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ABSTRACT

In recent years, there have been increasingly rapid advances of using bioactive materials in tissue engineering
—_— e e e o e e o o o)

applications. Bioactive materials constitute many different structures based upon ceramic, metallic or polymeric
materials, and can elicit specific tissue responses. However, most of them are relatively brittle, stiff, and difficult

|Scaffold

Tissue engineering

materials have been shown to be ideal bioactive materials due to their outstanding properties such as formability]
into different structures, and fabricabi ity with a wide range of bioactive materia S, In addition to their bio-

compatibility and biodegradability. This review highlights scientific findings concerning the use of innovative
i eir future appli-

ioactive materials in the fields of tissue engineering, with an outlook into

cations. It also covers latest developments in terms of constituents, fabrication technologies, structural, and
L - SRR c.opments in _terms of_consttuents, fabrication technologlies, structural, and

bioactive properties of these materials that may represent an effective solution for tissue engineering materials,
|making them a realistic clinical alternative in the near future]

1. Introduction

degradation products, and local acidic environments, these materials

still do not meet the requirements for tissue engineering. To overcome

Recently, biologically-active natural materials have garnered pro i
minence to be used as potential materials in tissue engineering due to

these challenges, researchers have developed hybrid biocomposites

with superior properties. They combined two or more biopolymers

their unique characteristics. They are capable of imitating the human|
tissue structure because of their physical and chemical resemblance. It

| along with inorganic materials to_minimize the drawbacks of single;'

component materials. Among the biopolymers, chitosan has been

is worth to note that the demand for natural bioactive materials ha:

widely studied as a potential bioactive material because of its unique

been increasing over the last two decades because natural polymers are
less toxic and more biocompatible compared to most synthetic poly-

properties and availability. In recent years, chitosan has been shown to

be a promising bioactive material for tissue engineering (bone, skin,

mers. At present, repairing and regenerating damaged tissue remains a

cartilage, intervertebral disc, blood vessel, etc.) that can extensively bel

great challenge in clinical settings. Synthesis of newer and robust bio-

used for repairing diseased and damaged tissue.|

materials_is necessary for ragid advancement of tissue engineering. A

number of natural and synthetic materials such as: chitosan, collagen,

| Chitosan (CS) is a partially deacetylated form of chitin mainly

procured from the exoskeleton of crustaceans [7]. It occupies a distinct

Eelatin (GL), alginate (AIE), silk fibroin, hzdroxzaeatite (HAE), hza-
luronic acid (HA), polyethylene glycol (PEG), polylactic acid (PLA),

position amongst other biomaterials due to its abundance, versatility,

and unique properties including biodegradability, biocompatibility,

oly(lactic-co-glycolic) acid (PGLA), and polycaprolactone (PCL) hav
been used for tissue engineering applications [1-6]. However, due to

non-toxicity, hydrophilicity, anti-bacterial and anti-fungal properties,

and wound-healing effects [8]. In addition, the existence of|p-(1,4

drawbacks such as uncontrolled degradation, risk of infection, in-
sufficient mechanical properties, difficulties in bioaccumulation of

glzcosidic bonds between D-glucosamine and N-acetzl-o-glucosamine

makes chitosan easy to be modified by chemical reactions with
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excellent elasticity, flexibility features, and a lower inflammatory re-|

sponse [9]. Moreover, the degradation of chitosan produces harmless
amino sugars, which can be absorbed completely by human body.
Therefore, all these criteria make chitosan a viable candidate for a

broad range of biomedical applications such as drug delivery carriers,
surgical thread, wound healing, and for tissue engineering [10-12].
Chitosan-based bioactive materials have been widely used in tissu

engineering for the last few decades. The prominent fields of tissue
engineering using chitosan for biomaterial fabrication are cartilag

tissue engineering, bone tissue engineering, intervertebral disc tissue

engineering, blood vessel tissue engineering, corneal regeneration, ski

tissue engineering, tissue fixation, and periodontal tissue engineering

[13-22]. Extensive studies using chitosan in combination with natural

and synthetic materials have been reported to produce scaffolds for
tissue engineering applications. Many attempts have been made to in-
crease_the mechanical strength and structural integrity of chitosan-

based biomaterials by adding biopolymers such as chitin, silk, Alg, GL,
PCL, PLA, HA, and bioactive nano ceramics such as HAp,lSiOJlTiOzl
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ZrO,)} etc. [14,16-19].|
| To the authors’ best knowledge, many review articles have bee

reported on biomedical applications of chitosan. Few articles focus on
tissue engineering applications, but none of them discuss developing

Fig. 1. Conventional process for the extraction of chitosan from crustacean|
exoskeletal (Modified from Ali et al. [37]).]

thiophenol in DMSO [29]; thermo-mechanical processes using a cas-

new bioactive materials based on chitosan. Considering the rapidly|

cade reactor operated under low alkali concentration [30]; flash

growing interest in this field, this review attempts to be a comprehen-

treatment under saturated steam [31]; use of microwave dielectric

sive study of chitosan-based bioactive materials in _the last decade in|

tissue engineering. At the beginning, a brief overview of structure,

heating [32]; and intermittent water washing [33,34]. Recent reports
described some advanced techniques for chitosan extraction using hig

properties, and extraction of chitosan is presented. Next, a detailed

energy irradiation. Microwave irradiation is a widely used non-

summary of recent progress in tissue engineering applications is pre-

conventional energy source capable of transferring energy directly and

sented. At the end, future trends along with challenges will be dis-

quickly into the substrate and increasing the efficiency of the reaction

cussed.|

|2. Chitosan: source and extraction|

|Chitosan is derived from chitinE the second largest naturallz oc-
curring polysaccharide found in the shells of living organisms such as
crabs, lobsters, tortoise, shrimps and insects [23]. It is obtained by

[35]. In addition, the use of microwave irradiation can reduce the
number of chemicals used in the process of extracting chitosan; how-
ever, the DD of chitosan achieved is not promising yet. Rashid et al.
reported irradiation technique for the preparation of chitosan from
prawn shell, which increased the degree of deacetylation of chitin sig
nificantly with the use of relatively low alkali concentration [36]. The
most common process for the preparation of chitosan is discussed

partial deacetylation of chitin using a chemical or biological method or
a combination of both. Although there are no strict rules for defining

chitosan, but in general, chitin with a degree of deacetylation (DD) of

70%) or above is considered as chitosan [24]. Nevertheless, most com-|

However, this may result in partial degradation of the polymer chain:
and an increase in the possibility of reacetylation. That's why the mo-

mercially available chitosan have DD ranges withid 70%—9004 even DD|
higher than|95% may be obtained via further deacetylation steps [25].

lecular weight of chitosan depends on the degree of deacetylation. Thi
lower the deacetylation, the higher the molecular weight, which pro-
vides higher chemical stability and mechanical strength, but reduce

the solubility in traditional solvents. The deacetylation of chitin is

usuallz Eerformed under the nitrogen environment or bz the addition of

|sodium borohydride to the NaOH solution to avoid any undesirable side
reactions. The average molecular weight of chitosan is approximatel
1.2 x 10° gmol | [25].]

