite chitosan scaffolds, which
incorporate other biocompatible polymers and/or micro- or nanoscale calcium phosphates,
usually possess mechanical and biological properties superior to pure chitosan scaffolds.
While advances have been made in improving the compressive strength of pure chitosan
scaffolds, the incorporation of a second component such as alginate and/or
nanchydroxyapatite seems to show substantial improvement in scaffold structural stability
and osteogenic response. Overall, chitosan combined with bioactive ceramics have been
found to have a predominant role in bone tissue engineering in recent years as these
composites exhibit tailored physical, biological and mechanical properties favorable for
bone regeneration as well as predictable degradation behavior.

Collectively, the studies described in this review show that significant progress has been
made toward the design of chitosan-based scaffolds with an underlying theme of
biomimetics. Dissolution and reprecipitation of some synthetic calcium phosphate scaffold
components can result in the formation of a biologically relevant mineral or apatite layer on
scaffold surfaces that can improve cell-scaffold interactions. In vivo, this bioapatite layer
may co-precipitate with relevant growth factors resulting in an osteoinductive environment.
Chitosan nanofibers are similar in shape and scale to structural proteins such as collagen
present in bone matrix. The in situ precipitation of nanohydroxyapatite within a chitosan
solution allows for the formation of nanofibers with closely associated mineral particles
similar to bone tissue, and nanoHA has been associated with improvements in mesenchymal
stem cell spreading and osteogenic differentiation. Mesenchymal stem cells introduced into
a defect site may either actively participate in bone formation by synthesizing mineralized
matrix or secrete trophic factors that activate endogenous cells. Heparin can be immobilized
on chitosan scaffolds as a way to exploit naturally-occurring non-covalent interactions
between growth factors and extracellular matrix components. This approach may be very
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useful for sequestration of endogenous growth factors in situ in a defect site as opposed to
delivery of supraphysiological doses of growth factors as a common practice in tissue
engineering research today.

Although many composite chitosan scaffolds have been developed, there remain significant
challenges in constructing effective chitosan-based scaffolds such as insufficient mechanical
strength, poor batch-to-batch reproducibility, ineffective delivery of growth factors, and
poor vascularization. Even though ceramic nanoparticles have tremendous mechanical
strength and are biomimetic in terms of natural bone structure when dispersed within a
polymer phase, the uniform dispersion of nanoparticles in chitosan matrix can be difficult.
Commercially available chitosan materials represent a source of inconsistency related to the
properties of chitosan scaffolds. Clinical grade chitosan materials with well-defined
molecular weights and the degrees of deacetylation are highly recommended for all in vivo
studies so that the results from various labs can be fairly compared and analyzed. Bone is
highly vascularized and the performance of a bone scaffold is dictated by its ability to
induce the formation of new blood vessels in support of tissue regeneration. Vascularization
of chitosan-based scaffolds can be improved by effective delivery of growth factors such as
vascular endothelial growth factor (VEGF) and/or platelet-derived growth factor (PDGF) or
the incorporation of cells that participate in angiogenesis or vasculogenesis. Scaffolds with
multi-scale porosity may also improve scaffold vascularization as small and large pores are
favorable, respectively, for angiogenesis and bone ingrowth. Overall the design and
implantation of truly effective bone tissue engineering scaffolds remains a challenge, but
chitosan is an effective base material which can be combined with other materials and
biological factors to yield promising constructs for bone regeneration.
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Figure 1.
Electron micrographs and schematic depictions of the hierarchical structure of bone. (a)

Human femur bone. (b) Dense cortical bone where the red circle indicates a fundamental
unit known as an osteon. (c) Lamella: structural unit composed of parallel collagen sheets.
(d) Bundle of mineralized collagen fibrils. (¢) Schematic depiction of mineralized fibrils. (f)
Arrangement of collagen molecules and apatite crystals within a mineralized collagen fibril.
This figure is reprinted with permission from Nature Publishing Group.2
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Figure 2.
Chemical structure of chitin and chitosan.
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Figure 3.
Schematic representation of four commonly-used chitosan scaffold fabrication methods. (a)

Phase separation and lyophilization technique where a chitosan solution is introduced into a
mold, frozen to allow for phase separation of acetic acid solvent and chitosan acetate salt
and then lyophilized. (b) Particulate leaching technique, which can be combined with phase
separation to fabricate chitosan scaffolds. A porogen such as gelatin is mixed with chitosan
solution prior to phase separation and lyophilization. The resultant scaffold is submerged in
a solvent to allow for porogen leaching resulting in additional porosity. (c) Gas foaming
technique where chitosan solution containing a crosslinker (glutaraldehyde) is
supersaturated with carbon dioxide at high pressure while also undergoing crosslinking.
When the system is depressurized, thermodynamic instability leads to nucleation and growth
of gas bubbles. Gas bubbles grow and/or coalesce and escape the polymer solution thereby
generating pores. (d) Freeze gelation technique, which initially involves phase separation
due to freezing. The scaffold is placed in a gelation solution of sodium hydroxide and
ethanol below the chitosan freezing temperature. Following gelation, the scaffold is air-dried
to remove residual liquid.
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Figure 4.
Structural properties of chitosan scaffolds prepared using the phase separation method. (a)

