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Abstract: Cartilage defects are one of the hardest injures to cure, given the limited regenerative ability of cartilage
tissues. Moreover, cartilage defects affect an increasing number of people worldwide. Therefore, scientists have
attempted to develop effective strategies to repair cartilage defects in recent years. Recent advances in tissue en-
gineering have led to the strategies for inducing cartilage regeneration. Among the emerging strategies, scaffolds
are commonly used in cartilage tissue engineering (CTE) as they provide favorable environment for the growth and
proliferation of chondrocytes. An ideal scaffolding material should be highly biocompatible. Type | collagen is one
such material, which is widely used in CTE. However, type | collagen has poor mechanical properties and stability,
which limit its use. Cross-linking is a simple method known to improve degradability, biological and mechanical
properties of biomaterials by enhancing chemical and physical interactions between polymers. Cross-linking can be
induced through chemical, physical or biological processes. In this review, we present cross-linking methods that
can enhance the mechanical strength of type | collagen for CTE and highlight future directions in this field.
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Introduction

The incidence of cartilage defects, such as
articular cartilage defect, ear cartilage defect,
and costal cartilage defect has been on the rise
worldwide. The main treatment strategies for
cartilage defects mainly include palliative treat-
ment with arthroscopic lavage and debride-
ment, restorative treatment with bone marrow
stimulation techniques, and tissue engineering
approaches such as autologous chondrocyte
implantation and osteochondral transplanta-
tion [1]. Total joint arthroplasty or osteochon-
dral allograft is the main interventions for
severe cartilage defects. The treatment and
care of patients with cartilage defects is asso-
ciated with high psychological stress and finan-
cial cost. Cartilage tissue has high differentia-
tion rate, lacks nerves, vessels, lymph and has
limited regenerative ability [2]. Therefore, the
repair of damaged cartilage is challenging
owing to these features [3, 4]. Advances in car-
tilage tissue engineering (CTE) have led to the
development of different methods for cartilage

regeneration [5, 6]. Cartilage is made of chon-
drocytes (a single cell-type), which makes it
easier to repair cartilage through CTE. Cartilage
tissue engineering is a new field whereby cells
are seeded on biomaterials with good biocom-
patibility and biodegradability to form a com-
plex and then the complex is implanted to the
cartilage defect site to form new cartilage [7]
(Figure 1). Effective construction of CTE mate-
rial requires three elements: (1) suitable scaf-
fold, (2) sufficient seed cells with normal func-
tion, (3) cytokines for regulation of cell prolifera-
tion and maintenance of cell phenotypic char-
acteristics [8]. Scaffold is key component of
CTE as it provides a three-dimension environ-
ment in which cells can grow, proliferate, per-
form normal function and protect them from
harmful factors [9, 10]. Therefore, the scaffold
should effectively release bioactive molecules/
drugs, undergo degradation in a controlled
manner, undergo sterilization without losing its
bioactivity, and should not cause chronic inflam-
matory reactions or produce toxic degradation
products.
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Figure 1. The process of cartilage tissue engineering. Cartilage cells are extracted and expanded through culture
and grown on a scaffold for in vitro culture. The cells are then implanted into the human body over a period of time
to treat cartilage defects (such as ear cartilage defects and articular cartilage defects).

Collagen is the primary structural protein of
human tissues, and it provides physical sup-
port to tissues and plays an important role in
maintaining the structural and biological integ-
rity of the extracellular matrix (ECM) [11, 12].
Collagen can be harvested from a wide range of
sources such as the skeleton, cartilage, skin,
nerve, vessel and tendon [13]. Collagen, mainly
the type | collagen is a promising biomaterial
applied in CTE owing to its high biocompatibili-
ty, biodegradability, low immunogenicity and
availability of several sources [3, 14]. Type | col-
lagen accounts for approximately 80-90% of
the total collagen content and is the most wide-
ly used type of collagen in medicine [15]. In this
review, type | collagen is used as a representa-
tive scaffold material to explore the application
of collagen in CTE. The sources and structural
characteristics of type | collagen are also dis-
cussed. Application of composite scaffolds and
use of cross-linkers to overcome the several
limitations such as poor mechanical strength
and rapid degradation of scaffolds based on
type | collagen are also described. Cross-linkers
constitute the main approach used for produc-
tion of composite scaffolds. This cross-linking
effect is achieved by changing the chemical
bonds within the type | collagen molecule.
Many amino acids such as glutamate, aspara-
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gine, lysine, etc. in type | collagen participate in
the cross-linking process. The methods used
for type | collagen cross-linking are divided into
physical cross-linking, chemical cross-linking
and biological cross-linking. The principles,
advantages and disadvantages of these cross-
linking reactions are different. Therefore, the
role and classification of cross-linkers for type |
collagen scaffolds are discussed in detail in the
review.