Several methods have been developed and proposed by researchers|
over the years for the preparation of chitosan from the shells of dif-
ferent crustaceans, insects, and fungi [26]. Chitosan can also be ex-
tracted from the unused fish scales of Labeo Rohita [27]. Two different
methods have been widely used to extract chitosan from chitin wi
varying degree of acetylation. One of them is the heterogeneous dea-
cetylation of solid chitin and the other is homogeneous deacetylation of
pre-swollen chitin under vacuum in an aqueous medium [28]. In bo
cases, concentrated alkali solutions and long processing times are re-
quired for the deacetylation reaction. The processing time is governed

below. Fig. 1 depicts conventional process for the extraction of chitosan
from crustacean exoskeletal.l

|2. 1. Deproteinizationl

| First, dried shells of crustaceans are treated with an alkali solution
(e.g. NaOH, KOH etc.) to remove the protein. Then centrifugation is
done to separate alkali insoluble fraction followed by repeated washing
with distilled water until the pH becomes neutral.|

|2.2. Demineralization|

| Secondly, deproteinized shells are treated with dilute solution of a|
mineral acid (e.g. HC]) to remove minerals. After that, the acid-in
soluble fraction is separated by centrifugation. The separated fraction is
washed with distilled water until it is free of acid. Then, it is dried
overnight to yield chitin, which is slightly pink in color.|

|The obtained chitin is decolorized by treating with an oxidizing
agent like potassium permanganate, hydrogen peroxide, etc., followe
by washing with oxalic acid solution. The obtained product is desig-
nated as purified chitin.

by either heterogeneous or homogeneous conditions and may vary fro

| 2.4. Deacetylationl

1 to nearly|80 h| To reduce the long processing time and the large
amount of alkali, alternative processing methods have been developed.|

Examples of these include the use of successive alkali treatments using

The decolorized chitin is then subjected to deacetylation process b
treating it with concentrated alkali solution for several hours to convert

(9]
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Fig. 2. Structure of chitosan. -OH groups at C2 position of both the glucose
structure are replaced b;l—NH]. As chitosan is notilOOO/J deacetylated in most
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biocompatible to some extent. It enables chitosan to play a vital role in
various medical applications such as topical ocular application, im-
plantation, or injection. All these unique characteristics make chitosan|
an exceptional candidate for tissue engineering applications.|

|4. Bioactive material for tissue engineering: Scope of chitosanl

cases, some NH,| groups will still be in acetylated form as/-NHCOCHS;]| (not
shown in the figure).

| Materials that can affect their surroundings by stimulating a biolo
gical response are termed bioactive [44]. Such materials are classiﬁedl
into three types: osteoconductive, osteoproductive, and osteoinductive.

it into chitosan. The alkali fraction of the mixture is separated by

The materials that can bond to hard tissue, such as bone, and stimulate

centrifugation, and excess alkali is drained with a wash of distilled
water until the pH reaches neutral. Finally, the obtained chitosan|

its Erowth along the implant surface are known as osteoconductive
materials. The materials that can stimulate the growth of new bone on|

fraction is dried and stored at room temperature. To obtain the purest

the material away from the implant or bone interface, and are capable

form, the raw chitosan is dissolved in aqueous|2°/g| (w/v) acetic acid.

of bonding to soft tissue and cartilage are known as osteoproductive

Then, the insoluble material is filtered giving a clear supernatant so-

materials. Osteoinductive materials induce the bone formation at ex-

lutionI which is neutralized with NaOH solution resulting in a purified
sample of chitosan as a white precipitate, Chitosan exists in a form of

white to yellowish flakes, which can be converted to beads or powders.|

traskeletal sites and are implanted in the tissues or organs where bone
does not naturally grow [45,46]. To be effective bioactive materials in
tissue engineering, the materials should exhibit fundamental properties

Further purification might be required to prepare medical and phar-

such as: (i) biocompatibility with tissues; (ii) a biodegradability rate

maceutical-grade chitosan.

| 3. Structure-properties relationshipl

corresponding to the rate of new tissue formation; (iii) nontoxicity and
nonimmunogenicity; (iv) optimal mechanical strength; and (v) ade-
quate porosity and morphology for transporting cells, gases, metabo-
lites, nutrients, and signal molecules both within and across materials
and host environment [47]. A wide variety of bioactive materials based

|Chitosan consists of| BH(1-4) linked p-glucosamine with randoml

on metals, polymers, ceramics, and their composites play a salient role

locateﬂacetylglucosamine groups, depending on the chitin degree of]|

in tissue engineering fields such as bone, nerve, muscle, ligament re-

deacetylation (Fig. 2) [38]. Strong alkaline hydrolysis is necessary for

generation, etc. [48,49]. However, bioactive devices made from bio-

this conversion because of the resistance imposed by the trans ar-

degradable materials based on synthetic and/or natural polymers havej

rangement of the C2-C3 substituents in the sugar ring [39]. The pre-

advantages over metal or ceramic materials [50]. As degraded materials

sence of hydrogen bonding in the chitosan molecular structure makes it
rigid, and easily transformable into films with high mechanical

are bioresorbable, there is no need for second surgery to remove the
RISV A DI S ———— ——

implanted devices when the damaged tissue heals completely.

strength. On the other hand, the presence of amino groups in the
chitosan structure differentiates it from chitin, which gives chitosa

___|Although both synthetic and natural polymers are used as bioma;'

terials, natural polymers have been one of the most widely used groups

many exceptional properties. The practical applications of chitin are

of bioactive materials. This can be attributed to their wide range of|

limited due to its poor solubility. However, the amino groups of the

properties, bioactivity, better overall interactions with various cell

chitosan p-glucosamine residues might be protonated and are soluble in

types, and lack of immune response [51]. Synthetic polymers are in-

diluted acidic aqueous solutions (pH < 6] [40]. Chitosan dissolves in
mineral acids like hydrochloric acid; however, it forms insoluble chit-

expensive and pose better functionality compared to natural polymer:
and are sometimes used alone or in combination with natural polymers.

osan_sulfate in_sulfuric_acid. Interestingly, this solubility pH de-

pendency of chitosan allows for processing under mild conditions,

Nevertheless, some synthetic polymers possess poor biocompatibility|
and immune responses or show toxicity resulting in inflammatory re-

which opens prospects to a wide variety of applications. Moreover,

actions and fibrous encapsulation [52]. Due to a rapidly increased de-

because of the presence of amino groups, chitosan efficiently produce:

various complexes with metal ions that are often used for heavy metall

removal in wastewater treatment [41]. Chitosan is also used as a

mand in_recent years, several biodegradable natural polymers have

been exclusively explored as bioactive materials in tissue engineering
applications. Among them, chitosan has been a fascinating contender in

polyelectrolyte for the preparation of multilayered films using layer-by-

a broad spectrum of applications because of its distinctive physico

layer deposition.|

chemical and biological properties including: biocompatibility, biode-

As chitosan is the only positively-charged naturally-occurring

DO ¥sacchar1de! 1t_forms comglexes with negatlvel¥ charged s¥nthetlcI

polymers like poly(acrylic acid) and also forms films on negatively

radability to harmless products, nontoxicity and inertness, strong af-
finity to proteins, intrinsic antibacterial activity properties, etc.
[47,53,54]. Some other properties of chitosan include: moldability into

charged surfaces such as fats, cholesterol, proteins, and macro-

various forms, compatibility with a wide variety of delivery materials,

molecules. The amino and hydroxyl functional groups along chitosan|

drug carrying capacity, interconnected-porous structure formability,

chains enable them to form stable covalent bonds with other functionall
groups. At the hydroxyl groups, some non-specific reactions such as

cationic nature, and the ability to form electrostatic interactions wit
anionic glycosaminoglycans (GAG) and proteoglycans and other nega-

etherification and esterification can occur [42]. In addition, the amino
group of p-glucosamine may be specifically quaternized or reacted with

tivelz charged species [47,55]. To introduce desired properties, several

derivatives of chitosan and chitin, and their composites along with a

aldehyde under mild conditions. By applying all these techniques, it is
possible to functionalize the chitosan backbone for other applications.

|Chitosan exhibits amphiphilic characteristics because of its hydro-
philic amino groups and hydrophobic acetyl groups in its molecular

wide variety of functional materials have been investigated in tissue
engineering applications. Fig. 3 illustrates a schematic presentation of|

different Eossible aEBIications of chitosan-based bioactive materials.

