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Abstract 

Collagen, characteristic in biomimetic composition and hierarchical structure, boasts a huge potential in repairing 
cartilage defect due to its extraordinary bioactivities and regulated physicochemical properties, such as low immuno-
genicity, biocompatibility and controllable degradation, which promotes the cell adhesion, migration and prolifera-
tion. Therefore, collagen-based biomaterial has been explored as porous scaffolds or functional coatings in cell-free 
scaffold and tissue engineering strategy for cartilage repairing. Among those forming technologies, freeze-dry is 
frequently used with special modifications while 3D-printing and electrospinning serve as the structure-controller in a 
more precise way. Besides, appropriate cross-linking treatment and incorporation with bioactive substance generally 
help the collagen-based biomaterials to meet the physicochemical requirement in the defect site and strengthen the 
repairing performance. Furthermore, comprehensive evaluations on the repair effects of biomaterials are sorted out 
in terms of in vitro, in vivo and clinical assessments, focusing on the morphology observation, characteristic produc-
tion and critical gene expression. Finally, the challenge of biomaterial-based therapy for cartilage defect repairing was 
summarized, which is, the adaption to the highly complex structure and functional difference of cartilage.
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1  Introduction
Cartilage, which is widely distributed in humans and ani-
mals, is composed of dense extracellular matrix (ECM) 
and sparse chondrocytes. The main chemical compo-
nents of cartilage are water, collagen and proteoglycans. 
Highly organized cartilage with a refined structure can 
meet specific functions, such as bearing mechanical 
loads, dispersing pressure, and reducing friction. Once a 
defect or damage occurs, it will also undermine the sta-
bility of the tissues connected at both ends of the carti-
lage. Cartilage is an avascular, aneural and nonlymphatic 
tissue with limited and scattered chondrocytes, which 
leads to poor self-healing ability of cartilage defects. 
Therefore, assistance by exogenous stimulation or bioma-
terials appears especially important for cartilage repair 
[1–3]. At present, there are various treatment strate-
gies for cartilage defect repair. Invasive therapies such as 
microfracture repair, mosaicplasty and cartilage trans-
plantation can control the number of operations, cost and 
recovery time to a certain extent, but the organization is 
not well integrated, with many side effects [4]. Scaffold-
free therapy, such as injection of stem cells, platelet-rich 
plasma and growth factors, supplements the defect with 
bioactive substances that promote cartilage generation 
and could effectively improve the ability to repair carti-
lage defects. Nevertheless, the disadvantages lie in the 
poor physicochemical stability of bioactive substances 
due to tissue fluid dilution, half-life and immunorejec-
tion [5, 6]. Tissue engineering technology combines the 
advantages of these two types of therapies. This approach 

employs bioactive scaffolds as a medium to fix chondro-
cytes or stem cells with chondrogenic potential, as well 
as bioactive factors that can induce proliferation and dif-
ferentiation of cells. Tissue engineering scaffolds are very 
effective in promoting cartilage repair and regeneration 
[7]. Unfortunately, tissue engineering technology also has 
limitations. Therefore, therapies such as cell-free scaf-
folds, acellular cartilage or extracellular matrix implan-
tation, and gene therapy are still receiving considerable 
attention. These therapies are inseparable from the bio-
material scaffold support [8].

As an implant in cartilage defects, biomaterials need 
to match the characteristics of natural cartilage tissue 
in terms of mechanical properties and biodegradability, 
including good histocompatibility and ability to promote 
cell proliferation. Overall, collagen is an ideal substrate to 
prepare cartilage repair scaffolds. Although collagen type 
II (COL II) is the characteristic component of articular 
cartilage and showed better chondrogenic ability than 
COL I [9]. Thus, researchers call for COL II as the sub-
strate of biomaterials for cartilage repair. However, COL 
II costs higher than COL I. This is mainly due to the 
wide resource, explicit structure, controllable quality and 
sufficient study of COL I, while COL II is limited by its 
resource, distribution and amount in organism, leading 
to the short cognition of COL II in depth and breadth. 
Furthermore, the process of isolating and purifying COL 
II is more complicated than acquiring COL I owing to 
the higher degree of glycosylation of COL II [10, 11]. 
Therefore, COL I is superior to COL II in accessibility. 
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Moreover, both COL I and COL II has been confirmed 
to maintain the cell phenotype of chondrocytes and sup-
port chondrogenic differentiation of human mesenchy-
mal stem cells [12]. In the meanwhile, all the inherent 
bio-activities of COL I are suitable for developing bioma-
terials for cartilage repair. For example, considering the 
positive biocompatibility, biomimetic properties of ECM 
and wide availability of type I collagen-based materials, 
collagen type I (COL I) is the preferred repair material. 
In terms of composition, COL I is one of the main com-
ponents of the ECM, providing a biomimetic growing 
environment for implanted cells and demonstrating good 
promotion of cell adhesion and proliferation. In terms of 
microstructure control, the oriented arrangement of col-
lagen fibers has been successfully achieved by directional 
induction technology, thereby mimicking the distribution 
of collagen fibers in the ECM of cartilage [13]. In terms of 
biological activity, the excellent biocompatibility and low 
antigenicity of COL I have already been confirmed [14]. 
Focusing on the inherent shortcomings of collagen mate-
rials, such as inadequate mechanical properties and fast 
biodegradation, various modification schemes based on 
physical and chemical methods have been proposed to 
overcome these issues. In addition, incorporating other 
bioactive substances can functionalize collagen-based 
materials while compensating for the inherent defects of 
collagen [15]. Moreover, noncollagen biomaterials have 
unique advantages. For example, polycaprolactone (PCL) 
and polylactic acid have significant mechanical strength, 
and their characteristics are more suitable for prepar-
ing highly precise structures via microfabrication, fiber-
based technologies and bioprinting technologies [16, 17]. 
However, the principal weakness of noncollagen materi-
als lies in the lack of sufficient cell compatibility. There-
fore, coating collagen on noncollagen substrates can help 
strengthen cell adhesion and proliferation [18]. In short, 
incorporating collagen into implant biomaterials is a 
smart way to improve the biological activity of implants.

Cartilage repair evaluations of implanted biomaterials 
can be performed at three levels: in  vitro tests, in  vivo 
tests, and clinical trials. In  vitro tests aiming to inves-
tigate cartilage regeneration start with assessing the 
cytotoxicity of biomaterials, the ability to promote cell 
adhesion, proliferation and differentiation, and chon-
drogenesis-related factors (expression of genes, inflam-
matory factors, enzymes, key components, etc.) [19, 20]. 
In  vivo tests focus mainly on the ability of implanted 
materials to assist in repairing cartilage defects; the 
object of investigation is animals, which have a complete 
circulatory system. Based on the results of optical obser-
vation and immunohistochemistry, the repair or regen-
eration behavior of cartilage defects is evaluated from the 
perspectives of integration with the surrounding natural 

cartilage, the secretion of characteristic substances such 
as COL and glycosaminoglycan (GAG), and the expres-
sion of key factors [21, 22]. Clinical trials are carried out 
on the basis of in vitro and in vivo optimization, mainly 
through magnetic resonance imaging (MRI) or computed 
tomography scanning technology combined with clinical 
scoring systems to quantify the repair status of patients 
[23, 24]. Comprehensive and systematic judgments of 
biomaterials on cartilage repair are made according to 
these three levels of evaluation.