Type | collagen

Mammalian collagen comprises three-quarters
of the dry weight of skin, and accounts for one-
third of total protein. Moreover, it is the most
ubiquitous ECM component in mammals [16].
Approximately 28 types of collagens have been
identified [17], with type | collagen being a
major type of total collagen. Collagen has a
length of 2800 A, a diameter of 14-15 A and a
molecular weight of approximately 300,000
Da. Collagen comprises three « chains orga-
nized in a triple helix conformation, character-
ized by a repeating sequence (Gly-X-Y)n. The X
and Y positions in the motif mainly comprise a
proline residue and contribute to formation of
the triple helix conformation by restricting the
dihedral angle of the main chain [18]. Type | col-
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lagen is derived from a wide variety of sources.
It is an ideal biomaterial for CTE owing to its
good biocompatibility, biodegradability, ability
to be combined with other biomaterials, good
cell adhesion properties, hydrophilicity and low
antigenicity [19, 20].

Source and extraction methods of type | col-
lagen

Type | collagen can be harvested from mam-
mals, amphibians, fishes, marines and avian
[241]. Previously, bovine and pigs have been the
main sources of type | collagen. However, out-
breaks of foot-and-mouth disease (FMD), trans-
missible spongiform encephalopathy (TSE) and
bovine spongiform encephalopathy (BSE) over
the past few decades have made it risky to use
animal-derived type | collagen [22]. Several
researchers have explored alternative sources
of type | collagen. Studies have reported that
marine organisms (invertebrates and crustose
coralline algae) are good sources of type | col-
lagen [22, 23]. Large quantities of type | colla-
gen can be extracted from marine organisms,
and this collagen is metabolically compatible,
requires fewer quality control and regulatory
processing, few ethical and religious con-
straints compared to collagen harvested from
terrestrial animals [24]. For instance, collagen
extracted from rat-tail has high purity and the
extraction process is simple [25]. Another
approach used to minimize the potential risks
of animal-derived type | collagen is the recom-
binant human collagen technology. However,
the triple helix of recombinant human collagen
is unstable. Type | collagen can also be extract-
ed through acid treatment method [26]. The
acid treatment method is used to extract type |
collagen from caprine tendon, ovine tendon,
porcine skin, bovine skin and marine fish. In the
method, collagen is mainly extracted using ace-
tic acid. The concentration of acetic acid
reagent determines the solubility of the tissue
and hence the yield of type | collagen [27]. In
addition, the acid concentration alters electro-
static interactions, the structure and the final
pH value of the tissue. However, acid extraction
method is expensive, and the yield of type | col-
lagen is low. The addition of enzymatic method
can solve the problem of insufficient yield of
type | collagen. Enzymes used to extract type |
collagen include papain, trypsin, pepsin, meta-
bolic enzymes and collagenase [28]. The enzy-
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matic process comprises two phases. The first
phase involves premixing the acid solution and
enzymes to lyse the tissue by disrupting the
interwoven collagen structure. The second
phase involves collection of collagen with a low-
concentration acidic solution. This two-step
extraction method results in high yields of type
| collagen. Factors such as extraction source,
dialysis and pretreatment conditions determine
the molecular weight, molecular structure and
amino acid composition of the final collagen
product [29].