Recent research reports on these materials for tissue engineering ap-

structure; this influences its physical properties in solutions and solid|

plications are summarized chronologically in Table 1.|

states. Chitosan exhibits other properties like fat binding ability, anti-

bacterial activity, along with antifungal, mucoadhesive, analgesic, he-
mostatic activities, and wound-healing effects in humans and animal:
[33,43]. It can biodegrade into non-toxic residues and has proved to be

[*)}
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| Fig. 3. Schematic representation of applications of chitosan-based bioactive materials.|

|5. Chitosan-based materials in tissue-engineeringl

|5.1. Cartilage tissue engineeringl

hydrogels [70,71]. In their recent report, Zhi-Sen et al. fabricated a

strong, tough, and porous chitosan-gelatin hydrogel by in situ pre-

cipitation method which was able to exhibit a Young's modulus of

3.25 MPa and a compressive strength ofl_&.lS Msz [68]. In addition,

|Cartilage tissue is made of chondrocytes that produce extracellula

highly porous structures assisted the growth of cells and nutrient

matrix (ECM) proteins [56]. Articular cartilage imparts bone joints with

important biomechanical functions such as wear resistance, load-

transportation that enabled the hzdrogel to exhibit suEerb adhesion and

proliferation of human thyroid cartilage cells. Moreover, this hydrogel

bearing, and shock absorption [57]. It is difficult to treat cartilage tissue

degraded by|65.9%) over 70 days, which implied a good match with thel

injury because this type of tissues are avascular, have a complex

regeneration rate of cartilage —making them a potential candidate for

structure, exhibit very low cell population, and have a high amount of

cartilage tissue engineering.l

heterogeneity [58]. Moreover, they function under a strenuous en-

| Similar types of protein-based hydrogels were prepared from chit-

vironment. When the diameter of the injury damage is more than|4 m
spontaneous self-repair capacity becomes limited. Common treatments

osan and collagen for cartilage tissue engineering applications [72,73].
Kaviani et al. fabricated a hydrogel from chitosan, sollagen and hy-

of cartilage tissue injury include mosaicplasty, autologous chondrocytes

droxyapatite using a freeze drying method [73]. Collagen is a major

injection, or micro-fracture; but, they are not of the same structural
construction as that of native cartilage [59]. So, tissue engineerin:

component in articular cartilage ECM, and it is responsible for expres-

sing the chondrocytes phenotype and supporting the chondrogenesis.

technology has become an attractive option for articular cartilage re-

But major problems of collagen include its rapid degradation and poor

pair. Chitosan has been used in cartilage tissue engineering applications

mechanical properties [74]. So, collagen was combined with chitosa

because of its possibility to use it in different forms such as fibers,

to improve its mechanical property, reduce the biodegradation rate,

| sponges, and hydrogels [60-62]. Another important factor that makes

and improve cell attachment and cell proliferation. The hydrogel had

chitosan a desirable material in this field is its similarity with GAG

sion molecules. Moreover, GAGs can stimulate cartilage chondrogen-
esis. Chitosan 15 capagie of not oniy interacting eiectrostatlca“y with

found in ECM [63]. GAGs have important properties like differentl

distinct interconnected macropores (30-75 um) and fine pores (les
than|2 um) which enabled it to transport convective biological fluids.

But the hydrogel was not able to exhibit satisfactory mechanicall
properties.

|Chitosan has been extensively combined with silk fibroin, another{

negatively charged GAGs but also promoting chondrogenic activity and

protein-based biopolymer [75-79]. Silk fibroin, commonly extractedl

cartilage-specific protein expression [64]. So, as chitosan has the

from Bombyx mori cocoons, has garnered attention in cartilage tissu

characteristics to contribute or stimulate the synthesis of cartilage's

engineering due to its biocompatibility, excellent mechanical proper-

special GAGs, chitosan-based composite scaffolds have become popular

ties, slow degradation, and cell adhesion and proliferation [80]. Singh

for the restoration of articular cartilage [65,66]. The combination o

et al. prepared a porous scaffold based on silk fibroin fiber reinforced

chitosan and a biopolymer like gelatin, collagen, alginate and, silk fi-

chitosan by solubilizing silk fiber in|N,N-Dimethylacetamide (DMAc)

broin has gained attraction in cartilage tissue engineering due to th

and LiBr solution [78]. Interestingly, this work used non-mulberry silk

non-toxicity and biocompatibility of the biopolymers [67-69]. Gelatin|

because of its superior biocompatibility, biodegradability, and me-

is an important component of cartilage ECM and its ability to uptak

high water content is useful to supply nutrients via scaffolds or

chanical stability compared to that of mulberry silk. Moreover, this
non-mulberry silk is rich in arginine-glycine-aspartic acid (RGD) groups

N
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which facilitate cell attachment and proliferation [81]. The scaffold

fabrication [97,100]. The electrospun scaffold possessed high porosity,

exhibited an interconnected micro porous structure with pore sizes inl
the range oEI200—500 uH This implied good compatibility for cell at-

extensive surface area, and better mechanical protection [101]. More-
over, it had other important properties such as biocompatibility, and a

tachment, proliferation, and migration, and extracellular matrix pro-

degradation rate similar to that of an osteoarthritis defect repair cases

duction [82]. Moreover, the scaffold showed a contact angle of about

] 73|l which made it a good candidate for cell adhesion [83]. The scaffold

also demonstrated good cytocompatibility and enhanced extracellular,

[102]. This nanocomposite scaffold exhibited an impressive tensile
strength of|9 MPal with|82%)_porosity. Addition of
scaffold hydrophilic which acted as a stimulating factor in chondrocytel

matrix deposition. As a result, it could facilitate human mesenchyma
stem cells (hMSCs) to proliferate, colonize, differentiate, and initiat

chondrogenesis.
Some researchers used derivatives of chitosan in combination withl

growth and cell proliferation.
Some other combinations of chitosan used in cw
gineering are chitosan-hyaluronic acid [103,104], chitosan-graphene

oxide [65,105], chitosan-oligopyrrole [66], carbon nanotube

silk fibroin to develop hydrogels for applications in cartilage tissue)

[106,107], and chitosan-chondroitin sulfate [108,109]. These combi-

[84-86]. Li et al. fabricated a carboxymethyl chitosan and silk fibroin

nations could be promising solutions to cartilage injury if thoroughly

hydrogel by chemical cross-linking with horseradish peroxidase and

investigated. Most of the researches conducted in this field are still i

hydrogen peroxide |((HRP/H,0-) [84]. Carboxymethyl chitosan (CMC) is

developmental stage and results presented are based on in vitro ex-

one of the most commonly used derivatives of chitosan. CMC deriva-

periments. For application in human body, a detailed in vivo evaluation

tives can interact with cells resulting in cell growth and tissue re-

generation [87]. Moreover, it has higher water solubility and better

bioactivity compared to that of chitosan. Hydrogels made from CM
and silk fibroin by enzymatic cross-linking (horseradish peroxidase and
hydrogen peroxide) and| B-sheet cross linking (ethanol treatment), havi
a tunablg Btsheet structure. The tendency of silk fibroin to form large! 3-

is needed.|

|5.2. Bone tissue engineeringl

Bone tissue engineering is an interdisciplinary field where knowl-
edge from chemistry, engineering, and life science is fused to design,

sheet aggregates via conformation transition from random coil to| -

construct, and develop three-dimensional (3D) scaffolds with a highly]

sheet structure affects the mechanical properties of the hydrogels [88].