According to the current reviews that related to the 
cartilage repair and collagen-based biomaterials, there 
are few authors introduced the cartilage repair perfor-
mance of collagen-based biomaterials with respect to 
structure cognition and function endowment. Mean-
while, there was little summarization concentrated 
on the design and preparation of articular repair bio-
materials, as well as characterization methods of their 
repairing performance. In detail, reviews related to 
the collagen-based biomaterials have expanded their 
biomedical applications in view of the hierarchi-
cal structure of collagen and modification methods 
of collagen-based biomaterials, but the applications 
were not limited to cartilage repair or cartilage tissue 
engineering [7, 25]. While reviews concerned about 
cartilage repairing has collected biomaterials devel-
oped from several substrates, not limited to collagen, 
or mainly emphasized the repairing strategies, or ana-
lyzed the chemical structure and physical properties 
of biomaterials [26–28]. However, reviews focused on 
the collagen-based biomaterials for cartilage repair 
are rarely seen, especially associating structural 
analysis and functional endowment with repairing 
performance.

Therefore, in this review, we provide a detailed over-
view about the defects and repair of cartilage and the 
design and functional evaluation of collagen-based bio-
materials, then we summarize the recently developed 
strategies for cartilage repair as well as design ideas of 
collagen-based biomaterials. Firstly, the reasons for the 
occurrence of cartilage defects and the strategy currently 
implemented for cartilage repair are comprehensively 
introduced. Then, the objective role of COL I in cartilage 
repair biomaterials is emphasized, and the forming tech-
nology, functional enhancement, and incorporation with 
bioactive factors are discussed. Subsequently, current 
indicators related to cartilage repair evaluation are sum-
marized for in vitro, in vivo, and clinical trials. Finally, the 
challenges and application prospects of collagen-based 
biomaterials in cartilage repair are put forward. With a 
view to the design, preparation and functional evalua-
tion of collagen-based cartilage repair biomaterials, this 
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review aims to provide ideas and clues for the develop-
ment of preparation technology, the design of repair 
strategies and the transformation of clinical applications 
of cartilage repair biomaterials.

2 � Structure and defects of cartilage
Cartilage can be subdivided into hyaline cartilage, fibrous 
cartilage and elastic cartilage according to the types and 
characteristics of this tissue. Hyaline cartilage, also called 
articular cartilage, has been widely studied. This review 
focuses on articular cartilage. Highly organized articular 
cartilage is mainly composed of loosely arranged chon-
drocytes and dense extracellular matrix (ECM), with 
hierarchical structure and characteristic components. 
While cartilage bears mechanical loads and engages in 
physiological activities, it inevitably suffers from defects 
due to mechanical collisions, inflammation or diseases. 
Lacking blood vessels, nerves and lymphoid tissues, car-
tilage has poor self-healing ability. Therefore, a variety of 
repair strategies for cartilage defects have been proposed. 
For example, surgical treatments through exogenous 
stimulation, minimally invasive treatments by inject-
ing repairing factors, and tissue engineering therapy by 
implanting restorative biomaterials all have different 
advantages and refinement needs. In this section, the 

composition and structure of cartilage, the etiology of 
cartilage defects, and the corresponding repair strategies 
are described in detail.

2.1 � The composition of articular cartilage
Cartilage is composed primarily of chondrocytes and 
ECM (Fig. 1a). Chondrocytes account for approximately 
2% of the total volume of articular cartilage and are in 
charge of the production, secretion and maintenance 
of ECM. Chondrocytes originate from mesenchymal 
stem cells (MSCs) and are mature and highly differenti-
ated cells. In the superficial zone of articular cartilage, 
chondrocytes are mostly distributed in a single, fusiform 
shape and secrete large amounts of chondroitin sulfate. 
In the middle zone of cartilage, chondrocytes exist as an 
isogenous group with a spherical shape (2–8 cells) [29]. 
The metabolic activity of chondrocytes is changed by 
responding to surrounding stimuli, such as growth fac-
tors, mechanical loads, piezoelectric force, and hydro-
static pressure. Due to their limited replication potential, 
the inherent healing ability of chondrocytes is insignifi-
cant when suffering from defects [30]. The ECM of car-
tilage mainly contains water, collagen and proteoglycans. 
As a critical component of ECM, water accounts for 
approximately 80% of the wet weight of ECM and helps 
provide lubrication and transport nutrients [1]. Collagen 

Fig. 1  General structure of cartilage and well-accepted therapy strategies for cartilage defect repair. a Diagrammatic representation of 
highly-organized articular cartilage from human adult with special features. The layered structures are distinguished by chondrocytes morphology, 
collagen fibrils arrangements, specific biomarkers and characteristic structure are indicated. b-d Non-biomaterials-based therapy strategies involved 
in cartilage defect, microfracture, mosaicplasty, autologous chondrocyte (ACI) implantation and matrix-assisted chondrocyte implantation (MACI). 
Microfracture provides an enriched environment for stimulating tissue regeneration via releasing bone marrow. Mosaicplasty is conducted by 
patching up the articular cartilage defects with the low weight-bearing areas from articular joint. ACI and MACI are carried out through injecting 
pre-harvested autologous chondrocytes into the cartilage defect. MACI incorporates chondrocytes into 3D collagen scaffold while ACI performs the 
in vitro amplification in liquid medium. (Adapted from ref. [3], copyright 2020, with permission from the Elsevier.) e Process of biomaterials-based 
therapy via implantation. (Adapted from ref. [21], copyright 2020, with permission from the Hindawi.)
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(COL) is another important component of the ECM, 
accounting for approximately 60% of the dry weight of 
cartilage. Collagen type II (COL II) in articular cartilage 
accounts for approximately 90–95% of the extracellular 
matrix collagen. The characteristic triple helix structure 
of COL maintains the mechanical homeostasis of chon-
drocytes and ECM by providing fundamental anti-shear 
and tensile properties [7]. Proteoglycan accounts for 
10–15% of the wet weight of ECM in articular cartilage; 
it is a highly glycosylated protein monomer secreted by 
chondrocytes that covalently binds to a core protein and 
single/multiple linear glycosaminoglycan chains.

Moreover, the ECM has three clear gradient structures 
according to the distance from chondrocytes (Fig. 1a) and 
characteristic compositions. (1) Pericellular region: locate 
at the surrounding cell membrane within 2 μm. Be char-
acteristic in collagen type VI. Mainly consist of proteogly-
cans, glycoproteins and noncollagen components. (2) Be 
rich in chondroitin sulfate and proteoglycan. The collagen 
fibers are formed as a net-like structure. (3) Interterrito-
rial region: Be rich in keratin sulfate. Own the thickest 
collagen fibers, which are arranged randomly [7, 30].