Structural and biological characteristics of
type | collagen

Type | collagen comprises four levels of struc-
tural organization. These include amino acid
triplet, a-helix, triple helix and fibrils structures
[11]. Type | collagen requires good mechanical
strength and thermal stability to be effective as
a scaffold. The triple helix structure contributes
to the mechanical strength and thermal stabili-
ty of type | collagen. In the subsequent section,
details of the triple helix structure are explored
and discussed. The triple helix of type | collagen
was first reported by Pauling & Corey [30] and
was named by Rich & Crick [31] and North [32].
The triple helix structure is 1.5 nm in diameter
and approximately 300 nm in length. It com-
prises two identical ad(l)- and «l(ll)-chains
and a single a2(l)-chain comprising approxi-
mately 1000 amino acids [33]. Peptide models
referred as collagen mimetic peptides (CMPs)
or triple helical peptides (THPs) were developed
to allow for easy and direct analysis of the triple
helix. Using the models, the supercoiled triple
helix was confirmed and the ligand-binding
details were obtained, as well as sidechain
interactions and hydrogen bonding patterns
[34]. The three chains of the triple helix form a
left-handed, rod-like helix structure. Each chain
forms a common super spiral structure similar
to the structure of polypropylene. Only glycine
(Gly) can exist in the structure and forms a
repeating (Gly-X-Y)n sequence owing to the
space constraints caused by close packing of
three chains. The positions X and Y are mainly
occupied by proline (Pro) and hydroxyproline
(Hyp) [35]. Hyp maintains thermal stability of
type | collagen. Type | collagen has lower antige-
nicity and low immune rejection rates com-
pared with other proteins owing to the simple
and repeated (Gly-X-Y)n sequence. The triple

Am J Transl Res 2022;14(2):1146-1159



Cross-linking methods of type | collagen scaffolds

helix structure allows combination with key
binding proteins such as matrix-metalloprote-
ases (MMPs), the von Will-ebrand factor and
integrins [36]. Analysis of crystal structures
shows the presence of hydrogen bonds on the
amino group of Gly on one chain and on the car-
boxyl group of residues at position X on the
adjacent chain. To explore the role of hydrogen
bond formation, NMR hydrogen exchange stud-
ies were performed using 15N-labeled Gly-Leu-
Ala residues located in the central region of
peptide T3-785. It was found that the hydrogen
bond enhances stability, and this effect is more
important for regions lacking Pro residue. The
complex interactions among amino acids,
chemical bonds and other substances main-
tain structural stability of the triple helix.
Further, the stability of the triple helix is crucial
to the structural integrity of type | collagen. A
stable triple helix enables type | collagen to
withstand the body’s mechanical and physio-
logical pressure, and allows it to adapt to the
harmful stimulus caused by pH changes.

Type | collagen can be broken down by catabol-
ic processes in tissues driven by collagenase.
Collagenase enzymatic degradation of type |
collagen is classified into external and internal
degradation [37]. External degradation process
involves binding of collagenase to the triple
helix structure on the surface of type | collagen.
After degradation of the triple helix structure,
collagenase binds to the interior of type | colla-
gen to execute internal degradation. Therefore,
the degradation rate of type | collagen can be
regulated using external cross-linkers.

Cross-linking of type | collagen

Scaffolds based on type | collagen lack enough
mechanical strength and controllable degrada-
tion rate. Thus, cross-linkers are used to
address these shortcomings. Structural prop-
erties of cartilage tissue and cross-linking
strategies are discussed in the following
section.

Effect of cross-linking in cartilage

Mammalian cartilage is a lymphatic connective
tissue that lacks nerves, vessels and lymph.
Cartilage is found in the spine, ribs, nose, exter-
nal ears, airways and synovial joints [38, 39]
and has limited capacity for intrinsic healing or
repair [40]. Three major types of cartilage have
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been identified in human beings, including
fibrous cartilage, elastic cartilage and hyaline
cartilage [41]. Hyaline cartilage is the most
common cartilage type in human. It has a
glassy appearance and is mainly found in artic-
ulating surfaces of ribs, noses, airways, synovi-
al joints, trachea and growth plates. Fibrous
cartilage type forms a transition between con-
nective tissue and cartilage. Fresh fibrous carti-
lage is milky white, opaque and can stretch
freely. Structurally, fibrous cartilage contains
many collagen fiber bundles arranged in paral-
lel or across the matrix. Fibrous cartilage is
mainly distributed in the junction between the
intervertebral disc, glenoid, articular cartilage
disc, pubic symphysis, and the attachment part
of the tendon and joint capsule ligament on
articular cartilage. Moreover, fibrous cartilage
contains more type | collagen than the other
two types [42]. Elastic cartilage is mainly found
in the auricle and epiglottis, and is highly elas-
tic [43]. Because elastic cartilage contains
more elastin fibers, the stretchability of elastic
cartilage is better than that of the other two
types of cartilage [44, 45]. The fibers in the
middle of the cartilage are denser compared
with those at the edges. The three types of car-
tilage comprise chondrocytes which are
involved in the synthesis and secretion of major
components of ECM [46].