interconnected porous structure. The most important requirement of|

| So a tunable| B-sheet structure, via increased ethanol treatment time
allows for the adjustment of several important characteristics of the

these scaffolds is to match the properties of the tissue which it will
replace. On top of that, these scaffolds should possess biocompatibility,

composite such as: pore size (from 50 to/ 300 pum), equilibrium swelling

osteoconductivity, osteoinductivity, and mechanical strength to restore|

(fron) 78.1 + 2.6%]|t0|91.9 + 0.9%), degradation (from|100%)]to|9%
reduction in mass over 56 days), rheological properties (storage mod-

bones which have been lost or damaged [110]
| Extensive studies have been conducted using natural and syntheti

ulus from 177 Pa t0|88,904 Pa), and mechanical properties (compres-

materials to produce scaffolds for bone tissue engineering. Chitosan has

sive modulus from 13 to|829 kPal. In vitro cellular experiments de-|

monstrated that the hydrogels supported the adhesion, proliferation,

glycosaminoglycan synthesis, and chondrogenic phenotype of rabbit

been given great importance in the field of scaffold fabrication [14,15].
|However, the mechanical properties of chitosan scaffolds are inferior t
those of normal bone [111,112]. As a result, they are unable to support

vealed no infections or local inflammatory responses. These results

articular chondrocytes. Moreover, in vivo test with a mouse model re-|

the load-bearing requirement of bone implants. Moreover, chitosan it-
self is not osteoconductive which makes it incapable of imitating the

make the hydrogel an encouraging candidate for cartilage tissue en-

properties of natural bones. Biopolymers such as chitin, silk, Alg, GL

gineering.'
Despite having a few disadvantages, synthetic polymers like poly-

PCL, PLA, and HA, and bioactive nano ceramics such as HAp, |SiO]
TiO., | ZrO-| etc. with chitosan have been fabricated to increase the

caprolactone [64,89], polylactic acid [90,91] and poly(ethylene oxide)
[92,93] have been combined with chitosan to investigate their applic-|

ability in cartilage tissue engineering [94]. For the regeneration of

mechanical strength and structural integrity of chitosan biocomposites

for bone tissue engineering applications [14,16-19]. According to man
researcﬁers, HAp |[Ca10(PO4)6(OH)2]| can improve tﬁe mecﬁanica

cartilage tissue, chitosan and poly(i-lactide) (T’LLA) based composit

properties and osteoconductivity of implants. It is one of the most stable

scaffold was prepared by freeze drying followed by cross-linking using a

forms of calcium phosphate and occurs as a major component in bone

mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

|(60—65%I [113]. HAp also aids in new bone formation without re-

chloride (EDC), n-hydroxysuccinimide (NHS), and chondroitin sulfat

sorption and interaction with the living system. Additionally, nanos

(CS) [95]. The scaffold exhibited pore sizes in the range of 38-172 ym.

tructured HAp exhibits high surface area and better bioactivity. As a

It was found that the scaffold was biodegradable but the addition of

result, composites made of chitosan and HAp can mimic the organic and

PLLA slowed the degradation rate. Moreover, the scaffold could pro

inorganic portion of natural bone and is currently being further studied

mote chondrogenesis as the GAG content of the mature chondrocyte
was |40 ug| per ml and the viability was approximately|90%, which
implied the possible application of the scaffold in cartilage tissue en-

[114,115])

|A porous 3D scaffold was gregared from collagen-chitosan-golg—

ethylene glycol-HAp combination by freeze drying using dehy-

gineering. In another work, the same author prepared chitosan-poly(i-

lactide) based composite scaffolds for cartilage tissue regeneration but

drothermal cross-linking technigues [116]. This work investigated the

effect of HAp in chitosan-based material. Mechanical properties of]

added pectin to it [96]. This scaffold exhibited pore sizes in the range

chitosan-collagen scaffolds improved after the addition of HAp and PEG

49-170 pumfand the percentage of porosity was in the range of 79-84%.

to the composites. This implied that the compression resistance and

HistoEatho ogical analxsis revealed formation and deBosition of the

extracellular matrix at the site of a cell scaffold, which made it more

deformation rate improved [116]. However, due to increased brittle
ness, composites prepared from HAp and chitosan show poor me-

suitable for cartilage tissue engineering compared to that in the pre-

chanical strength. To overcome this problem, Kar et al. prepared a

vious work.|

composite by adding clay minerals into HAp-chitosan composite [117].

Chitosan _has been combined with bioceramics such as calcium

Clay has a layered silicate structure and hence the incorporation of|

phosphate, calcium polyphosphate, or hydroxyapatite for cartilage]

montmorillonite (MMT)-type clay into a composite can enhance me-

tissue engineering because of their ability to improve osteo-|

chanical properties [118]. The authors modified the MMT clay wit

conductivity, strength, and hardness of the fabricated scaffold [97-99].

alkylammonium salts to improve polymer matrix miscibility [117]. This

Keikhaei et al. fabricated a chitosan-poly(3-hydroxybutyrate) (PHB)|

composite exhibited improved mechanical property and bioactivity as

scaffold withli&tricalcium Ehosghate TCP) as reinforcing material

via electrospinning, which is a new and interesting approach in scaffold

well as non-toxicity to MG 63 osteoblast cell lines. Although there was
less cell viability, it remained within an acceptable range. However, the|
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composite was still able to demonstrate only|0.56 MPal of tensil
strength compared to that of human bone (~50 MPa) [119]. Thi

release two types of biomolecules, a model drug, doxorubicin (DOX),

and a protein, BSA, over|25 h. Moreover, the scaffold supported cell

composite has the potential to be used for non-load-bearing bone tissue

attachment and proliferation, and ALP activity of UMR-106 osteoblast

engineering applications. The addition of trace metal ions is an at-

cells. In another work, chitosan was crosslinked with PEG to overcome

tractive proposition to mimic bone mechanical strength because it was

|disadvantages associated with chitosan membranes [126]. PEG is a

found to enhance the mechanical and biological performance of com-
posites. One of these metals, zinc, can promote bone density and pre-

synthetic polymer approved by the Food and Drug Administration
(FDA, USA) for drug delivery systems. It is a hydrophilic, biocompa

vent bone loss [120]. In a recent article, a biomimetic chitosan/hy-

tible, non-toxic, non-immunogenic, and non-inflammatory polymer

droxyapatite-zinc oxide nanocomposites supported with organically-

modified montmorillonite clay (OMMT) were reported [121]. Th
composite had a tensile strength of|30.13 MPa, which is a substantial

136]. As a result, chitosan and PEG-based membranes could be used as

coating material for bone implants. This membrane can be incorporated
with particles of biphasic calcium phosphate (BCP), zinc oxide (ZnO),

improvement from previous work. Moreover, the composite showed a|

and copper oxide (CuO) [136].|

decreased swelling capacity with increasing hydrophobic-modified clay
content. This composite also exhibited good pH and erythrocyte com-

_ |Most of these synthetic and natural polymer hybrid scaffolds suffer

from different issues such as detachment under physiological condition,

phase separation, and non-uniform dispersion of biomolecules because

atibility, impressive antibacterial properties, and cytocompatibility|
with MG-63 cells [121].|

of mismatches in physiochemical properties [137-139]. To counter

Most of the chitosan-based composite scaffolds exhibit the required
| biocompatibility and osteoconductivity, but some lack osteoinductivity.
The two most common practices to accelerate osteogenic differentiation

are loading cytokines into scaffolds or doping trace elements in bone

this, an interesting approach was taken by X Jing et al. [129]. They

fabricated an unusually shaped scaffold having a shish kebab-like

structure. The scaffold was prepared by crystallizing chitosan—pok

caprolactone copolymers on electrospun poly(e-caprolactone) (PCL

scaffolds [122]. Cytokines such as bone morphogenetic protein-2 (BMP-
2), vascular endothelial growth factor (VEGF), and platelet-derived

nanofibers (Fig. 4). One advantage of electrospun structures is that the

morphology is similar to that of the ECM [140]. Unfortunately, the

growth factor (PDGF) are mostly used to improve osteogenic capacity.
But a major difficulty with this method is the loading-release properties
of cxtokinesi which are difficult to control because thex are governed bz

scaffold microstructures and parameters such as: chemical composition,

surface of electrospun fibers is smooth, a property not conducive to cell

adhesion [141,142]. This tempted the authors of this work to prepare a

rough electrospun scaffold. Electrospun PCL nanofibers were used as a

“shish” to prompt crystallization of PCL domains in chitosan-poly-

porous structure, surface characteristic, pH value, and temperature

caprolactone copolymers. Chitosan-caprolactone formed well —shaped

[123], On the other hand, doping bi 2
zn?* | Mg>* | cu*| Si** into HAp by ion substitution can accelerate

kebabs on the PCL nanofiber surface. Cell viability tests showed that|
enhanced surface roughness provided by the shish-kebab structure en-

|angiogenesis and stimulate the osteogenic differentiation of mesench
ymal stem cells (MSCs). Strontium (Sr) has become an attractive option

abled cell attachment and proliferation. Moreover, the presence of]

