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Abstract

A cutting-edge field of study to create biological substitutes to maintain, restore, or enhance cartilage
function is articular cartilage (AC) tissue engineering. Employing this innovative approach, polymer
composites that mimic the structure and function of real cartilage tissues are created by carefully mixing
biomaterials of scaffolds, cells, and biochemical components. Naturally polymers have recently gained
attention as biomaterials to fabricate scaffolds, for instance, chitosan. Despite its shortcomings such as poor
mechanical strength and low stiffness, chitosan-based hydrogel scaffolds have been cross-linked with other
synthetic polymers, namely hybrid scaffolds, for future perspective of AC tissue engineering. To mimic
AC compartment design, additive manufacturing closely resembles native tissue, and its flexibility is
possibly tailored.
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Introduction

Human cartilage is a crucial tissue to support and move the joints its major structures are matrices,
fibers, and chondrocytes. It surrounds articulating bones due to its property of high resiliency and
deformability to protect from compressive joint load [1]. It has the main role of allowing joints to move
smoothly with minimum friction and helps them handle the pressure while protecting the underlying bone.
Therefore, articular cartilage (AC) would constantly face physical strain, making it prone to wear, tears,
and sports-related damage [2]. On the other hand, AC possesses restricted regenerative capabilities because
ofits avascular and lymphatic-deficient nature [3,4]. Consequently, stem cells from blood and bone marrow
are unable to infiltrate the damaged area to facilitate the repair of AC defects. Therefore, resident
chondrocytes fail to migrate to the injury site, leading to the absence of a provisional extracellular matrix
and the defect persists permanently and remains unrepaired [1].

Present strategies for regenerating AC, including microfracture, cell-based treatments like autologous
chondrocyte implantation (ACI) and ACI combined with biomaterials (MACI), osteoarticular autografts,
allograft, and surgical stimulation, are the most common clinical therapies to enhance intrinsic repair
potential [5-7]. However, they have several drawbacks such as relapse possibility, poor effect on elder

patients, long recovery time, cell and limited graft, immune rejection possibility, biomechanical problem,
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and pathogen rejection [8-12]. Therefore, the development and breakthrough of regenerative medicine and
tissue engineering are urgently needed to overcome those drawbacks.

Articular cartilage tissue engineering represents an innovative area of research dedicated to creating
biological replacements to repair, uphold, or improve the performance of cartilage [13]. This novel method
entails strategically combining biomaterials, scaffolds, cells, and biochemical elements to construct
materials that replicate the form and role of natural cartilage tissues [14-16]. In cartilage tissue engineering,
the scaffold plays a pivotal role as a structural framework crucial for supporting cell attachment,
proliferation, and differentiation [17,18]. There are abundant efforts to mimic the biological extracellular
matrix of native AC and to optimize the success of AC tissue engineering. Scaffolds must possess specific
physical properties, including suitable porosity, mechanical resilience, adhesiveness, and degradability,
which are essential for promoting cell proliferation and migration, facilitating cell adhesion, and ultimately
enhancing the efficacy of the tissue regeneration process [19-21]. Natural polymers have been explored as
scaffolds in tissue engineering as they mimic extracellular matrix. One of the most natural polymers used
for scaffold fabrication in AC tissue engineering is chitosan [22,23]. Chitosan’s positive charge facilitates
interaction with negatively charged glycosaminoglycans (GAGs) in the cartilage matrix, promoting cell
adhesion and proliferation. Its porous structure allows for nutrient and waste exchange, crucial for tissue
regeneration [24-27].

Chitosan, a natural polymer derived from chitin, is found abundantly in the exoskeletons of
Crustaceans such as shrimp, crab, and lobster [24,25,28]. Additionally, it is also present in the cell walls
of certain fungi, the exoskeletons of insects and mollusks, as well as in the scales and fish bones [29].
Chitosan exhibits closely structural similarities to GAGs found in the cartilage extracellular matrix (ECM).
This resemblance makes chitosan a promising candidate for cartilage tissue engineering due to its
advantages in biocompatibility, biodegradability, biomimetic, and controlled release of growth factors [24-
29]. The extraction of chitosan involves the deacetylation of chitin, a process that removes acetyl groups
from the chitin molecule, resulting in chitosan [30]. This extraction process can be achieved through
chemical or biological methods, with each approach offering specific advantages in terms of yield, purity,
and environmental impact [31-33]. Chitosan has several unique characteristics that gained attention in AC
tissue engineering. Overall, chitosan is a straightforward yet effective option for repairing damaged
cartilage.

Chitosan-based hydrogel scaffolds have widespread interest as a candidate for AC tissue engineering
[34,35]. However, chitosan hydrogel scaffolds have their shortcomings such as poor mechanical strength
and low stiffness [35-37]. Therefore, some studies have modified chitosan-based hydrogel scaffolds into a
hybrid scaffold by combining chitosan with another synthetic polymer to improve the mechanical strength
of the scaffold. The hybrid chitosan-based hydrogel scaffolds are possibly engineered by physical cross-
linking, such as the freeze-thawing method, and chemical cross-linking with the help of cross-linkers or
chemical cross-linking via photopolymerization [38]. Previous studies have fabricated chitosan- polyvinyl
alcohol (PVA) hydrogel scaffold, chitosan- poly (lactic acid) (PLA) hydrogel scaffold, and chitosan-
Poly(N-isopropyl acrylamide) (PNIPA Am) hydrogel scaffold, modifying chitosan-based hydrogels become
promising and considered as a scaffold for AC tissue engineering [34,39,40]. PLA-chitosan scaffolds have
shown mechanical property improvement, but it is still not excellent for promoting cell adhesion,
proliferation, and migration [36]. In addition, a combination of chitosan and PNIPAAm performs
thermoresponsive characteristics which enhance ease of application and therapeutic success; hence this
combination has the potential to be developed for future perspective of AC tissue engineering [34,41-43].

A challenge in scaffold design is the replication of the osteochondral compartment. To address this,

researchers have developed and assessed gradients or composite multilayer scaffolds that closely resemble
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osteochondral tissue, often in combination with cells [18,44]. Various strategies, such as the integration of
multiple layers, the establishment of gradients, and the incorporation of elements like minerals, growth
factors, and cells, have been employed to generate a multiphasic scaffold [44]. Advances in
mechanobiology and bioreactor design are expected to play a crucial role in shaping the future of cartilage
tissue engineering. Innovative technologies, including additive manufacturing or 3-dimensional (3D)
printing, hold promise for further advancements. Chitosan and partially synthetic polymer materials can be
transformed into hydrogel inks with properties comparable to biological tissues, offering the flexibility to
tailor mechanical characteristics and create stable 3D structures [45,46]. However, challenges persist in
achieving well-defined structures, along with adequate mechanical strength and biological properties for
effective tissue regeneration, as observed in 3D printing investigations of chitosan-based biopolymers [47].
In situ, 3D bioprinting, driven by mechanical and biochemical signals, emerges as a promising avenue to
create functional tissues at anatomically relevant scales within a bioreactor setting. The continuous progress
in these technologies is poised to significantly impact the landscape of cartilage tissue engineering in the

coming years.

Chitosan

Structure of chitosan

Chitosan, a polymer derived from chitin, consists of varying proportions of N-acetyl-D-glucose amine
and D-glucose amine interconnected through -(1-4) glycosidic linkages [25,48]. Chitosan can be produced
by partial deacetylation of chitin; thus, the degree of deacetylation of chitosan is commonly expressed as
the proportion of N-glucosamine units within its molecular structure and generally falls within the range of
50 - 95 % [49,50]. Chitosan differs from chitin by the presence of amino groups in place of the acetamido
group at position C-2 (Figure 1). Chitosan has 3 types of reactive groups, namely primary amino group,
primary and secondary hydroxyl groups located at C2, C6, and C3, respectively (Figure 1) [51]. The
variations in chitosan structures and physicochemical properties are primarily influenced by the amino
contents. The distribution of amino groups is random, facilitating the formation of both intra- and inter-

molecular hydrogen bonds [52].
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Figure 1 Chemical structure of chitin and chitosan.