Load-bearing performance of articular cartilage
is determined by the ability to maintain hydrat-
ed state during loading conditions [47, 48].
Articular cartilage is generally divided into
superficial, middle, deep layers and calcified
zone. The superficial layer comprises flattened
chondrocytes that are in contact with the syno-
vial fluid and are responsible for the stretching
function of the cartilage. The middle layer occu-
pies 40-60% of the articular cartilage structure
and mainly comprises proteoglycans and colla-
gen. In addition, it contains spherical chondro-
cytes, which provide the first line of defense
against stress. The deep layer contains colla-
gen fibers with large diameters, enriched with
glycosaminoglycans and the least amount of
water. In the deep layer, there are columnar
chondrocytes, which provide resistance to
stress. The calcified layer anchors collagen
fibers to the subchondral bone and the carti-
lage to the bone. Of note, the calcified layer
contains less hypertrophic chondrocytes com-
pared with the other layers (Figure 2). The mid-
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Figure 2. The structure of articular cartilage. The diagram shows the basic structures of the superficial, middle and
deep layers of the articular cartilage. Flat chondrocytes are arranged in the superficial layer, oval chondrocytes in
the middle layer, and strings of chondrocytes are vertically distributed in the deep layer. The collagen fibers are lined

up with chondrocytes.

dle layer is mainly composed of type Il collagen,
glycosaminogly and water, which interact with
collagen fibrils and proteoglycan aggregates to
provide load-bearing strength. Proteoglycan
aggregates comprise a long hyaluronic acid
backbone, containing high level of fixed nega-
tive charge at natural pH conditions. The repul-
sive effect of the negative charge enables pro-
teoglycan aggregates to expand and draw large
volumes of water into collagen fibrous network
resulting in swelling pressure. The swelling
pressure is alleviated by the binding effect of
type Il collagen fibrous grid [49]. Brown et al.
[50] used the Benninghoff arcade fibril struc-
ture motif of cartilage to simulate the swelling
response of cartilage. They developed an alter-
native model which was an improvement of the
classical model that the deeper tissue near the
calcified tissue zone provided some degree of
strain-limiting properties. Further, the strong
strain limiting properties are related to the
orderly cross-linked type Il collagen fibrous net-
work, which cannot be achieved without an
effectively cross-linked type Il collagen fibrous
network. The highly cross-linked collagen mesh
structure maintains a “normal” configuration
and provides greater resistance to extrusion
and resilience relative to the loosely cross-
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linked mesh structure when a load is applied
[51]. Resistance of cartilage to this deforma-
tion and volume change determines its ability
to reshape and offer support. Research has
shown that the mechanical strength and abra-
sion resistance of the cartilage are reduced
when the articular cartilage is injured. However,
when collagen cross-linker is applied, the abra-
sion resistance of the cartilage is repaired.
Moreover, this enhances the resistance of the
joint surface to collagen enzyme digestion. This
illustrates the importance of collagen cross-
linking to cartilage [52]. Moreover, during prolif-
eration, chondrocytes can shrink, which leads
to deformation of the scaffold thus inhibiting
further cell growth. The shrinking scaffolds
alter the overall condition of the structure and
prevent integration of the implant into the host
[53]. This shrinkage phenomenon has been
explored through immunohistochemical analy-
sis of a-smooth muscle actin (SMA) and con-
tractile muscle protein present in human [54]
and canine [55].

Effective cross-linking methods improve the
mechanical strength of scaffolds and prevent
cell-mediated contraction. Therefore, external
cross-linking methods of type | collagen-based
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are used to optimize the mechanical properties
of scaffolds in CTE. Reduction of degradation
rate of scaffolds and stimulation of the colla-
gen fibrous network inside cartilage allow effec-
tive development of scaffold-cell complexes.
The main cross-linking methods are described
in detail in the next section.