chitosan-polycaprolactone “kebabs” introduced integrin binding sites

in bone tissue engineering because of its ability to increase new bon

resulting in increased cell viability and proliferation. |

formation and inhibit bone resorption [124]. Yong et al. fabricated

| Natural polymers are popular candidates to fabricate scaffolds in|

chitosan, strontium, and HAp nanohybrid scaffolds to investigate the

combination with chitosan for bone tissue engineering. Common nat-|

effect of Sr percentages in Sr-HAp nanocrystals on osteoinductivity

ural polymers like gelatin [143,144], hyaluronic acid [145,146], col

[125]. The addition of|Sr|in HAp increased the cell volumes and axial

lagen [147,148], fibroin [149,150], and alginate [151,152] have been

lengths but decreased the particle size. Sr-HAp micropores of]

used extensively in this sector. An interesting in situ-forming hydrogel

100-400 um! were reported to be uniformly present throughout th

was prepared by Moreira et al. from chitosan, gelatin, and bioactive

scaffolds. As a result, the releasedlSr“l ions from the scaffolds fa-

cilitated cell proliferation and osteogenic differentiation. This showed

glass [153]. This is an injectable hydrogel that undergoes gelation in
situ when stimulated by body temperature. This hydrogel can be ad

that the addition of Sr in the Sr-Hap-chitosan scaffolds improves alka-

ministered as a fluid using a syringe and a needle, making it a unique

line phosphatase (ALP) activity, extracellular matrix (ECM) miner-

thermosensitive, lowly invasive system. Additionally, the injectable

adizationi and osteogenic-related COL-1 and ALP expression levels.
Additionall; Sr-HAp _chitosan _scaffolds exhibited

ions, which makes it an excellent candidate for bone engineering ap
plication.
| Chitosan has been combined with synthetic polymers like poly-

superb  os-

nature of the hydrogel offers the advantages of filling small and irre-

gular defects, and carrying therapeutic agents and cells [154]. More-

over, the hydrogel was prepared in aqueous media in absence of

crosslinking agents and could become a gel at physiologicall[ﬂ and

temperature. The hydrogel could make the sol-gel transition in a rela
tively short time, and increasing gelatin and bioactive glass content in

methyl methacrylate (PMMA), polyethylene glycol [126,127], poly-

caprolactone [128,129], polylactic acid [130,131], etc. to fabricate

the hxdrogel imgarted higher mechanical properties and shorter gelaj

tion time. The cell viability test demonstrated cytocompatibility of the

scaffolds for bone tissue engineering to influence the mechanical

hydrogel. The hydrogel could be easily expelled from a syringe and

properties and biocompatibility of the final composite [132]. Ex-

needle with the use of a moderate force of|4.0 N, This hydrogel could

cause of their low hydrophilicity and lack of cell recognition sites;
therefore, combinations of synthetic and natural polymers have becom

clusively synthetic polymer scaffolds suffer from poor cell affinit be-I

bring an unexplored and innovative approach to bone tissue en-

gineering. |
|H0wever, the search for hybrid scaffolds with the required me-I

more popular in research [54,133].
|PMMA has been used as bone cement for a long time because of]

chanical properties and biocompatibility has been ongoing. Hu et al.
prepared a biomimetic calcium phosphate hybrid scaffold from nano

properties like mechanical strength and moldability [134]. However,

hydroxyapatite, chitosan, chondroitin sulfate, and hyaluronic acid

[PMMA can cause thermal damage to surrounding tissue because i
lBolﬂerizes at elevated temperatures. To eliminate this EroblemiI
PMMA has been combined with chitosan and some bioinorganic ma-
terials such as bioactive glass (BG), and calcium phosphateI(Cag(PO4)2].

[146]. Chondroitin sulfate and hyaluronic acid are two poly-
saccharides-based natural polymers. Chondroitin sulfate is the majo:

component of glycosaminoglycan_in_connective_tissue [155]. Chon-

droitin sulfate coordinates osteoblastic cell attachment and is indirectly

Tanatsaparn et al. fabricated composite scaffolds by combining minerall

involved in bone homeostasis [156]. Additionally, it has the potential to

ion loaded hydroxyapatite (mHAp) particles with chitosan-graft-poly|

(methyl methacrylate) [135]. The composite exhibited good compres-

romote bone regeneration in two ways. The first way is by increasin
e arrangement effectiveness of the growth factor, and the second way

sive strength and micro pore structure. Additionally, it was able t

is by controlling its signal transduction pathway [155]. So, chondroitin
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sulfate-incorporated scaffolds have the potential to be a great candidate]

chanical strength which might be attributed to the addition of the HAp

for_tissue engineering [157]. This scaffold exhibited improved me-{

and the interaction between the positively charged chitosan and th
negatively charged chondroitin sulfate and hyaluronic acid. The scaf-

|su§ gested the materials to be used as implants to restore IVD.

laleloped for IVD regeneration without the need for open surgery
[177]. It was a biocompatible and nontoxic hydrogel based on chitosa
that was liquid at/4 °Cland set at} 37 °Cl in about{30 min| Moreover, it

osteoblasts had adhered well to the scaffolds with a remarkable increase

fold also showed good osteoblast adhesion. The results revealed that]

exhibited a constant storage modulus over a wide range of strain, which
is like that of IVD ECM structure that could be a suitable scaffold fo;l

in number

Carbon-based materials such as graphene [158], graphene oxide

159,160 and carbon nanotubes [161,162] }ﬁve beeg successft&

cells of IVD and regeneration. Other IVD tissue engineering-related
work includes chitosan-based gels and temperature-responsive hydr0:|

xybutyl chitosan [178-181]. However, most of these studies wereI

combined with chitosan for applications in bone tissue engineering.

performed in in vitro conditions; extensive research is still needed be-

These materials can be used to reinforce organic-inorganic hybrid

fore any human applications.|

scaffolds because of their superb mechanical properties [163]. They

also exhibit antibacterial properties because of the presence of free|s

|5.4. Blood vessel tissue engineeringl

electrons and induce cell adhesion, proliferation, and differentiation.,
Among them, graphene oxide is prepared by the oxidation of graphite]

and is biocompatible because of the acquired oxygen functionalities. It

shows hydrophilic characteristics because of the hydroxyl (-OH) and

In vascular engineering, prosthetic grafts are commonly used where
cells can form functional regenerated tissue. However, its workabili
often becomes limited because of host cell infiltration, calcification, or

carboxyl (-COOH) groups [164]. Aidun et al. electrospun a terna:

poor remodeling. Vascular autografts also face issues such as size mis-

graphene oxide-incorporated chitosan-polycaprolactone-collagen com-

match, lack of supply, or preexisting vascular diseases [182]. The grafts

posite scaffold [165]. As the graphene oxide ratio was increased, a

or patches from the biomaterial come in contact with blood and are

minimal decrease in nanofiber diameter was observed in the scaffolds.

hence required to be biocompatible. Incompatibility can lead to in

Additionally, hydrophilicity, bioactivity of the scaffolds, and cell at-

flammation and calcification, and consequently post-surgical failure.

crease of graphene oxide. These results implied that this scaffold could

tachment and proliferation also increased in correspondence to an in-

be a promising material for bone tissue regeneration; however, long-
term effects of carbon-based materials should be studied. Although

The degradation of biomaterials needs to be controlled so that it neither
degrades too rapidly nor too slowly. If the graft degrades too rapidly,
the graft is susceptible to shape failure. If it degrades too slowly, cell
proliferation and integration are hindered. So, synthesis of biomaterial

chitosan-based bone tissue engineering scaffolds have been extensively,

studied, the search for the perfect material continues, as new methods|

grafts that can support cell infiltration and cell proliferation, and can
undergo rapid remodeling is paramount for success in blood vessel

and materials are investigated every day [166-168].|

|5.3. Intervertebral disc tissue engineeringl

tissue engineering. Chitosan is not only a biodegradable and bio-
compatible material; it can also be easily tuned to exhibit desired
properties because of its porous and gel-forming characteristics. Fur-
thermore, chitosan is a natural polymer of glucosamine and|N-acety

|Intervertebral disc (IVD), the largest avascular tissue of the humani

glucosamine. The ECM of blood vessel tissue is made of glycosami-

|b0dy, is one part of the “three-joint complex” made of fibrous cartilage]

noglycans which have a similar structure to that of chitosan. In this

|[169]. These joints protect the neural anatomy of the entire spine and

context, blends of chitosan and other polymers have shown potential

contribute to motion, weight bearing, and flexibility. IVD contains|

enhancements in mechanical strength, and cell adhesion and pro

mostly fiber-filled hydrogels and is divided into three tissue regions.

liferation [183-185].