2.2 � Hierarchical structure of articular cartilage
Articular cartilage has a thickness of approximately 
2–4 mm and four levels of structure that are highly dif-
ferentiated (Fig.  1a) [29]. According to the arrangement 
direction of COL II fibers and the content of proteo-
glycan, the articular cartilage is divided into the follow-
ing four levels. (1) The superficial zone is the part where 
articular cartilage and synovial fluid come in contact, 
accounting for approximately 10–20% of the cartilage 
thickness. It contains a large number of flat chondrocytes 
and a small amount of proteoglycans. Densely distrib-
uted COL II and collagen type VI fibers form thin layers 
in the ECM, which are organized parallel to the articu-
lar surface and show significant stretching strength. (2) 
The middle zone of the COL fiber network has a larger 
diameter and is organized in a random manner, envelop-
ing spherical chondrocytes. The proteoglycan content 
is greater than that in the superficial zone. The middle 
zone displays a certain degree of stress resistance. (3) The 
deep zone accounts for approximately 30% of the carti-
lage volume. The chondrocytes are parallel to collagen 
fibers. COL fibers here have diameters of approximately 
70–120  nm and are arranged radially perpendicular to 
the articular surface. These fibers show the greatest pres-
sure resistance in articular cartilage. Additionally, the 
deep zone has the highest proteoglycan content and the 
lowest water content. (4) The calcified zone, also called 
calcified cartilage, represents the transition area from 
cartilage to subchondral bone. The scarce chondrocytes 
in this zone are hypertrophic [3, 7, 30].

2.3 � The etiology and degree of cartilage defect
The normal metabolism of chondrocytes is regulated by 
mechanical, environmental and genetic factors. Regular 
joint movement and moderate dynamic load are neces-
sary factors to maintain the stability of chondrocytes. 
The etiology of cartilage defects includes but is not lim-
ited to wear, trauma, and degenerative diseases. Acci-
dental trauma and inappropriate high-intensity exercise 
can cause acute defects in cartilage, such as fractures 
and meniscus tears. Because chondrocytes are extremely 
sensitive to mechanical stimuli such as external dynamic 
compression, fluid shear, tissue shear, and hydrostatic 
pressure, excessive mechanical stimuli disrupt the physi-
ological balance of chondrocytes and then induce carti-
lage-related diseases. First, the death of chondrocytes 
and rupture of the collagen fiber network are attributed 
to impacting cartilage with a load of 15–20 MPa, which 
changes the metabolic behavior of the tissue and the 
water content of the ECM, resulting in permanent defects 
in the cartilage ECM [31]. In addition, due to the effects 
of obesity and occupation, chronic wear and degrada-
tion of cartilage tissue are usually caused by long-term 
and abnormal cumulative loads, leading to an imbalance 
in the catabolism and anabolism of the ECM [32]. Most 
cartilage defects evolve into osteoarthritis. Under the 
abnormal expression or appearance of matrix-degrad-
ing protease, inflammatory factors and chemokines or 
other biochemical stimulations, chondrocytes convert 
from a resting state to a developing state, manifesting 
by proliferation and hypertrophy and overexpression of 
ECM-related proteins and matrix-degrading enzymes. 
Accordingly, remodeling and cartilage calcification of the 
ECM are triggered, which can aggravate the disease while 
destroying chondrocytes [33, 34].

According to the classification system provided by the 
International Cartilage Repair Society (ICRS), cartilage 
defects can be divided into four levels. From degree I to 
degree IV, the severity of the defect grows [17].

2.4 � Current repair strategies
Once the area or thickness of the cartilage defect exceeds 
the critical size (4  mm), it is difficult for cartilage to 
undergo self-repair [35]. With continuous exploration 
and development, further understanding and break-
throughs in cartilage repair strategies and techniques 
have been put forward.

Strategies of bone marrow stimulation (BMS)  and 
autogenous cartilage transplantation, such as arthro-
scopic minimally invasive treatment, microfracture, and 
mosaicplasty, can regulate the frequency of operations, 
costs and recovery time and are more suitable for small-
scale defects (Fig. 1b,c). However, these kinds of therapies 
generally transplant non-load-bearing bone in the defect 
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area. Nevertheless, the area that can be transplanted is 
quite limited. Additionally, unmatched mechanical prop-
erties lead to unsatisfactory integration of the tissue, and 
it is difficult to regenerate the same type of cartilage. In 
addition, factors such as patient age, disease risk, and 
persistent postoperative pain affect the repair perfor-
mance [4]. Although the developed allograft strategy 
solves the problem of donor limitations and can initially 
treat large cartilage defects to a certain extent [36], a per-
fect match between the allograft and the natural struc-
ture is still hard to realize, which leads to an imbalance 
in biomechanical load and then can aggravate degenera-
tive diseases [5]. For patients with large cartilage defects 
and microfractures, autologous/allogeneic chondrocyte 
implantation (ACI) or matrix-induced autologous chon-
drocyte implantation (MACI) is another repair strategy 
(Fig. 2d). This technique involves two surgical operations. 
In the first operation, chondrocytes are isolated from 
healthy articular cartilage, amplified in  vitro, and then 
seeded on a scaffold. In the second operation, the scaf-
fold with cells is implanted into cartilage defects [37, 38]. 
Although BMS and ACI/MACI show good repair perfor-
mance in terms of the clinical symptoms and activities 
of patients, problems such as operation cost, regulatory 
restrictions, and time for chondrocyte proliferation need 
further consideration. In the process of in vitro amplifi-
cation, autologous chondrocytes easily dedifferentiate 
into fibrous cells and then produce other types of carti-
lage tissue at the repair site [39, 40]. Therefore, mesen-
chymal stem cells (MSCs) have been chosen to replace 
autologous chondrocytes as an improved strategy owing 
to their potential for cartilage differentiation and great 
self-renewal ability. MSCs play a critical role in regulat-
ing cell survival and tissue repair, as well as the immune-
regulatory effect by reducing inflammation. For example, 
exosomes (Exos) secreted by bone marrow mesenchy-
mal stem cells (BMSCs) have been shown to inhibit the 
expression of proinflammatory factors, prevent the apop-
tosis of chondrocytes induced by lipopolysaccharide, and 
promote the proliferation of chondrocytes, which effec-
tively alleviates the aggravation of osteoarthritis [34, 41].

Cell-free scaffold strategies focus on the selection and 
design of biomaterials. The biocompatibility and degrada-
bility of the biomaterials need to be considered. Refined 
structures should also be designed for the diffusion and 
exchange of nutrients and metabolites. The most impor-
tant aspect is to adapt to the tissue and meet the require-
ments for anisotropic mechanical behavior [7]. Delivery 
scaffolds incorporated with proteins, nucleic acids and 
growth factors can facilitate the directional migration 
of endogenous host cells to defect sites, strengthen the 
secretion of cartilage ECM, and enhance the repair-
ing ability of acellular scaffolds (Fig.  1e). Employing 

decellularized cartilage or cartilage ECM as a biological 
scaffold is another advanced repair strategy that directly 
provides an absolutely natural environment where the 
chondrocytes in the ECM are located without further 
functionalization of the biomaterial [42, 43]. Lim et  al. 
found that the cranial cartilage of squid (Dosidicus gigas) 
is relatively loose, which is suitable for cell-free therapy as 
a tissue engineering scaffold. Decellularized cranial carti-
lage retained the original microstructure of the ECM and 
was interconnected with porous structures. Chondrocytes 
had good activity and migration in the scaffold. The car-
tilage scaffold obviously promoted cartilage regeneration 
[44]. As another advancement in cell-free scaffold strate-
gies, tissue engineering technology combines natural, syn-
thetic or mixed biological materials and/or growth factors 
and/or cells. In tissue engineering strategies, biological 
materials are not only used to support cell proliferation, 
differentiation and migration but also used as carriers of 
bioactive factors to induce and strengthen the functions of 
chondrocytes, which is a promising repair strategy in the 
field of cartilage repair [7, 45]. Whether cell-free scaffolds 
or tissue engineering scaffolds are used, it is important 
to adjust the preparation technology to present a layered 
and porous structure of scaffolds in the spatial dimension 
and achieve the required mechanical properties and mass 
transfer capabilities. Therefore, scaffolds are more favora-
ble for cells to realize gradient distribution and functional 
play by providing a biomimetic environment. Finally, the 
scaffold promotes tissue integration and cartilage defect 
repair [46, 47].