Cross-linking methods

Fabrication of scaffolds is crucial in the multi-
discipline field of CTE. Due to its great biocom-
patibility and safety properties, type | collagen
is a preferred biomaterial in CTE. As a result,
numerous institutions such as pharmaceutical
and medical device institutions, as well as food
and drug regulation institutions, have approved
type | collagen as a biomaterial source. How-
ever, pure type | collagen scaffolds have two
limitations: poor mechanical properties [56]
and difficulty in controlling the rate of biodegra-
dation following implantation in the body. In
practical applications, two methods are used to
improve the mechanical strength of type | col-
lagen scaffolds. These methods include: (1)
a non-blending strategy that involves altering
the physical form of the scaffolds, (2) a blend-
ing strategy that involves blending collagen
with other biomaterials such as synthetic, natu-
ral and inorganic materials. These methods
enhance the biological activity and mechanical
strength of type | collagen scaffolds.

Biomaterials that can be combined with type |
collagen in a hybrid method fall into three cat-
egories: (1) natural polymers, (2) synthetic poly-
mers, and (3) inorganic materials. Natural poly-
mer is a polymer complex generated in nature
through biochemical action or photosynthesis
in nature or by the action of minerals present
in animals and plants. Examples of natural
polymers include silk fibroin (SF), chitosan and
cellulose. Blending type | collagen with syn-
thetic polymers can increase the mechanical
strength. Synthetic polymers such as poly
e-caprolactone (PCL), polylactic acid (PLA), poly
ethylene glycol (PEG), polyglycolide (PGA), poly
lactide-co-glycolide (PLGA) and polyvinyl alco-
hol (PVA), have been widely used in tissue engi-
neering. The combination of type | collagen and
inorganic materials in CTE has also been widely
explored. Inorganic materials such as hydroxy-
apatite (HA, Cal0(P0O4)6(0H)2), silicates and
B-tricalcium phosphate (B-TCP, Ca3(P04)2) are
used to produce tissue engineering scaffolds.
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Non-blending strategies are used to modify the
physical properties of type | collagen scaffolds
to increase their mechanical strength. Physical
form modification entails transferring combina-
tions of different matrix types without altering
the chemical composition. The physical forms
are divided into four types, including hydrogels,
sponges, films and microspheres [57].

Notably, each of the aforementioned methods
should be based on the cross-linking method.
Cross-linking is the chemical or physical pro-
cess through which polymer chains are joined
together. It improves the mechanical properties
of type | collagen scaffolds by forming a dense
matrix network [58, 59]. Cross-linking of type |
collagen is achieved by stabilizing the side
chains of amino acids side chains, which
increases the stiffness of collagen fibers by
inhibiting the long rod-like collagen molecules
from sliding against one another under pres-
sure [60]. Currently, the majority of type | colla-
gen is obtained from animals [21], and extrac-
tion destroys the native cross-linking of type |
collagen [61, 62]. External methods should
therefore be used to cross-link the extracted
type | collagen. Therefore, choose of cross-link-
ers is very important. Cross-linkers are chosen
based on a variety of factors, including their
biological, physical and chemical properties
and impact on the porosity of the scaffolds
[63]. An ideal cross-linker should improve the
mechanical strength of the scaffolds while
remaining non-cytotoxic to cells [64]. Three
methods of cross-linking methods have been
described: physical, chemical and biological
cross-linking methods (Table 1). The most often
used technique is a chemical cross-linking
method [65]. The next section discusses in
depth the advantages and disadvantages of
three cross-linking methods.

Physical cross-linking

Physical cross-linking method of type | collagen
is mainly accomplished by the use of dehydro-
thermal (DHT) treatment and ultraviolet (UV)
irradiation (Figure 3). UV irradiation crosslinks
type | collagen by inducing physical and chemi-
cal changes in type | collagen. Cross-linking
type | collagen using UV irradiation does not
require further disinfection due to the steriliza-
tion effect of UV rays. However, if exposed to
radiation over an extended period, type | colla-
gen may be degraded. DHT treatment is a fre-