The regions are the nucleus pulposus (NP), the annulus fibrosus (AF),

|Vascular layer-by-layer patches have also been explored in which

and the vertebral endplates (VEPs). Proteoglycan (PG) hydrogels re-|

layered polymer deposition improved attachment and proliferation of]

inforced with collagen fibers make up|95 wt°/9| of the IVD [170]. The

cause of IVD affliction is a degenerative process that results in a loss of]

cells. Layers are used because multicomponent biomaterials are oftegl

unstable and require extensive synthesis procedure. Deposition of dif-

proteoglycans, disorganization of the extracellular matrix architecture,

ferent components is done by alternating layers of oppositely charged

tears in the IVD, generation of herniation fragments, and a loss of disc]

components [186]. In one study, bilayer chitosan-gelatin grafts were

height [171]. As IVD is avascular in nature, its self-regeneration is not

prepared with a large surface area. The inner layer accounted for good

noteworthy; in specific, AF tissues exhibit a very limited capacity for]

cell adhesion and proliferation whereas the outer layer gave structurall

self-repair upon injury or tearing. For a torn AF, suture fixation was

flexibility and protection [187]. In other studies, researchers developed|

among the first strategies explored (Fig. 5) [172]. Nowadays, the most

chitosan-immobilized polyethylene terephthalate films [188] and

opular treatment is disc excision and fusion of the adjacent vertebreﬂ

chitosan-PVA scaffolds [189] that demonstrated cell adhesion, mor-

bodies (VBs). But this leads to further degeneration due to altered

phology, and growth. Both materials were potential candidates for

segmental motion [173]. As a result, the treatments administered to

—
vascular tissue engineering scaffolds. The combination of chitosan and

counter IVD problems have not been satisfactory [174]. Chitosan-base
materials could become a promising solution to treating IVD problem:
because of biodegradability, nontoxicity, cytocompatibility, and he-

PVA imBroved cell attachment while maintaining the Ehxsical proper-

ties of the scaffold. Some reports demonstrated evidence of overcoming
two major problems of existing small-diameter vascular grafts: in

mostatic activity [1 75].|

complete endothelialization and smooth muscle cell hyperplasia. This

cellulose nanofibers for IVD repair and regeneration through the aug-

was accomplished by incorporating GAGs in porous chitosan scaffolds
[1 83].|

mentation of the NP [176]. The Blacement of the imBIant at the in-|
jection site resulted in restoration of the viscoelastic properties of thej

discs that were connected to restore disc biomechanics. Additionally,

the restoration or increase of the disc height suppressed or decreased

|Recently, a strategy to fabricate blood vessels with high surface
area-to-volume ratios by electrospinning methods has drawn the at-
tention of many researchers. Such an attempt was made by Figrianti
et al. where they developed a blood vessel tube with blended PLLA

back pain by avoiding nerve root compression. Another work by the

-chitosan-collagen electrospun fiber [190]. The tube showed improved|

same authors claimed to improve mechanical properties of the chitosan-

cell viability and hemocompatibility, good tensile strength and burst

based hydrogels by incorporating cellulose nanofiber [22]. In this work,

pressure, and met the standards of high hemocompatibility and low

they assessed the suitability of the biomaterials for intervertebral disc

cytotoxicity for vascular graft material. In recent work, Zhang et al,

tissue engineering in ex vivo experiments using pig spine models an

introduced a novel vascular patch of polyelectrolyte multilayers (PEM
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by using a layer-by-layer (LbL) self-assembly technique (Fig. 6) [186].

these fibers. Scaffolds that can mimic the corneal stroma have been|

Chitosan and heparin were deposited onto the polyurethane-coated;

prepared and showed potential in keratocyte growth. Often, chon-|

decellularized scaffold (PU/DCS). The in vivo and in vitro studies of]

droitin sulfate is blended in these scaffolds to further enhance their

these PEM vascular patches confirmed the improved biocompatibilitie
including decreased hemolysis rate, prolonged in vitro coagulation time,

cornea preservation but have significant effects on corneal cell cultures
[196]. Corneal haze often occurs after LASIC surgery or from exposure

and enhanced resistance to platelet adhesion. The patches showed en-
hanced endothelial progenitor cell attachment and proliferation, and

to_alkaline. A preventative approach for corneal haze, which is often

caused by deep physical or chemical injuries, can be taken by using

maintained a long-term patency of the surgical arteries. This approac

chitosan or thiolated chitosan [197].|

opened a feasible strategy to fabricate multi-structured vascular pat-

Wang et al. synthesized a scaffold of hydroxypropyl chitosan

ches.l

|5. 5. Corneal regenerationl

HPCTS), gelatin, and chondroitin sulfate by using the crosslinker 1,4-
butanediol diglycidyl ether [196]. The scaffold exhibited|83-88%jlight
transmission values at wavelengths of visible light and was suitable for
keratocyte growth on its surface. It had high water content and allowed

| Corneal tissue engineering is an important field in biomedical en-

NaCl and glucose to permeate. Later on, Ozcelik et al. prepared ultra-

gineering. Corneal epithelial cells are responsible for maintaining cor-
neal transparency by pumping ocular fluid inside the eye. Human|

thin chitosan-PEG hydrogel films for corneal tissue engineering that
demonstrated better mechanical strength. The tensile strains and ulti-

corneal epithelial cells cannot regenerate, therefore, the loss of epi-

mate stresses were identical to those of human corneal tissue while

thelial cells because of aging, trauma, or disease leads to vision im

pairment. If the number of the cells reduce signiﬁcantlzi blindness oc-
curs [191]. The World Health Organization has estimated that corneal

disease, next to cataract, is one of the major causes of blindness around|

retaining similar tensile moduli [198]. The light transmission in the
visible spectrum |400-700 nm) increased significantly |(> 95%] opti
cally transparent), which was above that of the human cornea (max-
imum[~90%||. In a more recent study, Wang et al. investigated th

the world [192]. The high demand and lack of cornea donors makej

corneal tissue engineering for ocular cell treatment important.

|The cornea is an avascular tissue that ensures optical clarity.
Corneal injuries are often treated with an amniotic membrane trans-
plant that runs the risk of infection and rejection [193]. Scaffold or
membrane efficacies synthesized from chitosan, gelatin, genipin, poly-

caprolactone etc. are being researched in the fields of corneal tissue
engineering. Chitosan is widely chosen for its biocompatibility and anti-

underlying mechanisms of corneal endothelial cell (CEC) differentiation
by using chitosan/polycaprolactone (PCL) blended membranes. They
found that the blended membranes were stable and acted as an effective

terms of ECM compositions, therefore enhancing the growth and dif-
ferentiation [199]. Several such recent reports describing significant
improvements in developing chitosan-based corneal scaffolds are
summarized in Table 1, along with other application fields in tissue

inflammatory characteristics; however, its scaffolds or membranes hav
drawbacks including poor mechanical strength. To enhance scaffol§|

characteristics, like that of other tissue engineering scaffolds, polymer

engineering. Several tests are required for these biomaterials to qualify
as a corneal scaffold. Although the eye is deemed to be an immune-
privileged site, in vivo studies of the scaffolds are a must to study the

are blended with chitosan. Cornea tissue scaffolds should have similar,
mechanical and optical properties to that of the cornea and should have

cytotoxicity, degradation rate, and IOP (intraocular pressure).|

the capability to support cells and have high adhesion. Since opticall

|5. 6. Skin tissue en,gineeringl

transparency is an important criterion of corneal implants, extra pre-
caution is needed to maintain such while selecting materials and pro-

| To aid the healing or regeneration of skin tissues, biomaterial-based|

cessing methods. Scaffolds or membranes should also be flexible and|

skin substitutes (grafts) and scaffolds are often used. Superficial wounds

resilient during surgical manipulation. Presently, the amniotic mem-
branes that are used clinically do not have the proper thickness, de-

generally do not need interventions. But aided re-epithelization is im-
portant when the wound thickness is more thanf1 cm| because the skin

grade fast, and have issues with sterile storage [194,195].)