In addition to the mainstream scaffold repair strategies, 
gene therapy is another effective method. Using biomate-
rials for gene delivery can avoid dilution by synovial fluid 
[48]. Furthermore, to better simulate the biomechani-
cal behavior of cartilage for cell proliferation and differ-
entiation, appropriate auxiliary means such as hypoxia, 
hydrostatic pressure, low-intensity laser and compressive 
force can be applied on the basis of implanting biomate-
rials, showing better effects in promoting cartilage repair 
[49–52].

3 � Structure and function of collagen
As an abundant component in mammals, collagen (COL) 
is widely found in soft and hard tissues, such as tendons, 
skin, cornea, bones and teeth, and accounts for approxi-
mately 30% of the total protein in mammals. Collagen 
not only establishes tissue organization itself but also 
functions through biomineralization or combining with 
minerals to form nanocomposites [53, 54]. Based on the 
advantages of wide resources, excellent biological activity, 
and strong plasticity of COL I, various sizes and shapes of 
bioscaffolds, such as hydrogels, sponges, and fiber mats, 
have been developed for implanted tissue repair [57].
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Fig. 2  a Hierarchical structure of collagen fibers from nanoscale to micrometer scale. (Adapted from ref. [54], copyright 2021, with permission from 
Springer Nature.) b Various forms of collagen-based biomaterials. (Adapted from ref. [62], copyright 2019, with permission from Wiley.)
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3.1 � Hierarchical structure of COL I
In biological tissues, collagen has a refined and com-
plex multilayered structure (Fig. 2a). COL I is described 
herein as a characteristic example. In the primary struc-
ture, the repetitive amino acid sequence of COL I is com-
posed of (glycine-X–Y)n, and X and Y usually represent 
proline and hydroxyproline or any amino acids, except 
glycine. Hydroxyproline is a characteristic amino acid 
of collagen and can provide binding sites for water mol-
ecules to form hydrogen bonds, which play a crucial role 
in maintaining the stability of the triple helix structure. 
Hydroxyproline and hydroxylysine are associated with 
the formation of hydrogen bonds and van der Waals 
forces between polypeptide chains [60, 61]. In the sec-
ondary structure, every three polypeptide chains form 
one left-handed α-helix by crimping in the center and 
form a polyproline II helical structure under the electro-
static repulsion between proline and hydroxyproline and 
the hydrogen bonding between each amino acid residue 
[54]. On the basis of the secondary structure, the left-
hand α-helix structure is further crimped and folded to 
form a right-handed α-helix conformation, the tertiary 
structure, called the procollagen molecule. Its average 
molecular weight is 300 kDa, its length is approximately 
300  nm, and its diameter is approximately 1.5  nm. The 
hydrogen bond and covalent interaction between the NH 
group of glycine and the adjacent O = C(X) determine the 
stability of the conformation [55]. Subsequently, the pro-
collagen molecules aggregate in the horizontal and ver-
tical directions to form the quaternary structure. In the 
horizontal direction, procollagen is arranged in a straight 
line with a spacing of 64–67 nm (D units). In the longitu-
dinal direction, the collagen microfibrils are arranged in 
parallel with a spacing of 40 nm. At this time, intermo-
lecular and intramolecular cross-links have been formed. 
Then, the collagen microfibrils are stretched laterally in 
a quarter staggered arrangement and assembled into col-
lagen fibrils with an ordered crystal structure. The fibrils 
further aggregate and line up into bundles to form col-
lagen fibers. Finally, the collagen fibers are entangled with 
each other to construct a three-dimensional network 
structure, establishing the basic structure of the tissue. In 
addition, collagen fibers demonstrate varied directional 
arrangement in specific organs and tissues [53, 62].

3.2 � The role of COL I in cartilage repair
Since Ehrmann et  al. reported that collagen gel pro-
moted cell growth in vitro and affected the morphology, 
migration, adhesion and even differentiation behavior of 
cells [63], researchers have gradually realized the posi-
tive effects of COL on cell development and its poten-
tial application in cartilage repair. At present, a number 

of studies have confirmed that collagen-based bioma-
terials have excellent biological activities, such as the 
biocompatibility of collagen itself, the controllable bio-
degradation rate through cross-linking modification, low 
immunogenicity and weak antigenicity, the ability for 
host cells to adhere and migrate, and the adjusted degree 
of calcification. It is worth noting that the COL I hydro-
gel can effectively assist cartilage repair and maintain the 
regenerated cartilage type as hyaline cartilage [64].

The complex and highly organized hierarchical struc-
ture of COL makes collagen-based biomaterials have a 
certain tensile strength [65], but their weak mechanical 
properties at the macro level cannot meet the mechanical 
requirements of natural cartilage tissue; hence, physical 
incorporation or chemical modification is needed. The 
reason why COL I affects cell behavior lies in the abun-
dant bioactive sites on its triple helix structure, which 
can bind bioactive molecules or interact with receptors 
on the cell surface to trigger biological events or regulate 
the metabolic behavior of cells. For example, peptides 
such as RGD (Arg-Gly-Asp) and DGEA (Asp-Gly-Glu-
Ala) support cell attachment and growth. Therefore, the 
implantation and degradation of collagen-based bioscaf-
folds in vivo are beneficial to the growth and metabolic 
behavior of host cells, but COL I itself does not show 
osteoinductive effects [66, 67].

In addition, cells adhering to COL secrete specific 
enzymes to degrade COL and secrete synthesized colla-
gen to the outside of the cell, which creates a dynamic bal-
ance of ‘removal-remodeling-replacement’ of extracellular 
COL [65]. The physiological environment of the implanta-
tion site, such as the presence of collagenase and phago-
cytosis, affects the degradation behavior of collagen-based 
biomaterials. Appropriate modification can decrease the 
degradation rate of implanted COL in tissues. The low 
immunogenicity of COL I lies in pepsin digestion when 
extracting COL, which can hydrolyze the antigenic deter-
minants of COL on the telopeptide, minimizing the immu-
nogenicity of the COL substrate. The biomimetic calcified 
layer of natural cartilage can be well constructed through 
the accumulation and mineralization of calcium ions 
and phosphate ions in the gaps of collagen fibers, which 
fully provides a simulation system for host chondrocytes. 
Moreover, the biomaterials used to repair cartilage must 
strictly control the degree of calcification and cross-linking 
so that the degradation rate and repair ability of implanted 
COL can be appropriately regulated [14]. These properties 
described above endow COL I with wide application pros-
pects as a biomaterial in tissue engineering, whether used 
alone or as a composite material [15, 68].