Additionally, the N-acetyl glucosamine group of chitosan structurally resembles the
glycosaminoglycans (GAGs) found in the extracellular matrix (ECM) of cartilage. Consequently, chitosan's
application in cartilage regeneration holds significant promise for cartilage tissue engineering due to its
biocompatibility, biomimetic properties, and ability to regulate growth factor release [26,27]. The ionizable
groups, such as sulfates and carboxylates on hexuronic acids, bestow polyionic characteristics upon GAGs,
which are crucial for functions like water retention, cell adhesion, ion flux regulation, and neuronal
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signaling. Leveraging its polycationic nature, chitosan enables cell adhesion and fosters electrostatic
interactions with anionic GAGs [53,54].

Physicochemical properties of chitosan

The physicochemical properties of chitosan relevant to articulate cartilage engineering include its
biocompatibility, biodegradability, and ability to form hydrogels. Chitosan’s positive charge facilitates
interaction with negatively charged GAGs in the cartilage matrix, promoting cell adhesion and proliferation
[24-27]. Tts porous structure allows for nutrient and waste exchange, crucial for tissue regeneration.
Chitosan’s tunable mechanical properties and ability to mimic the ECM make it an excellent scaffold
material for cartilage tissue engineering. Additionally, its thermoresponsive behavior can allow for the
controlled release of bioactive molecules for enhanced regeneration [34,41-43].

Solubility

Chitosan is soluble in acidic solvents but remains insoluble in neutral or alkaline solutions [25,29,50].
In contrast to chitin, which is generally insoluble, the deacetylation process converts chitin into soluble
chitosan due to the high presence of protonated -NH» groups [25]. This makes chitosan soluble in acidic
aqueous environments, with a pKa value of around 6.5. As a result, chitosan forms water-soluble salts in
both organic and inorganic acids [50]. When chitosan dissolves, the free amine groups become protonated,
acquiring a positive charge and enhancing solubility in acidic solvents. However, at a pH of 6 or higher,
these amine groups lose their positive charge, causing chitosan to become insoluble [25,50]. In addition to
pH, chitosan's solubility is influenced by factors such as polymer molecular weight, temperature, degree of
deacetylation, and polymer crystallinity [51].

Degree of deacetylation

The degree of deacetylation (DD) in chitosan is a vital parameter that determines many of the
physicochemical and biological properties of this biopolymer. It is typically represented as the percentage
of N-glucosamine units within the molecular structure of chitosan [50]. Additionally, the degree of
deacetylation specifies the number of free amino groups in the chitosan macromolecule, which in turn
influences the polymer’s functionality, polarity, and water solubility [55]. The degree of deacetylation of
chitosan can be described by the following equation [25]:

_ n(GIcN)
bD = n(GlcN)+n(GlcNaC)

x100% (D

where DD is the degree of deacetylation, n(GIcN) is the average number of N-glucosamine units;

n(GIcNAc) is the average number of N-acetylglucosamine units.

The DD of chitosan is crucial in AC tissue engineering applications. The degree of deacetylation (DD)
of chitosan is crucial in defining its biocompatibility, mechanical properties, degradation rate, and its
capacity to facilitate cell adhesion and proliferation. These factors are essential in articular cartilage (AC)
tissue engineering applications [29]. Optimization studies help determine the most suitable DD range for a
particular tissue engineering approach. The optimum DD for AC tissue engineering can vary depending on
specific requirements and conditions, such as the type of cells used, the desired mechanical properties of
the scaffold, and the intended application. However, generally, a DD range of 50 to 95 % is commonly
considered suitable for AC tissue engineering [50].
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There are categories based on the degree of deacetylation that have a substantial impact on both
solubility and viscosity levels. A deacetylation degree ranging from 55 - 70 % is considered a low degree
of chitosan deacetylation, which is practically non-soluble in water. A deacetylation degree of 70 - 85 %
falls within the medium range, allowing partial dissolution in water. Furthermore, 85 - 95 % represents a
high degree of chitosan deacetylation, ensuring good solubility in water. Lastly, a deacetylation degree of
95 - 100 % is termed ultrahigh deacetylation of chitosan, which is challenging to attain [56]. A deacetylation
degree exceeding 50 % commonly indicates the successful transformation of chitin into chitosan [25,57].

Molecular weight

The molecular weight of chitosan constitutes a vital parameter impacting both the physicochemical
and biological characteristics of this biopolymeric substance. This parameter determines the strength of the
chitosan fiber or film and the viscosity of the chitosan solution [58,59]. Chitosan can be categorized into
high (310 - 375 kDa), medium (190 - 310 kDa), or low (50 - 90 kDa) molecular weight based on its range
of molecular weights [60,61]. Chitosan with lower molecular weight typically shows increased water
solubility and less viscous properties when compared to its higher molecular weight counterpart [25,62]. In
AC engineering, the choice between high molecular weight (HMW) and low molecular weight (LMW)
chitosan depends on the specific requirements of the application. For instance, if the goal is to mimic the
native cartilage matrix in load-bearing regions, HMW chitosan may be preferred for its mechanical
properties [61]. Conversely, in applications focusing on promoting cell infiltration and matrix deposition
in less load-bearing areas, LMW chitosan could be more suitable [25,62]. Optimization studies can help
determine the most appropriate molecular weight range to achieve the best properties for AC engineering

tissue applications.

Viscosity

Another parameter of chitosan is viscosity, which is a significant concern from a technological
perspective, as solutions with high viscosity pose challenges in terms of handling and management. The
viscosity of chitosan is affected by the degree of deacetylation and the molecular weight of the chitosan
[25]. Indeed, viscosity serves as an indicator for assessing the stability of the polymer in a solution, showing
a decrease as the polymer undergoes degradation during storage [63]. The viscosity of chitosan solutions
plays a significant role in determining the stability of AC engineering tissue properties by influencing
scaffold formation, cell distribution, mechanical support, retention of bioactive molecules, and degradation
kinetics [42,44,47]. Chitosan solutions with higher viscosity tend to form more stable scaffolds during
fabrication processes such as gelation or freeze-drying with excellent mechanical properties [61,63]. Thus,
it preserves bioactive molecules such as growth factors or signaling molecules within the scaffold matrix.
Moreover, higher viscous chitosan solution may result in scaffolds with slower degradation kinetics [56].
Overall, the optimization study of chitosan solution helps to achieve optimum scaffold for AC tissue

engineering.

Biological properties of chitosan

Biodegradability

Chitosan has gained attention in tissue engineering, including applications in cartilage regeneration.
Its biodegradability is a key feature contributing to its suitability for such purposes. Studies have explored
the biodegradation of chitosan and its potential in cartilage tissue engineering [27,64-66]. Chitosan
undergoes enzymatic degradation within the body through the action of lysozyme, an enzyme found in the

extracellular matrix of human bone tissue. Lysozyme hydrolyzes the chitosan chain, cleaving the glycosidic
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bonds between polysaccharide units within the polymer [67]. This process leads to a reduction in the
molecular weight of the polymer, ultimately resulting in solubility and the removal of degradation products.
The by-products of degradation, primarily composed of glucosamine and saccharide, are non-toxic and can
be casily extracted from the body without causing interference with organs [68]. Chitosan degradation is
inversely related to the molecular weight and the DD. A higher molecular weight of chitosan is associated
with a reduced degradation rate, while an increased degree of deacetylation (DD) corresponds to elevated
polymer crystallinity and, consequently, slower degradation rates [50,69]. However, the correlation
between DD, polymer crystallinity, and degradation rate is more complex depending on various factors
[69]. A study suggested that chitosan-based scaffolds provide a favorable environment for cell attachment,
proliferation, and differentiation, promoting cartilage regeneration. The controlled biodegradability of
chitosan allows for the gradual release of bioactive molecules, which play an important role in tissue
regeneration [70]. It is essential to consider the balance between the degradation rate of the chitosan scaffold
and the rate of tissue formation. Overall, the biodegradability of chitosan in cartilage tissue engineering
appears promising, with ongoing studies focusing on optimizing its properties for enhancing tissue

regeneration outcomes.

Biocompatibility

The biocompatibility of biomaterials is one of the most crucial considerations in cartilage tissue
engineering. This is attributed to the composition of chitosan, which consists of glucosamine (GlcN) and
N-acetylglucosamine (GIcNAc), natural constituents found in mammalian tissues [71]. Some studies
supported the biocompatibility of chitosan-based systems using chondrocyte cells. The results have shown
that chitosan supports high cell viability and proliferation, demonstrating compatibility and having no
cytotoxic effects [72]. The influence of chitosan characteristics on biocompatibility is a key aspect in
understanding its applicability in various biomedical applications. Previous studies suggested there is an
optimal range for deacetylation, striking a balance between biocompatibility and mechanical properties [73].
These findings contribute to the comprehensive understanding of how chitosan characteristics affect its
biocompatibility, crucial information for its successful utilization in biomedical and tissue engineering

endeavors.