cannot regrow or may scar [200]. Skin grafts from a foreign body in

| collagen fibers. Keratocytes (cornea stroma cells) are distributed among

OH

CS NHCOCH3
N e oERCL e
OH o f
NH;

o MeSO,H

+
PCLCé o inni
At g

. o

| duce irritability, antigenicity, and disease transfer. Limited donor site is

another reason hindering skin substitution. Hence, preparation of]

Crystallization

|Fig. 4. Preparation of chitosan-polycaprolactone shish-kebab-structured scaffolds [129]. Electrospun PCL nanofibers were used as the “shish” to prompt crystall

lization of well —shaped “kebabs” of chitosan-caprolactone. |
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scaffolds with good cell adhesion and proliferation is required in ski
tissue engineering. A good scaffold should act like ECM that guide:
targeted cell differentiation and proliferation, and must have bio.

|5. 7. Bone tissue ﬁxationl

|Every year many people suffer from various bone related diseases|

compatibility, controllable biodegradability, and the required me-

and bone fractures. Scientists are trying to develop processes for bonej

chanical strength [201,202]. Chitosan-based scaffolds are superio

tissue fixation that are convenient for the patient and for the physician

| biomaterials for skin tissue engineering because they are biocompatible

and biodegradable, and because they can easily be connected to other,
| polymers via crosslinking. This crosslinking allows chitosan-based
scaffolds to gain new properties like superior mechanical strength
Chitosan-based scaffolds show good non-immunogenicity and de-
grade slowly even in the presence of lysosomes. Although chitosan is

However, complex bone structure makes the situation complicated.|
Throughout _the last few decades, researchers have been focusing on|
bioEolzrners eg. chitosan and their derivatives to solve the issue of |
bone fracture and repair. Various forms of chitosan i.e., rods, bandages,

scaffolds were fabricated for this purpose [215,216]. The main reasons

for choosing chitosan includes its biodegradability, biocompatibility,

cost-effective and biocompatible, it is less soluble and often does not

and non-toxicity. In addition, the ease of fabrication, and chemical

provide adequate mechanical strength. Bilayer scaffolding is used to

modification and compatibility with other biomaterials have made

give chitosan scaffolds strength. While one layer gives the necessary

|chitosan a top research choice.

mechanical strength, the other layer facilitates skin regeneration. The
mechanical strength can be provided by polycaprolactone or its blend,

|Hu et al. reported the fabrication of chitosan rods by using the most

common in situ precipitation technique [215]. In a different study by

and the wound dressing can be provided by the other layer containing
chitosan and its blend [203]. A bilayer chitosan study in which the

Wang et al., thermal treatment was introduced to facilitate the self-
crosslinking of chitosan molecules through the amine group to form a

scaffold was prepared using casting and lyophillization showed a goo
potential in retaining stability [204]. A chitosan nanofibrillar scaffold

network structure. The aEBIied temperature reduced water absorgtion

which ultimately improved the quality of prepared chitosan nails as a

can mimic the ECM and enhances cell adhesion and proliferation. Whe
used in vitro, impressive regeneration of the dermis and epidermi

bone fracture fixing device [217]. A biocompatible rod was fabricated
from crosslinked chitosan by using glutaraldehyde as a crosslinker fo:

|layers were observed in rats [205].]

fixing bone fractures. It was also reported that crosslinked chitosan

Blends of different polymers such as collagen, gelatin, fibrinogen
etc. with chitosan often provide the required properties for making

performed better than the non-crosslinked one and showed comparable
mechanical properties [218]. However, in a previous study, a chitosan.

scaffolds for tissue engineering. Collagen is biocompatible and low in|

based composite was fabricated by incorporating chitin fiber, which

antigenicity. However, untreated collagen scaffolds quickly degrade)

showed improved bone-like crystallinity and thermal stability. Poor

and are mechanically weak. Chitosan and collagen -mixed scaffolds are
used to prepare scaffolds for skin regeneration and burnt skin treatment

mechanical properties restrict applications in the biomedical field
[219]. ]

[202,206,207]. In many cases, in vitro analysis showed potential bio-

|Other than only selecting chitosan, Wang et al. used HAp as a

compatibility. The addition of more components can alter its properties.

| second component, along with chitosan, to formulate a new biomaterial

The use of glutaraldehyde in the chitosan/collagen blend can increase

[220]. It is accepted that introducing HAp can improve the bioactivi

the duration of the scaffold. One study concluded that the small addi-

of bone-repairing materials and induce neo-bone formation. Here, the

tion of glutaraldehyde|(~0.25%) in chitosan-collagen mixture scaffold
reduced the biodegradation significantly and provided sufficient fi-

raw_materials were reinforced by a covalently crosslinking layer-by-
layer method. The authors fabricated a non-crosslinked composite by

broblast infiltration [202]. The addition of fibrin glue with hetero-

using the same components in an equal ratio to compare with the cross-

geneously-structured scaffold reduces the difficulty in growing cells onl

linked one and reported higher bending moduli and strength values for

the upper portion of the scaffolds [208]. Nano or micro fibrous chit-

cross-linked samples. A recent report claimed that chitosan, either used

osan-collagen scaffolds mimicked ECM structure. The scaffold showed|
good keratinocyte migration properties and re-epithelization [206].|

solely or in combination with another material, performed better
|whenever it was crosslinked, compared to the non-crosslinked coun

| Like collagen, gelatin is also used as a potentially viable material i

terpart. As an implant material, a similar layer-by-layer biocompatible

skin tissue engineering. It shows good cell adhesion and growth and

composite based on chitosan and HAp was fabricated by Pu et al. This

possesses good mechanical strength. Electrospun gelatin-chitosan nano
fibrous scaffolds show potential in tissue engineering (Fig. 7) [7,209].
These electrospun scaffolds have an interconnected network that en-
sures good nutrient transfer. The study showed that the presence of
chitosan can enhance the proliferation of cells, albeit different ratios of]
the materials can give different results [209]. The addition of other
materials such as hyaluronic acid can greatly enhance the flexibility
and water retention [210]. Furthermore, hyaluronic acid with chitosan
and gelatin enables the preparation of in vitro artificial bilayer skin wi
viable mechanical strength [211].|

Chitosan and fibrin can also be blended to get good quality scaffolds
that can support angiogenensis, repair tissue, and enhance cell binding
and growth [212]. Moreover, fibrins extracted from non-mammalian|
sources can significantly reduce the contamination or disease trans-
mission of gelatin and collagen. One study used fibrins extracted fro
salmon to produce electrospun chitosan-fibrin scaffolds that showed
impressive cell proliferation [213]. Membranous skin substitutes can b
BreBared using chitosan. Composite membranes such as chitosan-vi-
tamin C and lactic acid membranes have been_tested to induce celll
growth. Other natural biopolymer blends of chitosan scaffolds include

anulus fibrosus-vertebral e A
body interface nucleus pulposl{s

anulus fibrosus
tears

silk fibroin microfiber and chitosan, chitosan and polycaprolacton

Fig. 5. Schematic image of Intervertebral disc section showing the annulus fi

blends, etc. [20,199,214].