Furthermore, other collagen components play a role 
in the process of cartilage repair. For instance, collagen 
type VI is mainly located in the pericellular matrix of 
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developing and mature chondrocytes and is indispensa-
ble in regulating the swelling of chondrocytes and main-
taining the biomechanical integrity of the pericellular 
matrix [69]. Collagen type III is the third most important 
collagen in cartilage, participating in the repair of matrix 
damage, and is abundant in damaged tissues during 
repair. The deposition of collagen type III occurs in the 
articular cartilage of adults, but it is dominant in osteoar-
thritis patients. Therefore, collagen type III is considered 
to be a potential biomarker in matrix repair or patho-
physiological diagnosis of cartilage [70–72].

4 � Design and preparation of collagen‑based 
biomaterials for cartilage defect repair

There are various forms of existing collagen-based bio-
materials for cartilage defect repair, including hydrogels, 
sponges, films, fiber mats, membranes, etc. (Fig.  2b). 
The form is determined by the difference in the repaired 
zones, preparation methods and functions. Consider-
ing the metabolic environment in the interzone during 
cartilage development, a porous three-dimensional scaf-
fold is preferred to support and maintain the phenotype 
of cartilage. Hydrogels have become competitive prod-
ucts because of their ability to reproduce the solid-to-
liquid ratio of cartilage tissue, imitate the structure of 
native cartilage, and achieve uniform encapsulation and 
diffusion of chondrocytes [45]. In view of the problems 
that pristine collagen cannot fully meet the physical and 
chemical characteristics of natural cartilage tissue and 
cannot precisely control the differentiation of cells, as 
well as the type of regenerated cartilage after cell implan-
tation, researchers have developed a series of collagen-
based biomaterials with high-quality cartilage repair 
capabilities by adopting appropriate preparation tech-
nologies, designing ingenious physicochemical cross-
linking methods and incorporating bioactive factors. 
Herein, we provide an overview about the forming tech-
nology and cross-linking methods for designing collagen-
based biomaterials, as well as the incorporated functional 
substances.

4.1 � Forming and cross‑linking of collagen‑based 
biomaterials

4.1.1 � Forming technology
The self-assembly behavior of COL in physiological envi-
ronments involves gelatinization of COL according to 
its characteristics so that the injectable hydrogel can be 
prepared. Owing to the less challenging self-assembly 
technology in  vivo, cells and functional factors are eas-
ily pre-encapsulated in COL solution to construct inject-
able COL hydrogels for tissue engineering [73, 74]. In the 
same way, COL hydrogels have been developed in  vitro 
under neutral conditions with specific shapes [75].

Freeze-drying technology, another general forming 
technology, is mainly applied to prepare porous col-
lagen scaffolds. Tang et al. reported that collagen scaf-
folds with elasticity and shear were prepared by pouring 
acidic collagen into a mold and freeze-drying at -80 
℃, and the porous scaffold could also absorb solu-
tions containing bioactive factors [76]. Freeze-drying 
technology is conducted at low temperatures with no 
requirement for pore-forming agents, which retain the 
complete structure and bioactivity of COL molecules. 
The pore size and morphology of the COL scaffold 
after freeze-drying can be controlled by adjusting the 
processing parameters, such as freezing rate and tem-
perature, as well as the concentration of COL. In fact, 
porous scaffolds prepared by freeze-drying technology 
often show irregular structures and varied pore sizes 
(15–35  μm) with little gradient difference in micro-
scopic morphology [77]. Therefore, a variety of prepa-
ration techniques based on freeze-drying have been 
developed to prepare collagen scaffolds with refined 
structures. The method of applying a freezing cycle 
combined with freeze-drying was presented by Amann 
et  al. The authors constructed a three-layered, porous 
COL I scaffold with gradient difference to simulate the 
tissues and interfaces of cartilage. Stem cells were suc-
cessfully differentiated in specific regions induced by 
the scaffold [78]. A porous hydrogel scaffold consisting 
of COL II and polyvinyl alcohol was prepared by Lan 
et al. by combining freeze–thaw cycles and freeze-dry-
ing, which had good binding strength with the interface 
of cartilage tissue (Fig.  3c) [79]. Interestingly, ice par-
ticles with fixed sizes were employed as pore-forming 
agents to mix with the COL solution (Fig.  3a). After 
freeze-drying, the porous COL scaffold showed inter-
connected pores (both with large and small particles) 
and a porosity higher than 98% [80]. It is worth not-
ing that oriented COL scaffolds could also be prepared 
by adjusting the freezing parameters. Qi et  al. used 
sequential and unidirectional freezing methods to regu-
late the orientation of COL fibers (Fig. 3d). The specific 
method involved placing the mold injected with COL 
solution on a metal plate at − 20 °C for 30 min at a cer-
tain speed and then freeze-drying it at –  80  °C. Scan-
ning electron microscopy images illustrated the parallel 
arranged and connected microtubules inside the COL 
scaffold, the micromorphology of which promoted the 
regeneration of hyaline cartilage induced by BMSCs 
[81]. Wang et  al. confirmed again that a one-direction 
freezing method could be combined with freeze-drying 
technology to prepare COL scaffolds with a directional 
porous structure, which is conducive for BMSC prolif-
eration and adhesion [13]. Feng et al. obtained collagen 
scaffolds with different pore types after freeze-drying. 
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The authors prepared frozen objects with different 
orientations of ice crystals by controlling the material 
and size of the mold, as well as the freezing tempera-
ture and time [82]. In addition, liquid casting combined 
with freeze-drying showed stable formation of COL in 
the mold. She et al. developed a 3D printed composite 
scaffold by casting collagen liquid into the hollow frame 
of polycaprolactone (PCL), followed by freeze-drying 
forming (Fig. 3b) [83]. Although freeze-drying technol-
ogy has been gradually improved, it is still difficult to 
create complex geometries or control cell distribution 
in the scaffold. Exogenous technologies are urgently 
needed for freeze-drying to enhance the functionality 
and biomimetic properties of freeze-dried scaffolds.

The development and application of new technologies 
have created more possibilities to prepare collagen-based 
biomaterials for cartilage repair. New biomanufacturing 
technologies represented by 3D printing have achieved 
precise control of the scaffold structure. Multilayered 
scaffolds with controllable biodegradability, pore struc-
ture and mechanical properties have been achieved by 

the bottom-up printing method. The rheological proper-
ties of COL I solution were previously evaluated by Lee 
et  al. Good 3D printing adaptability was demonstrated 
by having a higher storage modulus than loss modu-
lus, and the composite viscosity of COL decreased with 
increasing shear frequency [19]. In addition, hyaluronic 
acid improved the viscoelasticity of the composite solu-
tion while assisting in the uniform distribution of colla-
gen. Therefore, printed COL scaffolds showed oriented 
and anisotropic collagen fibers, which provide a better 
biomimetic simulation of ECM [84]. However, because 
the interlayer adhesion of scaffolds is strengthened by 
3D printing technology, the shrinkage and swelling of the 
scaffolds are limited. Thus, 3D printing cannot be satis-
fied by microdesign of the injectable scaffold [85]. Elec-
trospinning technology is also widely used to prepare 
highly porous scaffolds for tissue repair and regenera-
tion, which show superiority in terms of a high specific 
surface area, good permeability, adjustable degradation 
rate, and local sustained release of drugs (Fig.  3e) [77]. 
For example, collagen-PCL nanofiber membranes were 