Source of chitosan and its extraction

Chitin and chitosan are extracted from shells of Crustaceans like crabs, shrimps, and lobsters, as well
as the exoskeletons of insects and mollusks. Additionally, it is derived from the cell walls of certain fungi
and fish scales [24,25]. Crustaceans contain a chitin content ranging from 15 to 40 %, embedded in a matrix
comprising proteins (20 - 40 %), calcium carbonate, and calcium phosphate (30 - 50 %) [32,74,75]. Insects
exhibit a chitin content of approximately 10 - 25 %, with a matrix composed of proteins (30 - 60 %) and
lipids (25 - 40 %) [33,76,77]. Thus, Mollusks (for example squid, octopus, cuttlefish, clams, oysters, and
snails) contain about 23 % chitosan, embedded in a matrix rich in proteins and calcium carbonate [78,79].
Thus, shrimp shells consist of 3 primary constituents: a-chitin (15 - 40 %), proteins (20 - 40 %), and CaCO3
(20 - 50 %). Additionally, there are minor components such as pigments and other metal salts present [31].
Moreover, fungi with chitin concentrations of 2 - 44 %, feature a matrix comprising glucans and proteins
[78]. Additionally, fishery by-products contribute chitin at levels ranging from 15 - 30 %, often
accompanied by proteins and minerals [80]. Notably, chitosan derived from Crustaceans, particularly
shrimp and crab shell, stands out as a promising and extensively researched biomaterial in the biomedical
field. Its abundance and unique properties, including biocompatibility and antimicrobial activity, have led
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to widespread investigation for applications in drug delivery systems, wound healing, and tissue
engineering [81].

Chitin and chitosan are commonly extracted using both chemical and biological methods. Chemical
methods involve the use of strong acids or alkalis to dissolve minerals and proteins, followed by
deacetylation to convert chitin into chitosan [76,82]. Chitosan’s solubility and viscosity characteristics are
mainly influenced by the amino groups (-NH2) formed during the deacetylation process. These amino
groups give chitosan molecules a positive charge in acidic solutions, making them soluble [82]. The
solubility of chitosan allows for the formation of solutions with varying viscosities, depending on factors
such as concentration and molecular weight. On the other hand, biological methods utilize enzymes, such
as proteases for deproteinization, to break down the complex structure of chitin into chitosan [83]. Before
extraction, selecting the right shells is crucial for ensuring high-quality chitin. This involves choosing shells
of the same size and species, particularly from crustaceans like lobsters and crabs. Once selected, the shells
are cleaned, dried, and ground into small pieces, preparing them for the chitin extraction process. This
careful preparation is vital to yield chitin with the desired purity for diverse applications [84].

Chemical extraction of chitosan

The chemical extraction method offers efficiency and scalability in obtaining chitosan, making it
suitable for large-scale industrial applications [85]. There are 3 primary stages in chemical methods:
deproteinization, demineralization, and deacetylation [86]. In the study on the chemical extraction of
chitosan from mangrove crab shells (Scylla serrata) conducted by Setiawati and colleagues [87], the initial
stage involves deproteination to remove proteins from the sample. Deproteination involves breaking the
chemical bonds between proteins and chitin through alkaline treatment which makes it a crucial step in
purifying polysaccharides [88]. Subsequently, demineralization occurs to eliminate minerals from the
deproteinated shell powder. Demineralization plays an important role in the extraction of chitosan from
Crustaceans due to their elevated mineral content compared to fungi and insects [89]. In demineralization,
the deproteinated powder was treated in an acidic condition. The final step, deacetylation, transforms chitin
into chitosan under alkaline conditions. During deacetylation, chitin undergoes structural modification,
resulting in the formation of chitosan. This conversion is essential as it removes acetyl groups from the
chitin molecules, altering their properties and rendering them soluble in acidic solutions [90]. While
chemical methods are effective, they often require harsh conditions and may produce chemical waste [91].
In the case of shrimp shells, demineralization with acid treatment is often conducted before deproteination.
Subsequently, unlike the chitosan extraction process from crab shells, decoloration or bleaching is
commonly carried out to remove undesired pigments such as melanin and carotenoids from shrimp shells
using hypochlorite, hydrogen peroxide, or oxidizing agents [31]. After decoloration, deacetylation is
conducted to produce chitosan with 80 % degree of deacetylation [57]. A study by William and Wids
demonstrated that better quality chitosan with a higher percentage of deacetylation was yielded when the
extraction process began with deproteination. However, lower-quality chitosan was produced if the
extraction process started with demineralization [86]

Biological extraction

In the extraction process using chemicals, strong chemical substances interact with the biomass at
high temperatures over an extended duration, leading to alterations in the physicochemical traits and
functionality of chitosan [89]. Additionally, these chemicals pose significant environmental hazards [92].
Consequently, the biological extraction method is extensively adopted to address these concerns. The

biological extraction methods improve the consistency of chitin production, providing a greener substitute
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for the rigorous chemical methods [93]. In the biological method, 3 primary stages are conducted, like the
chemical process: demineralization, deproteinization, and deacetylation [32]. Demineralization is the initial
stage, wherein shells are treated to remove minerals, often using lactic acids-producing bacteria (for
example: Lactobacillus plantarum) or lactic acid [94,95]. This process is critical to dissolve the inorganic
components, primarily calcium carbonate, and prepare the shells for subsequent stages [96]. Subsequently,
deproteinization is carried out by employing enzymatic or microbial methods. Proteolytic enzymes,
including proteases like pepsin, papain, and trypsin break down proteins and separate them from the chitin-
rich matrix of the crab shells [84,89]. Hamdi et al. [81] reported that utilizing crude digestive alkaline
proteases derived from Portunus segnis effectively extracts chitin through the deproteinization process of
both blue crabs (P. segnis) and shrimps (P. kerathurus). The final step, deacetylation, involves treating the
chitin with an enzyme called chitin deacetylase which was initially discovered and partially purified from
extracts of the fungus Mucor rouxii. This process removes acetyl groups, resulting in the transformation of
chitin into chitosan [97]. After deacetylation, chitin undergoes a structural modification into chitosan,
altering its properties and rendering it soluble in acidic solutions [90]. When dissolved, the unbound amino
groups within chitosan become protonated, resulting in a positive charge and the creation of a soluble
chitosan compound in acidic solutions. However, when the pH rises to 6 or higher, these amino groups lose
their positive charge, causing chitosan to precipitate and become insoluble [25,50]. Aside from pH, various
factors affect the solubility of chitosan, including the molecular weight of the polymer, degree of
deacetylation, temperature, and polymer crystallinity [51]. Biological methods offer an environmentally
friendly approach to chitosan extraction, maintaining the integrity of the natural material and facilitating its
potential applications in various fields, including biomedicine and biotechnology [98,99]. Although
biological methods are eco-friendly, they come with limitations, including extended processing times and
the requirement for increased interventions to accommodate industrial-scale adaptation [100].

Cartilage tissue engineering

Articular cartilage composition

AC is an elastic and supportive tissue surrounded by hyaline cartilage on the joint surface, bearing in
conjunction with adjacent bones to decrease friction during physical movement [4,46]. Before and during
birth, articular cartilage (AC) is a dense tissue with many cells that are evenly distributed but have low
amounts of the extracellular matrix (ECM) [101]. Only a small number of adult bones, such as the outer
ear, the tip of the nose, the tip of the ribs, and so on, are cartilage. Hyaline, elastic, and fibrous cartilage are
the 3 types of cartilage based on the composition of the intercellular matrix. Among them, hyaline cartilage,
occasionally referred to as AC, is mostly found on the surfaces of bones and joints, as well as in the sternal
end of ribs [4]. Unlike most other tissues, cartilage has a single cell type of specialized cell, the chondrocyte,
and a large amount of specialized and plentiful extracellular matrix (ECM) secreted by themselves [102].
AC is mostly composed of water (70 - 80 %), collagen (12 - 14 %), proteoglycan (6 - 8 %), mineral (4 %),
and matrix protein as presented in Table 1. Collagen, other proteins, proteoglycans, and water create a
fibrous network [2]. Water is the most prominent component of AC, attributing up to 80 % of its wet weight.
A minor portion of this water exists in the intracellular space, whereas most of it is linked to the intrafibrillar
space within the collagen, making up roughly 30 % of it. In the deep zone, the relative water content drops
from roughly 80 % at the superficial zone to 65 %. Water flows through chondrocytes and over the articular
surface, supplying chondrocytes with nutrients and serving as a transport mechanism for those nutrients
[103].
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Table 1 General compositions of AC [104].