Am J Transl Res 2022;14(2):1146-1159



Cross-linking methods of type | collagen scaffolds

Table 1. Classification of cross-linkers

Type Examples Mechanism of action Advantages Disadvantages
Physical 1. Dehydrothermal treat- Cross-linking by forming 1. Safe. 1. Weak resistance to collagenase
ment (DHT) non-covalent bonds. 2. Non-toxic to cells. [68].
2. Ultraviolet irradiation 3. Gentler action than chemical cross- 2. Excessive temperature tends to
(Uv) linking. cause collagen denaturation.
4. Inexpensive. 3. Poor crosslinking strength and
5. Extended biodegradation of scaffolds. durability.
Chemical 1. Glutaraldehyde (GA) Binds to chemical bond 1. Virtually non-toxic to cells. 1. Potential cytotoxicity to cells.
2. Carbodiimide (EDC) during cross-linking, leaves 2. Stronger cross-linking effect. 2. Costly.
3. Nhydroxysuccinimide  the chemical bond after 3. Strong resistance to collagenase. 3. Require thorough washing to
(NHS) cross-linking [97]. remove cross-linkers.
Biological 1. Genipin Cross-linking of two amide 1. Natural sources. 1. Excessive concentration can
2. Transglutaminase (TG) bonds formed by nucleo- 2. Good biocompatibility. lead to a decrease in the mechani-
3. Plant-derived proan- philic attack of the amine 3. Very low cytotoxicity. cal strength of the scaffolds.
thocyanidins (PACs) with two amino groups [89]. 2. Blue reaction after cross-linking.
Y
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Figure 3. Different methods of cross-linking type | collagen scaffolds. Physical cross-linking includes UV irradiation
and DHT heating treatments. Chemical cross-linking method is most commonly applied by combining EDC and NHS.
In this combination, EDC activates aspartic acid and carboxyl groups of glutamic acid origin making them react with
nucleophiles to form O-length cross-links. Genipin induces cross-linking by initiating a nucleophilic attack on amine
with two amino groups to form two amide bonds.

quently used technique of cross-linking type | was often used in combination with UV as a
collagen. It is a physical treatment method that base application for cross-linking. Additionally,
involves the removal of water from collagen at a when compared to the uncross-linked group,
high temperature under a vacuum, resulting in the DHT and UV cross-linked scaffolds retained
intermolecular cross-linking via condensation their original volume and did not shrink when
reactions caused by amide formation or esteri- subjected to area testing. In a study by
fication [66]. DHT treatment produces a mild Koztowska and Sionkowska [68], Col/Cap scaf-
cross-linking effect, which is similar to that of folds cross-linked with DHT improved the com-
native cartilage [67]. Rowland et al. [67] exam- pressive modulus from 130 kPa to 355 kPa,
ined the contraction of cartilage derived matrix indicating that the DHT cross-linking enhanced
scaffolds using various cross-linking proce- the mechanical strength of the scaffolds. Apart
dures. According to the study, DHT treatment from being non-toxic and easy to handle, UV
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has a powerful sterilizing effect on the scaffold.
UV light at 254 nm sterilizes microorganisms by
destroying their nucleic acids but has little
effect on cell adhesion, spreading and prolifer-
ation of cells on type | collagen scaffolds [69].
Lee et al. [70] investigated the effect of cross-
linking on the compressive stiffness of type
| collagen-glycosaminoglycan scaffolds. The
findings showed that the scaffolds cross-linked
with DHT and UV treatment were resistant to
the scaffold contraction caused by chondro-
cyte growth and proliferation; however, the
effect was not obvious. DHT treatment and UV
light crosslink type | collagen-based scaffolds
without disrupting the scaffold-cell co-culture.
Additionally, when DHT treatment is used, the
degree of cross-linking increases with an in-
crease in type | collagen concentration [71].
However, the application of such cross-linking
methods alone is unable to meet the require-
ments for scaffold fabrication. Therefore, physi-
cal cross-linking is often used in combination
with other cross-linking methods to maximize
the effectiveness of type | collagen-based
scaffolds.

Chemical cross-linking

External cross-linking methods, mainly chemi-
cal cross-linking, are often used to reduce deg-
radation rate and improve mechanical strength
of type | collagen-based scaffolds. Chemical
cross-linking method interconnects collagen
fibrils to extend the ultrastructure duration and
improve the mechanical strength of the scaf-
folds by reducing enzymatic degradation in vivo
[72]. Commonly used chemical cross-linkers
include glutaraldehyde (GTA), N-hydroxysucci-
nimide (NHS) and 1-ethyl-3-(3-dimethylamino-
propyl) (EDC).