Fig. 3  Novel forming technologies of collagen-based biomaterials. a Ice particle for pore-forming. Ice particle in specific size was used as a 
pore-forming agent to develop collagen scaffold with controlled pore structure before freeze-drying. (Adapted from ref. [80], copyright 2020, with 
permission from Elsevier.) b Three-dimensional (3D) printing forming technology. 3D printing was employed to fabricate bio-matrix containing 
collagen type I (COL I), tyramine derivative of hyaluronan (THA) and human bone marrow–derived mesenchymal stromal cell (hMSC), while 
horseradish peroxidase was the cross-linking agent for THA. (Adapted from ref. [84], copyright 2020, with permission from Elsevier.) c Combination 
of sequential freeze, freeze thawing and freeze-drying to prepare bilayer scaffold. PVA, BCP, CNTS and Col II represent Polyvinyl alcohol, biphasic 
calcium phosphate, carbon nanotubes and collagen type II, respectively. (Adapted from ref. [79], copyright 2021, with permission from Elsevier.) 
d The oriented architecture of collagen-based scaffolds by sequential unidirectional freezing method with random pores, radially aligned pores 
and axially aligned pores. (Adapted from ref. [82], copyright 2020, with permission from Royal Society of Chemistry.) e Collagen-based nanofibrous 
membrane formed by electrospinning
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fabricated by electrospinning technology, and the trans-
port of nutrients was confirmed to be not hindered [86]. 
The combination of electrohydrodynamic-direct print-
ing with wet spinning was used to fabricate a multilayer 
fibrous collagen mesh scaffold, which exhibited flexibil-
ity and recoverable elasticity [85]. The limitations of tra-
ditional technologies are being overcome by emerging 
technologies. Specifically, mechanical properties, struc-
tural details, microarchitectures such as the size, geom-
etry and interconnection of pores, and cell distribution of 
complex engineering scaffolds can be simultaneously and 
accurately controlled [16]. Although these new technolo-
gies are rarely used in preparing collagen-based scaffolds 
or cartilage defect repair, the advantages of these emerg-
ing technologies are worthy of reference and learning.

4.1.2 � Cross‑linking method
To meet the demand for imitating the physicochemical 
environment of cartilage, it is necessary to improve the 
poor mechanical properties, high swelling rate, and low 
enzymatic resistance of pristine COL substrates. There-
fore, when designing biomaterials, the integration of 
forming technology and cross-linking methods can assist 
in the formation of COL and strengthen the formed bio-
materials. We have previously overviewed the physical 
and chemical modifications of COL at length [87]. Nev-
ertheless, alternative cross-linking methods for collagen-
based biomaterials are limited, attributed to additional 
complex components such as bioactive compounds, 
active factors and cells. Therefore, the adaptability and 
side effects of added components are worth consider-
ing, as is their influence on collagen-based biomateri-
als regarding inflammation and tissue integration ability 
after implantation in vivo.

Recently, collagen-based cross-linking methods for 
cartilage repair have adopted conservative and low-
toxicity cross-linking agents, such as genipin [75], 
oxidized gum arabic [22], N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/
NHS) [88], tannic acid [89], aldehyde glycogen (Fig.  4a) 
[90], enzymes [91], and 1,4-butanediol diglycidyl ether 
(BDDGE) [20]. Zhou et al. prepared a collagen-chondroi-
tin sulfate/collagen-nanohydroxyapatite bilayer scaffold 
by combining freeze-drying and EDC/NHS cross-link-
ing. The simultaneous regeneration of cartilage and sub-
chondral bone was confirmed in animal models (Fig. 4c) 
[60]. Freeze-dried COL-GAG composite scaffolds were 
prepared by combining dehydrothermal treatment with 
EDC/NHS cross-linking, and fibroblasts loaded in the 
scaffold behaved as lubrication [92]. After modifica-
tion by 1,4-butanediol diglycidyl ether (BDDGE) and 
sodium carbonate, the pristine COL I scaffold exhibited 
proper biocompatibility with injured cartilage tissue. 

Host cells were effectively recruited and then differenti-
ated into cartilage, which promoted the development of 
new cartilage-like tissue [93]. BDDGE was also applied to 
fabricate biomimetic scaffolds containing COL and chon-
droitin sulfate. Cell-free scaffolds promote the regenera-
tion of cartilage by regulating the immune environment 
and effectively slow the chronic inflammatory response 
associated with cartilage defects [20]. By forming Schiff 
base bonds and electrostatic interactions with COL and 
hydroxyapatite, respectively, the aldehyde glycogen was 
used to stabilize a COL-hydroxyapatite composite hydro-
gel [90]. In addition, hydrogen peroxide and horseradish 
peroxidase were used as cross-linking agents to prepare 
injectable composite hydrogels containing collagen and 
hydroxy-phenyl-propionic acid-functioning gelatin. The 
stiffness of the hydrogel could be adjusted by varying the 
concentrations of hydrogen peroxide within noncyto-
toxic levels [91].

Furthermore, cross-linkers were observed not only to 
strengthen the intermolecular cross-linking among COL 
molecules but also to stably bind active ingredients to 
COL. Zheng et al. proposed cadmium selenide quantum 
dots (QDs) as fillers to prepare injectable COL hydro-
gels by genipin cross-linking, which demonstrated both 
enhanced stiffness of the COL hydrogels and specific dif-
ferentiation of BMSCs into chondrocytes. In addition, 
the QDs acted as photosensitizers to produce reactive 
oxygen species (ROS), which further synergistically pro-
moted cartilage regeneration [94]. Another similar report 
used carbon dot nanoparticles bound to COL via genipin 
cross-linking, which improved the mechanical properties 
of the COL substrate. Photodynamic therapy was also 
used to produce ROS, which increased the differentia-
tion degree of BMSCs to chondrocytes by approximately 
50%. At the same time, the expression of specific carti-
lage-related genes was doubled, thereby promoting the 
secretion of GAG and ultimately accelerating cartilage 
regeneration [95].

It is worth noting that macrophages are the first 
responders to implant biomaterials. Their polarization 
to proinflammatory or anti-inflammatory states deter-
mines the success or failure of implantation. Sridharan 
et al. mentioned that the dependency of macrophages on 
COL scaffolds relied on the cross-linking agents used, so 
comprehensive consideration of the clinical suitability 
and alternatives of cross-linkers is necessary for indi-
vidual treatment [96]. Although most of the literature 
confirmed positive availability of fabricated COL scaf-
folds, there were still some COL scaffolds failed to show 
the promoting effects on cartilage regeneration [97]. As 
we emphasized here, the selection of forming technol-
ogy and cross-linking method must be comprehensively 
considered in terms of the processing adaptability of 
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raw materials, the impact of cross-linking methods on 
the composite components, and the potential risks after 
implantation in vivo.