Components Percentage

Chondrocytes 1-10
Water 70-80
Collagen

Type II 10-12

Type IX ~1

Type X1 ~1
Proteoglycans

Hyaluronic acid-proteoglycan-aggregates 6-8

Other proteoglycans ~1
Mineral materials <4
Matrix proteins <1

Approximately 60 % of the dry weight of cartilage is composed of collagen, the most common
structural macromolecule in extracellular matrix (ECM). 90 to 95 % of the collagen found in the
extracellular matrix (ECM) is type II collagen, which combines with proteoglycan aggregates to create
fibrils and fibers (Table 1, Figure 2). Although they are present, collagen types I, IV, V, VI, IX, and XI
make up very little of the total. The type II collagen fibril network is formed and stabilized by the minor
collagens [103]. Cartilages are distinguished tissue by harboring a substantial amount of
glycosaminoglycans, especially chondroitin sulfate and keratan sulfate, linked to proteoglycan namely
aggrecan (Figure 2) [105]. Within AC, proteoglycans constitute the second-largest group of
macromolecules in the ECM, making up approximately 10 to 15 % of the cartilage’s wet weight [103].
Aggrecan is a proteoglycan containing over 100 chondroitin sulfate and keratin sulfate chains. It is
distinguished by its capacity to bind with hyaluronan (HA) and create substantial proteoglycan aggregates
through link proteins [105,106]. Occupying the interfibrillar space within the cartilage extracellular matrix
(ECM), aggrecan plays a crucial role in imparting osmotic properties to the cartilage, essential for its ability
to withstand compressive loads, and increases hydraulic permeability [103,107]. Another essential
proteoglycan is decorin, a small leucine-rich proteoglycan, which has a role in the structure and
biomechanical function of the cartilage by elevating aggrecan retention in newly formed ECM of
chondrocytes, rather than interfering with aggrecan biosynthesis [107]. It improves intermolecular binding
between aggrecan and aggrecan molecules, as well as aggrecan molecules and collagen 1II fibrils (Figure
2) [107].
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Figure 2 Extracellular Matrix Organization in AC Tissue (modified from Chen ef al. [108]). This figure
was created using BioRender.

AC structure

The direction of collagen fibers and the form of the chondrocytes define the 3 zones of AC [2]. Thus,
chondrocytes are spread all over the adult human AC, but they make up only about 1 % of the whole tissue
volume [102]. The outermost layer of the articular cartilage (AC), making up about 10-20% of its thickness,
features collagen fibrils and chondrocytes aligned parallel to the joint surface. In this layer, the chondrocytes
are flattened and elongated to preserve the integrity of the zone, which is crucial for protecting the deeper
layers. This zone contributes to the tensile properties of the AC, allowing it to withstand the shearing forces
exerted on the joint. The middle layer, or transitional zone, comprises 40-60% of the AC's thickness and is
characterized by somewhat larger chondrocytes at a lower density and thicker collagen fibrils arranged
obliquely. The first line of defense against the compressive stresses that the articulation imposes is the
transitional zone. The collagen fibrils are organized perpendicular to the articulating surfaces and are
thickest in the deep zone. Normally, the enormous chondrocytes are positioned in columns parallel to the
collagen fibrils. The deep zone, which accounts for approximately 30% of the AC volume, provides the
strongest protection against compressive pressures (Figure 3) [103].

Articular Surface

T superficial zone

1 __,.w""bhondlocyleq—
—» Middle zone

Collagen s—

|| F—> Deep zone

= :l—> Calcified zone
1]

— Subchondral bone lamina

Tidemark «#——F. !

Figure 3 Structure of AC (modified from Fox et al. [103]). This figure was prepared using BioRender.
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Articular cartilage regeneration

Articular cartilage (AC) has a limited regeneration capacity due to its avascular and lack of lymphatics
[4]. Consequently, stem cells in blood and bone marrow cannot enter the injured region to heal the defect
AC. Thus, resident chondrocytes do not migrate to the wound, and no provisional matrix is formed. Hence,
the defect remains permanent and unrepaired [1]. Endogenous AC restoration is generally thought of as an
internal natural process of restoring damaged AC to its original composition and capabilities. There is a
significant relationship between cartilage repair and the healing of wounds. The initial phase of acute
inflammation and cell apoptosis, the intermediate phase, and the remodeling and matrix formation phase
are the 3 almost overlapping phases of the healing process [109]. AC regeneration involves stem cells which
are important for self-renewal of injured tissue [110]. Osteochondral cartilage defect causes blood vessel
rupture and ingress into bone marrow, causing hematoma. The fibrin network in hematoma traps platelets,
which secrete platelet-derived growth factor (PDGF) and transforming growth factor (TGF)-f that attract
mesenchymal stem cells (MSC) [1]. There are several stages: first, molecular signals recruit and transform
naive MSC into an active proliferation state during AC trauma. Second, MSCs undergo directed
chondrogenic differentiation, and the MSCs maintain microenvironment homeostasis and support
chondrocytes. Thus, mature chondrocytes bind to the ECM network and reciprocally interact to be

functional new cartilage tissue [110].

Current treatment strategies

Once an AC finishes growing around age 20, it remains unchanged. Unlike any other tissues in our
body, the cartilage that was built during childhood will stay the same throughout our lives. The problem is
a mature AC lacks a direct supply of circulating stem cells and nutrients; thus it relies only on synovial
fluid to get its nutrients [111]. On top of that, it has very limited cells and low metabolic activity making it
barely capable of regenerating itself. By this, a deep understanding of the tissue’s structure and composition
will pave the way for tissue engineering strategies that usually aim to replicate the complex chemical and
physical landscape of the target tissue’s ECM [6]. There are 4 treatment strategies for AC deflects that are
employed globally: microfracture, autologous chondrocyte implantation (ACI), matrix-induced autologous
chondrocyte implantation (MACI), and autologous matrix-induced chondrogenesis (AMIC). Microfracture
is the most popular surgical procedure for treating chondral abnormalities in the knee, which produces
fibrocartilage repair by stimulating the bone marrow [112]. Microfracture adheres to the concept of
stimulating bone marrow by fabricating perforations in the subchondral bone plate, the natural repair
processes are triggered. This action induces medullary bleeding, transporting proteins and pluripotent cells
to the cartilage defect. Consequently, a series of physiological cell differentiations ensue, forming a clearly
defined clot over the damaged area [113,114].

In addition to microfracture, there is an alternative method for the repair of AC called autologous
chondrocyte implantation (ACI). ACI technique was introduced in 1987 as an improvement on
microfracture. This technique is a 2-step surgical procedure that repairs cartilage using our cells [115]. In
the first step, autologous chondrocytes will be collected using an arthroscopic technique from a low-stress
area of the joint and these cells will be grown in vitro to obtain 12 - 48 million cells. In the second surgery,
the damaged area is debrided, and the cell suspension is placed and confined to the defect by a periosteal
patch [116]. This technique shows positive results with hyaline-like tissue formation early on and because
it uses the patient’s cells, it could potentially lead to better cartilage formation. However, the new tissue is
not always identical to healthy cartilage, possibly due to cell changes during the in vivo culturing stage and
it requires a long recovery period for the new tissue to form fully [117]. In this technique, patients also

suffer from more pain since it requires 2 major surgeries and the patches that were placed could cause
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overgrowth and pain to the patients. In the US, these patches might come from animal sources that
potentially could cause immune reactions [118].

A derivative of the ACI technique is matrix-induced MACI, which is a tissue engineering approach
that uses a 3D scaffold to assist cartilage repair. It starts with harvesting and expanding our cartilage cells,
but the cells are seeded onto a collagen or hyaluronic acid scaffold creating a 3D environment for growth.
This scaffold is implanted into the defect, and it helps cells to attach, spread, and multiply, which guides a
new formation of the cartilage matrix [6]. There are many benefits of using scaffold-based treatment like
an improved graft fit and stability in the defect, reduced risk of cells losing their cartilage-forming ability
due to the 3D environment, and less fibrocartilage formation. However, like ACI, it still requires 2 surgeries
and a long recovery period, this technique also has not shown to be superior to other techniques yet [119].