Chemical cross-linkers more effectively improve
the mechanical strength of scaffolds than
physical cross-linkers. Chemical cross-linking is
the most suitable method for type | collagen-
based scaffolds. This is because chemical
cross-linkers improve the stability of scaffolds
without causing structural changes. Unfortu-
nately, most chemical cross-linkers are cyto-
toxic [73]. Therefore, the chemical cross-linkers
must be cleaned thoroughly using deionized
water before being used. In addition, the cost of
chemical cross-linkers is more expensive than
physical cross-linkers [64].
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Evidence from previous studies shows that GTA
is considered as an effective cross-linker for
protein chemistry and tissue fixation that is
less costly, with high activity and good solubility
[74-76]. The reaction between type | collagen
and GTA is mediated by interaction between
the g-amino group of the collagen molecule and
the aldehyde group of GTA. Different amounts
of GTA have different effects on the physico-
chemical properties of collagen solutions.
When the ratio of GTA to collagen solution
exceeds 0.1%, the thermal transition tempera-
ture of collagen solution suddenly increases
and its fluidity decreases [77]. Notably, GTA has
undesirable side effects such as induction of
calcification, local cytotoxicity and induction of
inflammatory response [78].

To be effective in cross-linking processes, EDC
and NHS are usually combined [79]. EDC forms
amide bonds with hydroxylysine and amines of
lysine residues in the presence of NHS by acti-
vating the carboxyl groups of aspartic acid or
glutamic acid residues, resulting in stable
structures [80] (Figure 3). The two cross-link-
ers, EDC and NHS do not penetrate the cross-
linked structure [81]. Furthermore, they are
less toxic compared with GTA and can be safely
used to crosslink collagen in tissues and scaf-
folds. Omobono [82] compared the resistance
of type | collagen hydrogels to collagenase
digestion after photo-crosslinking, EDC/NHS
cross-linking and double cross-linking. They
found that EDC/NHS cross-linkers induced
toxic effects on chondrocytes. The findings
showed that (1) Photochemical cross-linking
increased resistance to collagenase digestion,
however, it did not enhance the mechanical
strength of type | collagen hydrogels; (2) EDC/
NHS cross-linking resulted in stronger resis-
tance to collagenase digestion and increased
the strength of the scaffold, although it did not
maintain the structural integrity of the scaffold;
(3) Dual cross-linking (combination of photo-
chemical and EDC/NHS) caused the strongest
resistance, increased the mechanical strength
of the scaffold and maintained structural integ-
rity of the scaffold; (4) The three cross-linking
methods had no toxic effects on chondrocytes.
The effect of dual cross-linking was evaluated
by measuring the storage modulus and stiff-
ness of collagen gels. And the results showed
that the effect of dual cross-linking was 5 times
better than that of physical cross-linking alone.
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Han et al. [83] developed EDC/NHS cross-
linked type I/1l collagen composite scaffold and
explored its biocompatibility with chondrocytes.
The results showed that: (1) EDC/NHS cross-
linking method enhanced the mechanical
strength of scaffolds. Specially, the compres-
sive strength of the cross-linked group was
about 7 kPa higher than that of the uncross-
linked group. The methods also increased the
biological stability of the scaffolds and did not
induce toxicity to chondrocytes. (2) The EDC/
NHS cross-linking improved the proliferation-
promoting and bioactivity-regulating effects
of type I/Il collagen composite scaffold on
chondrocytes.

In summary, chemical cross-linkers such as
GTA, NHS and EDC increase the mechanical
strength of type | collagen-based scaffolds and
are commonly used as cross-linkers for type |
collagen. Both NHS and EDC have minimal toxic
effects on chondrocytes and do not enter the
cross-linked structure. Therefore, any residual
minor toxic effects can be offset by thorough
cleaning of the cross-linked scaffolds. However,
EDC/NHS cross-linkers have low efficacy, there-
fore, they should be applied in combination
with other cross-linking methods.

Biological cross-linking

Cross-linkers from biological sources have
been developed in recent years to overcome
the effects of physical cross-linkers and toxic
effects of chemical cross-linking. Among the
biological cross-linkers identified, genipin,
transglutaminases, tyrosinase (Tyr), lysyl oxi-
dase, phosphatases, horseradish peroxidase
(HRP) and hydrogen peroxide (H,0,) have been
developed [83]. Genipin has been widely used
in recent years for cross-linking of type | colla-
gen scaffolds for CTE due to its excellent cross-
linking action and lack of toxicity to cells. In
this section, the cross-linking effect of genipin
on type | collagen-based scaffolds is mainly
described.