(o)}

brosus (AF) insertion into the vertebral body and routes of nutrient transport

and gas exchange. A tear in the AF (Bottom Right) and suture fixation for AF

repair (Inset) [172].|
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vascular patch

| Fig. 6. Schematic depicting the preparation of a multi-structured vascular patch via a layer-by-layer self-assembly of heparin and chitosan [186] |

composite exhibited comparable mechanical properties and cell com-|

analyzed but very few works have been recorded in last 10 years. Many

patibilities [221]. Unlike Wang et al., Pu et al. fabricated the composite]

researchers used chitosan solely whereas some investigated the ability

by a in situ precipitation method [220,221].|

| As a bone fracture fixing material, chitosan can combine with other

complex materials. Ahtiainen et al. described a knit and rolled scaffold

of this biopolymer to combine with other organic and inorganic ma-

terials. In both cases, the resultant material showed promising activity
in biodental field. In 2008, Shen et al. used chitosan as the only primary

Eregared from chitosani bioactive glassi and Eolzlactic acid [216]. The

authors claimed that the chitosan enhanced the chondrogenic differ-

raw_material to_construct crosslinked and non-crosslinked sponges
[230]. Tripolyphosphate, the crosslinking agent, and tetracycline, the

entiation comEared to other scaffolds without chitosani but thez did not]

account for the media used. Wang et al. proposed a similar pattern of

drug, were incorporated in both the sponges separately. Crosslinked

sponges performed better than non-crosslinked ones in terms of re-

study by fabricating a hybrid material of chitosan with poly(p-amino-

leasing cycline and the authors recommended the material to be used

phenylacetylene)/multi-walled carbon nanotubes impregnated by su-

lBergaramagnetinesOﬂ] [222]. The researchers modified the conven-

for antimicrobial activity in the dental core.|
Other than sponges, a chitosan-based scaffold was prepared b

tional technique of in situ precipitation by introducing a magnetic field.
This processing helped achieve a promising bending strength and

adding HAp beads to chitosan gels followed by loading with basic fi-
broblast growth factor (bFGF) [231]. The structure gave a 3D pattern

bending modulus, which are higher than that of the rods made from|

which provided better cell structure, proliferation, and mineralization.

pure chitosan. Moreover, accelerated cell proliferation and reduction of]

The material was proposed as a device to maintain periodontal re-

bending stress were also recorded for this hybrid combination of chit-

generation by the authors. In the same year, Peng et al. incorporated

osan [222]. Chitosan can also be used to fix fibrous materials to bone by

DNA in a chitosan and collagen matrix which was applied as an agent to

bone ingrowth into the spaces between fibers. Kawai et al. prepared

regenerate periodontal tissue [232]. This porous chitosan/collagen

non-woven polyester fabrics coated with chitin/chitosan to evaluate the

matrix consisted of embedded chitosan/plasmid DNA nanoparticles

efficacy of the material as a bone formation accelerator [223]. The bone
tissues surrounding the fabrics survived for prolonged periods and en-

encoding platelet derived growth factor. This kind of structure helped
release the DNA in a steady manner for about six weeks. A two-week|

sured the long-term integrity of bone-graft fixation. Moreover, a fifteen-|

analysis revealed that the material was capable of initiating protein at

of bone tissue formed in the spaces between the fibers increased sig-|

day practical experiment showed that the fixation strength and the area|

high levels. Moreover, it also developed periodontal connective tissue-
like structures [232]. A microsphere-based scaffold was developed by

nificantly compared to that of the control (no chitin/chitosan coating).

Soran et al., in 2012 in which the researchers electrosprayed alginate to

|5. 8. Periodontal tissue engineeringl

make microspheres and later incorporated these into previously-formed

chitosan_gels [233]. This microsphere-scaffold system showed con;|

trolled delivery of bone morphogenetic protein-6 (BMP-6) from alginate

|Chitosan is_considered as a gotential candidate for biodental ap-
plications because of its bioactivity, antimicrobial, biocompatibility,
ability to blend with other materials [224]. It is as effective as a single
component and in many cases, it performed better when combined withl

other compatible organic or inorganic materials. Starting from drug

delivery, chitosan-based composites are used in enamel remineraliza-
tion [225] and growth [226], dentin bonding [227], dental restorative
materials [228], protective coating on dental implants [229], and so on.

| However, among many dental problems, periodontal disease is one|
of the major concerns in medical science because it results in irrever-

microspheres, an effective growth factor for promoting periodontal

tissue engineering [234]. Another common and cost-effective method of

composite fabrication is solvent casting. Chitosan can be combined wit!
bioactive glass nanoparticles to fabricate a membrane that can resist the

movement of the epithelial cells by solvent casting [235]. This tech

nique minimizes the transfer of the epithelial cells to the respective site,
which usually hampers the production of the bones. This composite]

membrane could be used as a temporary guide for periodontal tissue

regeneration, with the probability of inducing bone regeneration)

sible loss of periodontal tissues and ultimately tooth loss. The inhos-|

|6. Prospects and recommendations|

pitable mouth environment becomes worse in the presence of period-

ontitis which is a chronic inflammatory process. Hence, researchers|

|With the growing understanding of the biological response to ex-

have been searching to find a suitable biomaterial replacement.
Various forms and combinations of chitosan were studied an

isting bioactive materials and a better exploration of human organ

composition, function, biomechanics, possible damage, and disease

~N
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interactions with proteins, cells, and living organisms. The presence of]
primary amines along the backbone of its structure helps to form
polycation (upon protonation in acidic conditions), which allows the
processing of this material with various anionic polymers in a wide
variety of shapes. The greatest promise to achieve extensive improve
ments in long-term tissue fixation, repair, and regeneration is to con-
centrate on research and think about creating a new generation of]
bioactive materials that enhance human repair mechanisms. The au-
thors anticipate that successful use of chitosan-based bioactive mate-
rials in different tissues and organs such as skin, blood vessel, corneal,l
cartilage, and bone implies their promising future for fixation, repair,
and regeneration applications. Utilization of chitosan-based matrices

for tissue engineering can_be exgected to_have major imgact on theI
quality of tissue outcomes, because of its natural match in structure,
chemistry, and functions to host environments. Despite recent techno-

logical advances, more research is needed to investigate the modifica
tion process to enhance cell-specific interactions, formation of more-
complex tissue structures, and the long-term biocompatibility impact of]
the use of these materials within the human body.|

| Fig. 7. Process of fabricating electrospun scaffolds for skin tissue engineering.l

etiology, a multidisciplinary collaborative effort from chemists,
olymer scientists, biologists, physicians, and engineers will be helpful|
to develop tailor-made polymers for biomedical applications. At pre-
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dictable pore sizes and degradation rates with improved mechanical
properties are crucial. A controlled freezing method can provide a
simple, reproducible way of optimizing pore morphology over a phy-|
siologically relevant range. For blood vessels, deposition of platelets i
one of the major challenges for their successful implication. A multi-
structured vascular patch using electrospun fiber of chitosan-base
scaffold could be a solution. Chitosan can be combined with other
biomaterials (biodegradable or bioresorbable) for boosting the applic-
ability and bioavailability as a bone fracture repairing agents. In the last
decade, very little work has focused on the area of human ear bones or|
nose bone repairing, where a flexible composite might prove helpful to|
the patient. Hence, research should be done to incorporate chitosan
with other flexible biopolymers for repairing or accelerating the bone
formation on these specific sites.|

|Most of the research focused on the utilization of chitosan for fab]
ricating bioactive materials; few tried with suitable derivatives.
Exploring the functionality of a wide variety of available chitosan de-|
rivatives in biomaterial formulation would be a great opportunity for]
developing new materials with novel properties. Moreover, emphasis
can be given to modify and functionalize the surface of the materials
with biologically active ingredients to achieve better performance.|

|Previouslx published studies are limited to_the fabrication of bio-|
materials and their in vitro evaluations. However, these studies coulgI

have been more useful if they had focused on in vivo applications at the]
same time. From Table 1, it is clear that the majority of the recent]
reports in this field are based on in vitro evaluations, and finding follow-
up reports on this topic is difficult. Furthermore, many newly developed
materials show good results for in vitro examination but face challenges
in overcoming in vivo testing. A much more systematic approach is
needed to create a strategy for developing advanced biomaterials, fro
fabrication to human body implantation.

| 7. Concluding remarks

|Chitosar1 exhibits excellent physico-chemical properties and speciﬁcl
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