Alternatively, AMIC could be an option to repair chondral and subchondral defects. Unlike ACI and
MAUCI, this single-step procedure avoids harvesting and culturing cells in vitro, therefore it only requires
one surgery, and no donor site is used, reducing any potential issues [120]. After removing damaged
cartilage and bone, tiny holes will be drilled in the underlying bone to trigger a blood clot rich in stem cells.
A biocompatible membrane, usually composed of collagen I/III derived from porcine sources, would cover
the area to create an optimal environment for regenerating and forming hyaline-like cartilage [121].
Research indicates that using an AMIC technique with a collagen membrane enhances joint function and
stability over a 5-year period compared to microfracture alone, but some patients still develop a less ideal
fibrocartilage instead of hyaline cartilage [6]. Finally, there is bone marrow aspirate concentrate (BMAC)
which is a concentrated mix that is rich in hematopoietic stem cells, bone marrow-derived MSCs, platelets,
and growth factors harvested from bone marrow. This concentrated mix would either be injected directly
into the damaged area or used with other techniques like microfracture or scaffolds, the concentrated mix
would attract new cells and blood vessels, encouraging cartilage and bone healing [122]. Clinical trials have
shown that this procedure is safe, minimally invasive, does not require additional surgery, and is applicable
alone or combined with other techniques for an extra boost. Nevertheless, there is still no one-size-fits-all
approach since the quality of the concentration would vary between individuals, affecting the outcome.
Besides that, the new cartilage that was created is still not as strong as the original cartilage [6].

Despite advancements in cartilage repair techniques, most successes fade after 5 years and full
restoration of both cartilage and underlying bone remains elusive, leaving patients and healthcare systems
facing limitations. Accordingly, new approaches in tissue engineering are aiming for faster weight-bearing
and a neo-tissue that seamlessly integrates and matures into healthy and functional cartilage. These new
approaches are required to improve the patient’s quality of life and reduce the economic burden on
healthcare costs. In conclusion, the recent advances in biotechnology, nanotechnology, and nanomaterials

will be a promising future for regenerative medicine of AC [123].

Cell based-tissue engineering for cartilage repair

Tissue engineering is a cutting-edge field that focuses on the development of biological substitutes to
restore, maintain, or enhance tissue function [13]. This innovative approach involves the strategic
combination of biomaterials, cells, and biochemical factors to create constructs that mimic the structure and
function of native tissues [14,15]. The properties of tissue-engineered constructs aim to replicate the natural
microenvironment, fostering cell growth, differentiation, and ultimately, the formation of functional tissues
[124,125]. Precision in designing these constructs allows for tailored solutions, addressing specific tissue
needs [126]. Tissue engineering holds great promise in revolutionizing regenerative medicine by offering
solutions for damaged or degenerated tissues, potentially providing new therapeutic avenues for various

medical conditions. As the AC is an avascular and aneural tissue, AC of healing has a low tendency to self-
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heal and hardly transfer nutrients to the cells, thus they are incapable of healing naturally. The inability to
repair itself leads to a gradual erosion of the cartilage due to cartilage damage, fracture, or injury [34,127].
There are several clinical treatments available for repairing AC. However, these treatments have some
limitations and show poor long-term regeneration quality.

Cell-based tissue engineering techniques are used to repair cartilage by creating tissue that closely
mimics natural cartilage. This involves using a scaffold or matrix for support, adding cells to promote tissue
growth, and using chemical or physical signals to promote cartilage or bone development [110,
117,122,128]. The implanted constructs must be porous to allow for nutrient flow and waste removal,
promote mature tissue organization, have the correct biochemical composition, and seamlessly integrate
with surrounding tissue for smooth joint movement and load distribution [26,67,116].

Scaffold for cell based-tissue engineering for cartilage regeneration

The scaffold that is used for cartilage tissue replacement must provide a proper environment by
mimicking the extracellular matrix for cell adherence, proliferation, and migration. The scaffold must be
designed to be biocompatible and biomimetics to support chondrogenesis by facilitating cell adhesion,
proliferation, and extracellular matrix (ECM) production. Moreover, the scaffold must be mechanically
strong and resistant to an applied bearing load. Thus, the scaffold degradation must match the tissue
formation to ensure the function. Therefore, biodegradable polymers are preferable for scaffold synthesis
due to their degradability and similarity to native ECM. Natural biodegradable polymers such as protein
(collagen, keratin, gelatin, elastin, silk fibroin), glycosaminoglycan (hyaluronic acid), and polysaccharides
(chitin, chitosan, alginate, gellan gum) [128].

Nowadays, 3D scaffolds are more widely used for tissue engineering rather than 2D scaffolds because
of their effectiveness. The 3D scaffolds prevent the differentiation of the chondrocytes into fibroblast-like
cells and allow chondrocytes to generate protein to form the native cartilage [34]. A 3-dimensional (3D)
scaffold mimics the natural extracellular matrix (ECM) environment, providing spatial cues for cell growth
and interaction. On the other hand, 2D scaffolds are typically flat surfaces where cells adhere and grow in
a monolayer. 3-dimensional (3D) cultured cells exhibit more pertinent behaviors and conditions compared
to the 2D cell model. These include enhanced occurrences of cell adhesion, migration, mechanical
properties, proliferation, differentiation, and reactions to signaling molecules [129].

Numerous techniques exist for scaffold fabrication, such as 3D printing, hydrogels, supercritical fluid
technology, electrospinning, and weaving offering the advantage of precise cell and biomolecule placement
within scaffolds made of diverse materials, enabling predefined designs and geometries [128]. Hydrogel
scaffolds have received widespread interest in cartilage tissue engineering due to their properties and ability
to mimic the ECM of the cartilage. Hydrogel scaffolds are 3D network structures with water as their
dispensing medium and have a high swelling rate, excellent hydrophilicity, and good biocompatibility.
Hence, they effectively absorb wound exudate, reduce infection in damaged tissue, and hasten the healing
of cartilage tissue [34,35,130,131]. Additionally, hydrogel scaffolds exhibit self-healing and self-recovery
abilities that make them a promising option [132]. The hydrogel scaffolds will load seeded cells and
possibly be transferred to the patient’s body by injection or implantation. Then the scaffold will finally
degrade gradually and induce cell and tissue regeneration [34,133]. To promote cell proliferation and
migration, cell adhesion, and increase the success of AC tissue engineering, hydrogel scaffolds must have
some appropriate specific physical properties, including porosity, mechanical strength, adhesion, and
biodegradability.
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Scaffold porosity

The porosity of hydrogel scaffolds for tissue engineering possibly be tailored based on the
requirements of each intended application. Several studies have described how porosity and pore sizes
affect cell activity and the effectiveness of repairing damaged tissue. In addition, adequate porosity is
closely related to nutrient transfer and gas exchange [134]. High porosity and large pore sizes give results
in inducing cell migration, proliferation, and spreading, enhancing gene expression, and ECM secretion
[34,36,131]. On the other hand, small pore sizes help cell differentiation [131]. Previous studies show that
the range of pore size between 250 - 500 pm in the scaffold is appropriate for cell proliferation,
differentiation, and secretion of the ECM [131]. Cartilage hydrogel scaffolds require microporous structure
with 300 pum size pores to maximize chondrogenic gene expression, chondrocyte cell differentiation, and
chondrocyte cell proliferation [34,36]. For cartilage tissue engineering, an optimal pore size range is
typically desired to balance cell infiltration, nutrient diffusion, and mechanical stability. Pore sizes in the
range of 150 - 300 um are often considered suitable for cartilage regeneration, as they can support cell
migration, nutrient exchange, and tissue ingrowth while maintaining scaffold integrity [34,36,131]. While
chitosan scaffolds exhibit microporous structures with promising pore sizes (50 - 200 um) and porosity (75
- 80 %) according to Ikeda ef al. [134] they may not meet the ideal criteria for certain applications. Ideally,
scaffolds should possess a porosity exceeding 80 %. Therefore, enhancing chitosan scaffold porosity and
pore size while simultaneously improving its mechanical strength is crucial for optimal performance in

tissue engineering applications.

