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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.!> 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.*7 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.3-12 Both synthetic and natural polymers have been investigated as bone scaffold
materials. Synthetic polymers of interest include polyesters such as polycaprolactone
(PCL),!3- 14 poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and poly(latic-co-glycolic
acid) PLGA.1>- 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.!” 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.18-2! 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.2? 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.Z5 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 I collagen, but also contains
signaling proteins, such as growth factors, bone-specific non-collagenous proteins and
proteoglycans.26 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.2® 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,39 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.2® 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
pm.3* 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.33-3¢ 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).37-3° 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.*? Correspondingly, decreasing the porogen concentration
decreases the overall scaffold porosity. It is well documented that the scaffold porosity and
mechanical properties are intimately related.2%- 43: 4 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.*® Bone morphogenic proteins
(BMPs), are members of the transforming growth factor (TGF-f) 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.#’ It induces the differentiation of
precursor cells with osteogenic potential, such as MSCs, into bone-forming osteoblasts.4’
Osteoinductivity can also be a material property as scaffolds fabricated with certain macro-
and microstructural characteristics are osteoinductive.*3: 4 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- 48, 50. 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.>2 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.33 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. % 37 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.’® Chitosan
films made of high DD chitosan can remain intact for several months in vivo.>® 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.® %0 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.®! 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- 2 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).*! 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.”!: 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.”3 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.”* 75 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’® 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.”® 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 CO, slows the gas nucleation, which facilitates the
growth and coalescence of gas bubbles leading to pores of larger diameters.3!- 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.3* 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.3?

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).80 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 wax37 or PDMS38 with the inverse scaffold structure are deposited and then used to cast
chitosan solutions into scaffolds (Fig. 5c,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. 5¢).3% 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.?!- 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.?3 Scaffolds can be formed by mixing, compressing and drying hydrated
microspheres that have been packed into a mold.* 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 93 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.®? 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.'® For example, mineralized collagen fibrils found in bone have
a diameter of approximately 50-100 nm.25-%¢ 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, !0 wet spinning,'01- 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.!?5 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.!8- 196 Studies have shown
that faster rotating speeds correlate w