4.2 � Incorporated fabrication of collagen‑based 
biomaterials for cartilage repair

According to clinical follow-up regarding articular car-
tilage defect repair, the comprehensive repair ability of 
cell-free COL I scaffolds is not ideal, especially for larger 
defects. Pristine COL scaffolds are not capable of fully 

supporting the repair and regeneration of cartilage [98]. 
Therefore, a series of designs of functional COL scaffolds 
have been proposed, focusing on incorporating cells and 
bioactive substances on scaffolds to strengthen the repair 
and regeneration ability of the COL scaffold [99].

4.2.1 � Incorporating bioactive substances
Bioactive substances mainly include naturally derived/
synthesized organics, bioactive inorganics, small 

Fig. 4  Incorporation and application of collagen-based biomaterials for cartilage repair. a Collagen-nanohydroxyapatite composite hydrogel 
fabricated by aldehyde glycogen cross-linking. The hydrogel induced bone mesenchymal stem cells (BMSCs) differentiate into osteoblasts or 
chondrocytes. (Adapted from ref. [90], copyright 2020, with permission from ACS Publications.) b Collagen embedded scaffold fabricated with 
3D printing. The biomimetic scaffold recolonized by chondrocytes elicited a satisfactory repair outcome for cartilage replacement both in vitro 
and in vivo. (Adapted from ref. [83], copyright 2021, with permission from Frontiers Media S.A.) c Bilayer collagen-based scaffold with varied pore 
sizes and crucial components. The bottom layer with larger pores and hydroxyapatite as well as the top layer with small pores and chondroitin 
sulfate were established to mimic the morphology of cartilage and bone tissue. (Adapted from ref. [60], copyright 2020, with permission from 
Elsevier.) d Decellularized cartilage tissue laden with chondrocytes as a biomimetic implantation. Cartilage tissue maintained critical structure and 
component of the extracellular matrix to the maximum extent. (Adapted from ref. [44], copyright 2020, with permission from the Royal Society of 
Chemistry.)
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functional molecules and genes. Designs suitable for car-
tilage repair rely on their multifunctional bioactivities.

Natural macromolecules such as hyaluronic acid, 
chitosan, alginate, ECM, and acellular cartilage tissue 
effectively enhance the physicochemical properties and 
cartilage repair capabilities of collagen-based biomate-
rials. For example, hyaluronic acid is conducive to the 
production and maintenance of ECM secreted from 
chondrocytes, with strong water-retention ability [58]. 
Chitosan is known to have a structure similar to that of 
GAG and can form a porous structure with certain anti-
bacterial properties, low toxicity, biocompatibility, and 
osteoconductivity, the low degradation rate of which can 
be compensated by COL [100, 101]. The elasticity of COL 
substrates was also shown to be enhanced by cross-link-
ing between alginate and Ca2+ [102]. More importantly, 
the native extracellular microenvironment that regulates 
cell proliferation and differentiation can be simulated by 
ECM. Wang et al. evaluated the ECM-collagen compos-
ite hydrogel of articular cartilage in newborn, juvenile 
and adult rabbits. Regarding the effects of fabricated 
hydrogels for inducing BMSCs to differentiate into chon-
drocytes, a comparison suggested that the ECM derived 
from juvenile rabbits was good at promoting cartilage 
formation and preventing matrix calcification [103]. 
Huang et al. developed a three-layer scaffold using COL 
II as a scaffold, loaded with porcine autologous BMSCs 
covalently connected with decellularized calcified car-
tilage (Fig.  4d). With the help of decellularized calcified 
cartilage, the incorporated scaffold mainly induced the 
regeneration of hyaline cartilage at the defect, but the 
defects in the noncalcified cartilage group were filled 
with fibrocartilage [104].

Based on their similarity to native cartilage, ceramic 
inorganics are also used to repair cartilage defects. It 
has been confirmed that hydroxyapatite has definite bio-
logical activity, osteoconductivity and biodegradability. 
The combination of COL and hydroxyapatite showed 
synergistic performance in enhancing osteoconductiv-
ity [56]. In addition, hydroxyapatite improved the phys-
icochemical properties and biological activities of the 
collagen sponge. There are various designs for collagen-
hydroxyapatite composite scaffolds. To enhance the 
mechanical properties of the composite scaffold, Cro-
vace et al. proposed a ’honeycomb’ structure by embed-
ding hydroxyapatite in a porous collagen scaffold with 
a columnar shape. Animal experiments indicated the 
promising repair effect of the embedding model [46]. 
Biphasic calcium phosphate also has good osteoinduc-
tivity. Cai et al. constructed a double-layer scaffold with 
COL I hydrogel and biphasic calcium phosphate as the 
biomimetic cartilage layer and subchondral bone, respec-
tively. The characteristic structure provided a suitable 

location for cell migration, proliferation and secretion, 
which effectively promoted the regeneration of cartilage 
and subchondral bone. The newly regenerated cartilage 
was similar to native cartilage with respect to structure 
and thickness, including seamless integration with the 
surrounding cartilage [105]. The application of metal in 
cartilage repair is still under development. Based on the 
good mechanical properties of porous tantalum and the 
ability to induce osteogenic differentiation of stem cells, 
the incorporation of a three-dimensional COL mem-
brane with porous tantalum exhibited committed differ-
entiation of loaded stem cells, maintained the phenotype 
of chondrocytes and highly expressed genes related 
to cartilage production. The incorporated membrane 
showed significant therapeutic performance in repairing 
large osteochondral defects in goats [106].

’Growth factors’ is a collective term for a class of bio-
active peptides. These factors regulate the local micro-
environment of joints by stimulating the anabolism 
and catabolism of cells, which promotes the growth of 
chondrocytes and cartilage production and assists in 
the repair of larger cartilage defects. Several essential 
growth factors are well confirmed, such as the trans-
forming growth factor superfamily, fibroblast growth 
factor family, insulin-like growth factor, and platelet-
derived growth factor [107]. Song et  al. reported that 
supplementing fibroblast factor 2 reversed catabolism 
to anabolic metabolism under cartilage damage, which 
was helpful to stabilize the ECM and promote cartilage 
regeneration [108]. Supported and delivered by a sodium 
alginate particle-COL/hydroxyapatite composite scaf-
fold, placental growth factor exhibited cartilage repair 
ability with a low-dose release [109]. However, due to 
the short half-lives, high cost, intolerance to sterilization 
conditions, sensitivity to pH, proneness to proteolysis, 
and rapid elimination in  vivo [110], the long-term and 
stable release of growth factors relying on pore diffusion 
is hard to achieve by simply adding them into collagen-
based biomaterials. Fixing the growth factors on the 
COL substrate guarantees their gradual release as COL 
is degraded. The strategy of fixing growth factors involves 
group complementarity, electrostatic interactions, affin-
ity between substances and so on [45]. Moreover, the 
combination of BMSCs and insulin-like growth factor-1 
or transforming growth factor β1 was shown to acceler-
ate the healing of osteochondral defects [111]. However, 
the use of transforming growth factors can easily cause 
immune rejection, tumorigenesis, and heterogeneity. 
Autologous platelet-rich plasma is a useful substitute for 
promoting stem cell proliferation and cartilage forma-
tion through the TGF-B/SMAD signaling pathway. This 
plasma also inhibits the expression of the fibrocartilage 
biomarker COL I, and further advantages include its low 
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immunogenicity, easy availability and low cost [112]. In 
addition to growth factors, other compounds are capa-
ble of regulating cartilage repair. For example, hyaluronic 
acid was reported to stimulate MSCs to differentiate into 
cartilage and reduce the hypertrophy of chondrocytes 
during differentiation [113]. Matrine 3 showed similar 
performance [114].