Mechanical strength

Mechanical strength is an important characteristic that must be maintained to increase the
effectiveness of the hydrogel scaffolds. Chitosan-based hydrogel scaffolds are breakable and must be
modified to ensure the stability of the scaffolds [34]. The tensile strength of cartilage before failure ranges
between 0.8 and 25 MPa, while the peak force applied to human cartilage, typically associated with a 70
kg individual, usually falls between 0.84 and 3 MPa [131,135]. The mechanical strength and properties of
hydrogel scaffolds depend on their intended use, whether in vitro or in vivo. If the scaffold is used to support
cell growth in vitro before implantation, it may not need to match the mechanical strength of natural
cartilage. The main point is hydrogel scaffold for AC should have sufficient mechanical strength
comparable to natural AC. Changes in mechanical properties will affect the scaffold’s degradation rate and
profile [131]. Scaffolds made of chitosan demonstrated poor mechanical properties, low tensile strength,
and low fracture stiffness as chitosan is a natural biodegradable polymer [136]. Compressive modulus and
mechanical strength of chitosan scaffolds range between 0.0038 - 2.56 MPa and 0.059 - 0.125 MPa,
respectively which are significantly lower than cartilage tensile strength [68]. The mechanical properties of
chitosan scaffolds must be improved by tuning chitosan concentration [134]. Mechanical strength also
depends on pore diameter and overall scaffold porosity [50]. Therefore, balanced porosity and mechanical
strength are required in fabricating chitosan-based hydrogel scaffolds.

Cell adhesion on scaffold

Cell adhesion to the hydrogel scaffold requires careful attention because it significantly affects cell
migration, proliferation, and differentiation. There are some receptors on the surface of ECM, such as
integrins, selectins, Cluster of Differentiation 44 (CD44), and syndecan that will make a specific interaction
with the scaffolds. This interaction plays a central role in cell migration, cell function, and tissue
development. Chondrogenic gene expression, cell proliferation, and migration will be stimulated by high



Trends Sci. 2024; 21(10): 8208 15 of 32

cell adhesion. Previous studies have conjugated the hydrogel scaffolds with cell adhesive peptides,
including arginine-glycine-aspartate peptide (RGD) to mimic the ECM phenotypes and maximize cell
adhesion [34]. RGD is a tri-amino acid sequence that has great potential to improve cell attachment to a
material with structural, mechanical, or other properties that are beneficial for specific tissue repair [137].
RGD peptides enhance cell bioactivity, activate the local adhesion signaling pathways, and will be a
primary binding site to the integrin receptor, hence RGD enhances cell adhesion [138]. Furthermore, the
hydrogel crosslinking network affects cell adhesion, so the composition of the scaffold composite must be
considered to tune the cell adhesion. Chitosan scaffolds have good adhesion as chitosan is a bioadhesive
material and has a hydrophilic surface that promotes cell adhesion and proliferation [50,136]. Adding RGD
into chitosan scaffolds makes it more compatible as it will improve the adhesion of the scaffolds [138].
Moreover, cell adhesion in chitosan scaffolds is related to the chitosan deacetylation degree. Therefore,
chitosan DD must be tailored to maximize chitosan scaffold cell adhesion.

Scaffold biodegradability

Ideally, the hydrogel scaffolds must be temporarily supported and degraded to provide tissue
regeneration and tissue adaptation to the new physiological environment. However, the scaffold’s
degradation rate should coincide with the new tissue formation rate to guarantee the formation of functional
new tissue [34,131,139]. Degradability of the scaffold is commonly influenced by the material behaviors
and the crosslinked network of the hydrogel. Hence, the desirable degradation rate of the hydrogel scaffolds
must be customized by controlling the ratio of the based material, copolymer composition, and combination.
Some factors also play an important role in accelerating scaffold degradation rate, including pH and
temperatures. The pH and temperature directly affect the degradation rate, influencing their
biodegradability in the body. In acidic conditions (inflamed and infected tissue), enhanced hydrolysis of
glycosidic bonds within the polymer chain. While, in alkaline conditions (wound healing), the degradation
rate of chitosan may be slower due to reduced protonation and decreased susceptibility to hydrolysis.
Therefore, these factors must be considered in designing hydrogel scaffolds for AC tissue engineering [132].
Chitosan is a suitable natural material for fabricating hydrogel scaffolds as it is biodegradable and can
degrade gradually [134,136]. However, the chitosan biodegradability rate must match the new cartilage
turnover.

Chitosan-based hydrogel scaffold for cartilage tissue engineering

Hydrogel is a highly hydrated polymer that has a 3D network structure and the ability to absorb water
or biological fluids. Hydrogel network structure is obtained from the cross-linking reaction of natural and
synthetic biomaterial. The presence of hydrophilic groups within the polymers and the extent of the
crosslinked network will influence the affinity of the hydrogel for water absorption and affect the properties
of the hydrogel scaffolds [36,38,140].

Preparation of chitosan hydrogel

Chitosan is a cationic polysaccharide that establishes hydrogen bridges, hydrophobic interactions,
ionic interactions, or covalent bonding to create crosslinked hydrogel scaffolds and enhance the scaffold’s
mechanical and physicochemical properties [38,141,142]. In a conventional 2-dimensional (2D) culture,
cells undergo distinct polarization as they adhere to a plastic surface on one side and establish contact with
a liquid medium. In a typical 2D culture setup, cells primarily interact with neighboring cells along a flat
surface, with minimal to no interaction occurring vertically. Moreover, the intricate 3-dimensional physical

cues provided by the interstitial extracellular matrices are completely absent in this setup. Since cellular
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behavior is largely governed by interactions with both the extracellular matrix and neighboring cells, the
absence of these cues logically leads to cellular dysfunction [129,143]. Consequently, placing a greater
emphasis on 3D culture platforms for chondrocyte cultivation could yield more precise insights into in vivo
cellular physiological functions. This strategy also facilitates the development of more sophisticated
applications, including AC tissue engineering (Figure 4). In addition, chitosan provides a mimic natural
cartilage microenvironment as the N-acetylglucosamine group in chitosan has a comparable structure with

glycosaminoglycans that are present in the cartilage extracellular matrix [144].

2D Cell Culture 3D Hydrogel Environment

Cell polarization

Planar adhesion

High stiffness

Soluble gradient absence
o T

Stiff substrate Polymer crosslinking Chondrocytes in
e Lack of polarization ECM network
* 3D cell adhesion
¢ Cell migration sterically
hindered
» Soluble gradient exists

AC tissue engineering

Figure 4 Cells behaviors on a 2D stiff substrate and 3D hydrogel environment formed by crosslinking
polymer which closely mimics chondrocyte in ECM network and apply for AC tissue engineering. This
figure was drawn using BioRender.

The preparation of chitosan-based hydrogel is carried out by physical cross-linking and chemical
cross-linking, between natural and synthetic polymer. First, biomaterial for hydrogels is chosen based on
their compatibility with the intended application and desired properties of the chitosan-based hydrogel
scaffold. Subsequently, cross-linking by covalent or physical bonds between chitosan and another polymer
to create a 3D network structure [141,142]. Chemical agents like glutaraldehyde, genipin, or carbodiimide
are used to form covalent bonds between polymer chains [38]. On the other hand, physical bonds such as
hydrogen bonding, hydrophobic interactions, or electrostatic interactions, can also be utilized to cross-link
polymer chains [141]. Chitosan physical cross-linking through hydrogen interaction is a preferred method
considering its safety as it does not use toxic agents. Physical and chemical cross-linking is influenced by

the amino groups, the molecular weight, and the ionic strength [38,141].

Physical cross-linking

The fabrication method uses physical cross-linking, including ionic interaction (ionic complexes and
polyelectrolyte complexes), hydrogen bonds, or molecular entanglement. However, it has disadvantages to
produce weak, temporary, and reversible interactions as they will be affected by changes in pH, temperature,
and ionic strength. On the other hand, this method provides advantages to produce scaffolds with higher
biocompatibility [141,145]. This cross-linking formed hydrogen bonds through the freeze-thawing method
(Figure 5) [146]. Chitosan-based hydrogel scaffolds are made with physical cross-linking by combining
chitosan and PVA (CS/PVA). PVA facilitates the rapid formation of scaffolds into a 3D hydrogel network,
leading to improvements in mechanical strength, increased stability in aqueous environments, and inherent
self-repair capabilities [35,37,40]. The optimal ratio of chitosan to polyvinyl alcohol (PVA) for cartilage
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tissue engineering applications can vary depending on several factors, including the specific requirements
of the tissue being engineered, the desired mechanical properties of the scaffold, and the intended method
of fabrication. However, ratios in the range of 1:1 to 1:3 (chitosan: PVA) have been commonly reported as

suitable for cartilage tissue engineering [37].