Genipin is a hydrolysis product of genipin glyco-
side and is isolated from the fruits of Gardenia
jasminoides Ellis [84]. Genipin reacts with the
amino groups of proteins or amino acid to pro-
duce dark blue pigments [85, 86]. Genipin has
extremely low toxicity, and the toxic effect is
reported to be 5000-10000 times lower com-
pared with that of glutaraldehyde [87]. The use
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of genipin cross-linkers improves the mechani-
cal strength and resistance to enzymatic degra-
dation in type | collagen-based scaffolds [88].
The cross-linking effect of genipin is achieved
through two phases: (1) formation of an alde-
hyde group at the C3 carbon atom of the origi-
nal secondary amine source, and reaction of
the secondary amine with the aldehyde group
to form a heterocyclic compound; (2) substitu-
tion of the ester group on genipin by a second-
ary amide bond. Bi et al. [88] explored the
effect of different concentrations of genipin on
type | collagen/chitosan composite scaffolds.
They found that genipin had two effects on the
scaffolds: improved the mechanical strength of
scaffolds and increased the internal pore size
of type | collagen scaffolds (Figure 3). These
two effects exist in a state of balance with each
other. For instance, when the concentration of
genipin is lower than 1.0%, it induced a higher
mechanical strength than it increased the pore
size. On the contrary, when the concentration
of genipin is higher than 1.0%, it predominantly
increases pore size while having little effect on
the mechanical strength. These findings show
that the cross-linking effect is maximum with a
genipin concentration of 1.0%. Previous stud-
ies [89] reported that type | collagen/chitosan-
based scaffolds cross-linked by genipin im-
proved chondrocyte proliferation, and genipin
increased stiffness of scaffolds from 9.53+2.2
kPa to 28.7+2.6 kPa. Moreover, cross-linking by
genipin enhanced the resistance of cartilage to
chemical degradation, reduced damage caused
by mechanical wear and tear, and does not
affect viability of chondrocytes [90, 91]. A study
by Zheng et al. [92] used type | collagen hydro-
gel as the main body of the scaffold to repair
cartilage. Genipin was used to enhance the
mechanical strength of the scaffold. Results
obtained using SEM showed that the pore size
of the scaffold was reduced from 100 um to 50
um after cross-linking with genipin, and this
was accompanied by a blue reaction of genipin
during cross-linking.

Other biological cross-linkers used in CTE
include transglutaminase, which is an enzyme
found in most organisms including vertebrates,
plants and microorganisms. Transglutaminase
plays a role in blood coagulation, regulation of
red blood cell membranes and epidermal kera-
tinization [93]. The advantages of using micro-
bial transglutaminase (MTG) to cross-link carti-
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lage scaffolds include low preparation cost and
lack of dependence on calcium ions [94].
Furthermore, scaffolds crosslinked by mTG
improve viability of chondrocytes cultured in
vitro and do not induce inflammation [95-97].
Otherwise, other biological cross-linkers like
ribose have also been confirmed to be a good
cross-linker for type | collagen-based scaffolds
[98].

Conclusions and future perspectives

In this review, we describe the current methods
used to cross-link type | collagen scaffolds in
CTE and the significance of cross-linking.
Cartilage has low regeneration capacity. So far,
CTE has been used to promote the repair of
damaged cartilage. Successful implementation
of CTE largely relies on availability of an effec-
tive scaffold. Type | collagen is widely used as a
scaffold in CTE due to its good biocompatibility
and easy to obtain from diverse sources.
However, type | collagen-based scaffolds also
have limitations such as rapid degradation
rates and poor mechanical strength. Cross-
linking can slow down these problems to some
extent. Currently used cross-linking methods
include physical cross-linking and chemical
cross-linking. The latter is the most effective
and widely used method, but its usage is asso-
ciated with some degree of toxicity to cells. To
overcome these shortcomings, the biological
cross-linking approach has been developed in
recent years. It should be noted that these
cross-linking methods do not adequately meet
the requirements of scaffold fabrication when
applied alone. To address this, superimposed
applications have been developed, which also
increase the operational difficulty, cost, and
possible harm to cells. Therefore, in the subse-
quent cartilage tissue engineering research,
there is a need to develop a cross-linker for
cross-linking type | collagen scaffolds that is
almost non-toxic to cells, can be applied alone,
has low fabrication cost, widely available, and
is simple to use. In the future, cross-linkers of
biological origin deserve further attention due
to their safety and non-toxic nature.
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