Effect of freezing temperature and chitosan concentration on mean pore diameter of chitosan
scaffolds. (b) SEM micrograph showing the resultant structure of a radial thermal gradient
where two levels of porosity are present due to surface cooling at solution-glass mold
interface. This figure is reprinted with permission from Elsevier.4!
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Figure 5.
Ilustration of rapid prototyping in generating chitosan scaffolds where an inverse wax mold

is deposited using computer-aided manufacturing technology and the mold used to cast
scaffolds. (a) CAD design of negative wax mold with perpendicular struts. (b) As-fabricated
wax mold with outer wall to hold slurry during casting. (c) Chitosan-hydroxyapatite scaffold
following casting and freeze gelation. (d) Schematic presentation of the 3D printer used to
deposit wax molds. (e) Schematic depiction of scaffold x-y plane showing how the strut
spacing defines the pore size. Figure 5(a-d) is adapted and reprinted with permission.8”
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Figure 6.
Chitosan nanofibers produced by electrospinning. (a) Illustration of a typical electrospinning

system for producing polymer nanofibers. (b) SEM image of pure chitosan nanofibers
fabricated by electrospinning. Figure 3(b) is adapted and reprinted with permission.104
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Figure 7.
Chitosan and chitosan-alginate scaffolds produced by phase separation where chitosan and

alginate form a polyelectrolyte complex. SEM micrographs of chitosan scaffold pore
structure at (a) low and (b) high magnification. SEM micrograph of chitosan-alginate
scaffold pore structure at (c) low and (d) high magnification. (e) Changes in scaffold
diameter for chitosan-alginate (CA, inset left) and chitosan (Ch, inset right) upon hydration
with 1IN HCI, 1N NaOH and SBF solutions. This figure is reprinted with permission from
Elsevier.125
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Figure 8.
Chitosan-alginate scaffolds evaluated for in vivo bone regeneration using a critical size rat

calvarial defect. (a) As-fabricated chitosan-alginate scaffold (right) that is sectioned to
produce discs for implantation (scale bar: 10 mm); Inset: SEM micrograph showing scaffold
microstructure (scale bar: 100 um). (b) Scaffolds exhibit flexibility and handleabiliy
required for clinical application. (c) Rat critical size cranial defect model as seen during the
surgical procedure. (d) Micro-CT imaging of rat cranium showing defect (line is 5 mm).
Percent defect reduction at (e) 4 weeks and (f) 16 weeks. This figure is reprinted with
permission from John Wiley and Sons.1%8
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Figure 9.
Composite chitosan scaffolds containing biphasic calcium phosphate microparticles. (a)

SEM micrograph of chitosan/BCP scaffolds with 80% total porosity and mean pore size of
100 um. (b) SEM micrograph of apatite layer formed on scaffold surface after incubation in
cell culture medium. (c) EDX of the apatite layer showing a Ca:P ratio of 1.58 for the
mineral, which is similar to stoichiometric Ca:P ratio of bone mineral (1.67). (d) Osteocalcin
production is significantly higher in chitosan/BCP scaffolds. This figure is reprinted with
permission from John Wiley and Sons.164
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Figure 10.
Field emission scanning electron micrographs of hydroxyapatite-chitosan nanocomposite

fibers doped with 10 wt% ultrahigh molecular weight poly(ethylene oxide) as a fiber-
forming agent. (a) Low magnification image showing nanofiber uniformity and (b) high
magnification image detailing that some protrusions are visible due to HA nanoparticles.
This figure is reprinted with permission from Elsevier.141
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Figure 11.
Multifunctional porous chitosan scaffolds containing ciprofloxacin crystals and amorphous

calcium phosphate aggregates. (a) TEM micrograph and (b) SEM micrograph showing
needle-like ciprofloxacin crystals with granular, amorphous calcium phosphate precipitates
on crystal surfaces. (¢) Low magnification SEM micrograph showing the porous structure of
the chitosan scaffold. (d) High magnificent SEM micrograph showing a scaffold pore wall
with integrated ciprofloxacin crystals. Thisfigureis reprinted with permission.1”! Copyright
2014 American Chemical Society.
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Table 3

In vivo studies evaluating chitosan-based bone scaffolds

Species Defect site
Mouse Tibia

Mouse Calvarial

Rat Calvarial
Rat Tibia
Rat Femur

Rabbit Femoral condyle
Rabbit Radius

Rabbit Fibula

Rabbit Cranial

Dog Mandible

Sheep Calvarial

Mini-pig  Femur

Reference
198

152, 158, 159
46, 199
160

200

201, 202
203, 204
161

205

162, 163
206

207
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