Heating
e
Cross-linked CS-CS Chitosan (CS)
with Hydrogen Bonds
i PVA
Freezing
Crystallization
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CH-PVA Hydrogels
Scaffold
Cross-linked CS-PVA
Figure 5 Preparation of CS/PVA hydrogel scaffold (modified from Zhu et al. [146]). This figure was

prepared using BioRender.

Ionically cross-linked chitosan hydrogel

Chitosan is a cation polysaccharide and has ionizable amine groups that act as ionic cross-linkers to
form ionic complexes and create a cross-linking network of the hydrogels (Figure 6(a)). These ionic
complexes are made without the need for cross-linkers. The protonated amino groups of chitosan facilitate
the ionic interaction with negatively charged molecules [38,141]. Chitosan ionic complexes possess a pH-
responsive, depending on the degree of deacetylation (DD), size, and charge density of the anionic amine

group of the chitosan [141].

Polyelectrolyte complexed chitosan hydrogel

Polyelectrolytes are defined as a polymer that has a relatively large number of charged or with suitable
conditions become charged functional groups [147]. Polysaccharides, such as chitosan are polyelectrolytes
as they have an amine functional group. The formation of polyelectrolyte complexes is based on an ionic
interaction between the cationic polyelectrolyte of chitosan with anionic charge polymers (Figure 6(b)).
Polyelectrolyte complexes are formed spontaneously without the addition of organic catalysts or chemical
covalent cross-linkers [38,141,147]. Ionic interaction between opposite charges of polyelectrolyte provides
strong interactions yet reversible and non-toxic. These interactions include electrostatic interaction,
hydrogen interaction, and hydrophobic interaction. In cartilage tissue engineering, chitosan forms a

polyelectrolyte complex through the interaction with collagen as a negative charge polyelectrolyte [38,147].
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Figure 6 Physical cross-linking of chitosan. (a) Ionically cross-linked chitosan hydrogel and (b)
polyelectrolyte complexed chitosan hydrogel (modified from Aminabhavi and Dharupaneedi [141]). This

figure was drawn using BioRender.

Chemical cross-linking

Chemically crosslinked hydrogels exhibit irreversible, persistent, and strong interaction as they are
formed by covalent bonds within the polymer chain [145]. Chemical cross-linking, including
photopolymerization reaction and cross-linkers interaction, occurs due to the presence of several cross-
linked structures as shown in Figure 7. The chemical cross-linked structure of chitosan-based hydrogels
forms through a cross-linking reaction with its chain (chitosan cross-linked system) (Figure 7(a)), cross-
linking with a different polymer (hybrid polymer network) (Figure 7(b)), cross-linked chitosan entangles
with another cross-linked polymer (interpenetrating polymer network) (Figure 7(c)), and cross-linked
chitosan entangle with another polymer (semi-interpenetrating polymer network) (Figure 7(d)) [38]. A
covalent bond in the hydrogel cross-linking is required as the mechanical strength of physically cross-linked
hydrogel is low. Hence, chemical cross-linking is generally preferred to form the cross-linking chitosan-
based hydrogel scaffolds [148].

a b.
c d.
Chitosan Polymer Other Polymer

Figure 7 Structure of chemical cross-linked chitosan-based hydrogel (modified from Ahmadi et al. [38]).
(a) Chitosan cross-linked system, (b) Hybrid polymer network, (c) interpenetrating polymer network, and

(d) Semi-interpenetrating polymer network. This figure was prepared using BioRender.
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Cross-linking via cross-linkers

Chitosan-based hydrogels are engineered by an interaction with dialdehyde compounds, such as
glutaraldehyde and genipin. In this condition, dialdehyde compounds act as cross-linkers which will result
in the formation of the cross-linking network in the hydrogel. Cross-linker that is widely used for AC tissue
repair and replacement is genipin (Figure 8) [38]. Genipin has attracted attention to replace glutaraldehyde
primarily due to the expanding biochemical significance of genipin-chitosan cross-linked hydrogel, as well
as due to its advantages of stability, biocompatibility, and general safety as glutaraldehyde is considered
highly toxic [149]. Chitosan and genipin crosslinking forms a hydrogel scaffold with a slower
biodegradation rate, higher biocompatibility, and larger mechanical strength [38,149].

OH OH

NH,

Genipin Chitosan Crosslinked Chitosan-Genipin

Figure 8 Chitosan and genipin cross-linking (modified from Ahmadi et al. [38]).

Cross-linking via photopolymerization

Photopolymerization forms a covalent bond in chitosan-based hydrogels. This method involves
converting a liquid percussor solution into a gel using a photo initiator and visible light irradiation or
ultraviolet light with an appropriate wavelength through free radical polymerization to form cross-linked
hydrogels [38,150]. Many chitosan-based hydrogel scaffolds for tissue engineering are created by
photopolymerization as this method avoids the degradation of molecules that are sensitive to high
temperatures since photopolymerization is commonly carried out at room temperature [150]. Moreover,
cross-linking density and the reaction of the polymer are adjusted by the UV exposure distance, UV
exposure time, and photoinitiator concentration [38,150]. In the photopolymerization process, the
photoinitiator plays an important role in determining scaffold biocompatibility and the reaction rate [151].
The toxicity of photopolymerize chitosan hydrogels is reduced by using a non-toxic photoinitiator
[148,151]. Based on previous studies, the major advantage of forming photopolymerize chitosan is the
possibility of creating a new hybrid hydrogel scaffold by combining natural polymer with biocompatible
and degradable synthetic polymer [150]. A prior study by Zhu et al. [146] tried to synthesize chitosan-based
hydrogels using the photopolymerization method by combining conjugated chitosan with maleic anhydride
(MCS) and thiol-terminated PVA (TPVA) (Figure 9). In this process, the presence of a biocompatible
photoinitiator, such as D-2959, and appropriate UV light wavelength are required to form a cross-linking
network from a free radical photopolymerization. This formulation results in scaffolds with better stiffness,
and higher mechanical strength, and provides cell attachment and proliferation.
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Figure 9 Photopolymerization of MCS/TPVA hydrogels (adapted from Zhu et al. [146]). This figure was
prepared using BioRender.

Modification of chitosan hydrogel for cartilage tissue engineering

An appropriate polymeric biomaterial should be selected rightly for producing the hydrogel scaffolds
as it affects cell activity and function [34,131]. Chitosan-based hydrogel scaffolds combine the advantages
of chitosan and hydrogel, making them a captivating strategy for cartilage tissue engineering. They are an
ideal candidate for cartilage tissue engineering owing to their good biocompatibility, biodegradable, and
good encapsulability which is proven by their effectiveness in repairing cartilage tissue [34,43,131].
Nevertheless, chitosan-based hydrogel scaffolds have their limitations in losing the properties required for
the scaffold structure, including poor mechanical properties, low toughness, and short in vivo duration
because of their high solubility in aqueous conditions [35-37]. Previous studies have carried out a strategy
to overcome chitosan-based hydrogel shortcomings and achieve the desired behaviors of the scaffolds by
fabricating hybrid hydrogel scaffolds. Hybrid hydrogel scaffolds are fabricated by combining chitosan as a
natural polymer with a synthetic water-soluble material. As AC biomechanical characteristic depends on
its capacity to reconstitute and replenish lost fluids into the structure, a hybrid scaffold made up of a very
hydrophilic natural polymer and a fibrous synthetic polymer with a higher mechanical strength gives an

essential and ideal property for cartilage hydrogel scaffolds [39].

Chitosan - polyvinyl alcohol (PVA) hydrogel scaffold

Some studies prepared hybrid chitosan-based hydrogel scaffolds by combining chitosan as a natural
polymer and polyvinyl alcohol as a synthetic polymer to improve the mechanical strength due to its capacity
for water retention and porous structure. Chitosan and PVA construct a hydrogen bond and form unique
crosslink network properties (Figure 10) [35,37,40]. Chitosan-based hydrogel scaffolds are engineered into
a 3D network hydrogel scaffold that consists of chitosan, polyvinyl alcohol, graphene, and agar [152]. In
addition, some studies prepared 2D network hydrogel with physical cross-linking methods, such as repeated
freeze-thawing method. This method is a great option due to its low cost and high safety [35,145,146,152].
Through this process, PVA accelerates the scaffolds to form a 3-dimensional hydrogel network that
indicates mechanical strength improvement, increases stability in aqueous environments, possesses self-

healing properties, and meets the requirements for cartilage tissue replacement [35,37,40,152]. PVA is
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copolymerized with another compound to create a scaffold that is closely like human cartilage [35]. Adding
nanocrystal hydroxyapatite by in sifu mineralization to overlay and coat the surface of the hydrogel scaffold
effectively enhances cartilage healing [35,37]. Furthermore, collagen II as a composition of AC ECM is
integrated into the scaffold to mimic the ECM, promote better cartilage healing, and develop cartilage
regeneration [35]. Formulated Chitosan/PVA hydrogel scaffolds with hydroxyapatite/collagen II
(HAP/COL II) exhibited high porosity, high mechanical strength, biodegradable, and non-toxic. Therefore,
this composite becomes a potential option for AC tissue replacement as it promotes the repair of the

cartilage.
Chitosan (CS) PVA-CS
CH,0H CH,0H CH,0H CH.0H
(N e
OH  NH, OH  NH, n OH  NH, OH  NH, n
1 Cross-linking Intﬁ;g’:zl:::lar
. bonds
Polyvinyl Alcohol (PVA) -. -‘
OH OH OH 0|
| |
n n

Figure 10 Chitosan PVA cross-linking [40].

Chitosan - PLA hydrogel scaffold

Some synthetic polymers have been employed to get beyond the mechanical drawback of chitosan.
Specifically, the Food and Drug Administration (FDA) has certified poly (lactic acid) or PLA as a
biodegradable synthetic polymer for various biomedical applications, especially for cartilage tissue
regeneration [36,141,153,154]. PLA has large stiffness and tensile strength to increase the scaffold’s
mechanical strength [155]. Thus, the PLA-chitosan scaffolds have shown mechanical enhancement, but it
is still not good enough to promote cell adhesion, proliferation, and migration as the scaffolds are too hard.
Therefore, previous studies have combined PLA-chitosan with collagen II to tune the mechanical strength
and closely mimic the chondrocytes microenvironment as cartilage ECM consists of collagen II [36,141].
PLA, chitosan, and collagen II (C2C1H) scaffolds have interconnected pores and appropriate properties
that make them a promising candidate for cartilage tissue regeneration [36]. The macroporosity and highly
porous structure of the composite guarantee good porosity for cell migration and maintain high pore volume
after hydrogel impregnation [153]. C2C1H hydrogel scaffolds are fabricated using freeze-drying and melt-
spun, which form physical cross-linking within the polymers [36]. Collagen II and chitosan, 2 hydrophilic
polymers, were added to the scaffold composite to improve their capacity to absorb water and to resemble
the natural ECM in cartilage. PLA was combined to stabilize the mechanical strength and properties of the
hydrogel scaffold. This composite is a considerable option as it shows appropriate properties that support

cell migration, proliferation, and differentiation for cartilage replacement.

Chitosan - PNIPAAm hydrogel scaffold
Chitosan-based hydrogels are designed and developed into smart hydrogels, such as thermoresponsive
injectable hydrogels [34,42,43]. This fabrication garnered a lot of interest lately due to its distinct physical

characteristics that are similar to the original cartilage ECM and its capacity for reversible phase transition
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by a slight changing of temperature [42,43]. In comparison to other injectable hydrogels, thermoresponsive
hydrogels have numerous benefits for cartilage tissue engineering, such as they are easily embeddable in
the gel, fill irregular cartilage defects, and readily triggered to gel under mild physiological conditions
without the need for harsh environments or organic solvents [42]. Chitosan-based thermoresponsive
hydrogels form a solution state at room temperature, hence they are easily transferred into the human body
by injection. The hydrogels transform into their gel state in the human body due to temperature changes.
Therefore, the material used for this hydrogel scaffold must be a lower critical solution temperature (LCST)
polymer [34,43]. Once the threshold temperature (T > TLCST) is exceeded, the phase transition of the
hydrogel is achieved [41]. The biggest drawback of chitosan-based thermoresponsive hydrogels is their low
mechanical strength. Therefore, some studies incorporated chitosan with synthetic thermoresponsive
polymers, such as poly N-Isopropylacrylamide or PNIPAAm.

PNIPAAm is a non-biodegradable, non-toxic, synthetic LCST thermoresposive polymer, that
hydrates and swells at lower temperatures [34,41-43]. The glass transition temperature (Tg) of poly(N-
isopropylacrylamide) (PNIPAAm) is around 32 - 34 °C. Recently, PNIPAAm has been broadly used in
tissue engineering as it forms a solution state at room temperature and a gel state above its LCST
temperatures (33 - 34 °C), which is close to human body temperature [34,42]. Despite better
biocompatibility of PNIPAAm thermoresponsive hydrogels, a combination of chitosan and PNIPAAm
hydrogel scaffolds still has not provided an appropriate mechanical property [34]. Therefore, Chitosan-
PNIPAAm hydrogel scaffold properties are tuned by using the incorporation of PNIPAAM and other
monomers [34,43]. Poly(N-isopropylacrylamde-co-acrylic acid) (PNIPAAm-co-AAc) is preferred as it is
more stable and provides better cell proliferation. In addition, providing vitamin C and some growth factors,
such as Transforming Growth Factor Beta 3 (TGF- B3) and glucocorticoids, are essential to promote cell
proliferation and differentiation [34]. Some studies tried to fabricate chitosan-PNIPAAm thermoresponsive
hydrogel with another synthetic polymer, including polyethylene glycol (PEG) and polycaprolactone (PCL)
to enhance its mechanical strength [34,42,43]. Chitosan-PNIPAAm hydrogel scaffolds are fabricated by
free radical polymerization to form chemical cross-linking. This method requires the need for crosslinkers,
initiators, and a synthesis solvent, which plays an important role in tuning the hydrogel properties [34].
Chitosan-PNIPAAm injectable thermos-responsive hydrogel is an advanced scaffold that gives a better
option as it provides better application and better cell replacement in future cartilage tissue engineering.
However, this scaffold design requires further research and studies to better understand its biocompatibility
and mechanical properties through the composite composition, biomaterials, synthesis solvents, cross-

linking methods, and fabrication strategies.

Conclusion and future perspective of chitosan for cartilage regeneration platform

The emerging technologies in biomaterials and biofabrication will undoubtedly have a significant
impact on the field of cartilage tissue engineering in the coming years [156]. One of the best approaches
for AC regenerative therapy is to attempt to develop regenerative tissue that closely resembles the original
AC’s zonal organization, histology, and metabolic components [3]. Because of its structural similarity to
glycine aminoglycan, which is extensively present in connective tissues, chitosan has been widely utilized
as a scaffold in cartilage tissue engineering [157]. Its key advantage lies in its ability to be highly customized
by leveraging the reactivity of glucosamine residues. to form physically or chemically crosslinking with
biodegradable or non-biodegradable polymer [42,43,154].

An obstacle in the design and construction of scaffolds is osteochondral compartment replication.
To do this, gradients or composite multilayer scaffolds that resemble osteochondral tissue were developed

and evaluated in conjunction with cells [44]. Various approaches were employed to generate multiphasic
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scaffold configurations, encompassing the integration or fabrication of multiple layers, the establishment
of gradients, or the incorporation of elements such as minerals, growth factors, and cells [44]. In the past,
cells were seeded onto already manufactured scaffolds either manually, statically, or automatically,
dynamically [158]. Uneven cell distribution across the biomaterial’s width is rendered feasible through
dynamic seeding [158,159]. By applying tremendous progress in mechanobiology and bioreactor design,
to produce a crucial mark on cartilage tissue engineering over the next years.

Innovative innovations such as additive manufacturing in the treatment should be possible with the
development of 3-dimensional (3D) printing. Chitosan and partially synthetic polymer materials are readily
transformed into hydrogel inks possessing hydrophilic properties and biocompatibility comparable to
biological tissues [45]. Their mechanical characteristics are tailored to create stable 3-dimensional
structures [46]. In this context, the 3D printing investigation of a chitosan-based biopolymer revealed that
despite extensive research, significant challenges persist in achieving hydrogels with well-defined
structures and adequate mechanical strength and biological properties to promote tissue regeneration [47].
Moreover, in situ, 3D bioprinting offers a bioreactor and is stimulated by mechanical and biochemical

signals to achieve functional tissues at anatomically relevant scales.
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