Additionally, collagen can be used as a carrier scaffold 
for gene therapy. Tang et  al. reported that COL I scaf-
folds effectively adsorbed plasmids containing Wnt5a 
genes. Wnt5a plasmids inhibited cartilage hypertrophy 
by affecting the expression of proteoglycan, COL II and 
SOX9 genes and then promoted osteochondral repair 
[76]. Qi et  al. found that the implantation of a Wnt5a-
COL composite scaffold significantly upregulated the 
PI3K pathway of BMSCs, activated the AKJ and JNK 
pathways, promoted the proliferation, migration and car-
tilage differentiation of BMSCs, and repaired defects in 
the area. A significant increase in the content of GAG and 
deposited COL indicated good interface integration and 
cartilage regeneration [81]. Hypoxia-inducible factor-1α 
promoted the differentiation into cartilage and matrix 
synthesis of stem cells in vitro and increased the survival 
rate of BMSCs under hypoxia and glucose deprivation. 
Treatment coupled with hypoxia-inducible factor-1α and 
COL scaffolds delayed abnormal bone hyperplasia and 
bone sclerosis of the subchondral bone [115].

4.2.2 � Implanting cells
The combination of biomaterial scaffolds with key factors 
promotes host cells to regenerate cartilage in situ and is 
free from cell isolation and in vitro expansion. Implant-
ing cells to increase the cell base of cartilage defects rep-
resents a promising strategy for cartilage repair, saving 
the additional time needed for the limited host cells to 
migrate and proliferate.

Before implantation, the cells need to be optimized 
according to in  vitro and in  vivo performance, includ-
ing their types and resources. Chondrocytes, MSCs, and 
chondroprogenitors have been commonly used. There 
are limitations to using mature chondrocytes, such as 
the poor yield of chondrocytes isolated from autologous 
tissues, the necessity of being expanded and cultured 
in  vitro before implantation, and the lack of inhibition 
to prevent chondrocytes from differentiating into fibro-
blasts [116]. The main challenges for in  vitro cultur-
ing lie in maintaining the differentiating state of cells 
and ensuring the regeneration ability of damaged carti-
lage [91]. Excitingly, it was found that the protection of 
three-dimensional culture and specific cytokines help 
to maintain the cell phenotype of chondrocytes, which 
facilitates the generation of cartilage matrix contain-
ing autologous chondrocytes [117]. MSCs isolated from 

bone marrow or fat show good differentiation ability and 
are commonly applied to repair osteochondral injury; 
they are confirmed as ideal cell resources for cartilage 
regeneration owing to their easy acquisition from adult 
tissues and frequent expansion in vitro [118]. Neverthe-
less, depending on the age of the donor and the passage 
number, MSCs exhibit differentiation instability in  vivo, 
and endochondral ossification may also occur [7, 119]. 
Progenitor cells from articular cartilage have been proven 
to be a potential substitute for BMSCs. Bauza et al. found 
that chondroprogenitors isolated from articular cartilage 
of patients with osteoarthritis expressed biomarkers of 
stem cells when cultured in vitro and demonstrated the 
differentiation ability of forming cartilage and osteogen-
esis [120].

The functional outputs of chondrocytes or MSCs from 
different sources are influenced by factors such as the age 
of the donor, heredity, and the microenvironment of the 
tissue. MSCs are widely derived from fat, bone marrow, 
synovium or skin. BMSCs have been used to manufacture 
engineered products for cartilage repair [121]. Donahue 
et al. studied the differences in function and components 
of new cartilage regenerated by rib chondrocytes in terms 
of age variations for the first time. The results showed 
that chondrocytes from young donors aged 0–25 could 
effectively undergo further passage and regenerate, self-
assembling into new cartilage tissue with strong mechan-
ical strength [122]. Based on a systematic comparison, 
the expression of biomarkers related to cell hypertrophy 
and cartilage in  vivo was evaluated after implanting a 
COL scaffold load with BMSCs and umbilical cord blood-
derived stem cells; BMSCs exhibited better chondrogenic 
potential [123]. Interestingly, autologous chondrocytes 
from the affected part of osteoarthritis were proven to 
have the potential to treat osteoarthritis assisted by COL 
scaffolds [124]. During the treatment of articular carti-
lage defects, Scioli et al. found that adipose-derived stem 
cells expressing CD146 showed spontaneous chondro-
genic differentiation ability when cultured with a three-
dimensional COL scaffold [125]. According to Cai et al., 
BMSCs are induced to differentiate into chondrocytes 
when treating articular cartilage defects with a suspen-
sion containing COL I and BMSCs. Hyaline-like cartilage 
was established after one month, and the cartilage sur-
face was lubricated. After three months, the hypertrophic 
chondrocytes at the bottom of the cartilage promoted the 
regeneration of calcified cartilage. After six months, the 
continuous tide lines and complete calcification interface 
were recovered. Newly regenerated hyaline cartilage has 
similar thickness, matrix secretion, and collagen type and 
arrangement to that of adjacently native cartilage [126].

In addition to the above factors, the influence of scaf-
fold structure on cell morphology and function should 
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be considered when using cell-collagen scaffold therapy. 
Yang et  al. proposed that fibrous scaffolds have better 
performance in promoting the differentiation of stem 
cells into chondrocytes and alleviating calcification of 
ECM than porous scaffolds. Although fibrous scaffolds 
show strong protein adsorption and mass transfer capa-
bilities, they cannot prevent the hypertrophy of chondro-
cytes induced by stem cells [127].

4.2.3 � Tissue engineering technology
Tissue engineering technology includes scaffold prepa-
ration, cell breeding, incorporation with bioactive fac-
tors, etc. This approach provides a comprehensive repair 
strategy that combines both strategies above. According 
to the existing research, the tissue engineering strat-
egy shows the most prominent effect on cartilage repair 
since normal surgical approaches can not provide long-
term solution. The combination of seed cells and growth 
factors with scaffolds serves as the supplementary 
extracellular matrix with directed regeneration and dif-
ferentiation potential [37]. However, the challenges that 
tissue engineering faces include all the problems existing 
in bioactive factor-COL scaffolds and cell-COL scaffold 
strategies; for example, the balance between the degra-
dation rate of scaffolds and tissue growth, the influence 
of the degradation rate and products on tissue regen-
eration in vivo and in vitro, the changes in chondrocytes 
and MSCs during the process of dedifferentiation and 
expansion, the differences between newly generated tis-
sues and native tissues, and so on [47]. In addition, clini-
cal transformation requires careful selection of the most 
suitable biomaterials and technologies. Evaluations of the 
mechanical properties, biocompatibility, degradability, 
and regeneration potential of the scaffold are extremely 
necessary.

5 � Comprehensive evaluations of cartilage repair 
by collagen‑based biomaterials

Comprehensive evaluations of biomaterials are con-
ducted by in  vitro, in  vivo and clinical trials. Except 
for the physicochemical assessments, in  vitro evalua-
tion focuses on cells, generally taking chondrocytes or 
MSCs as objects. In  vivo tests rely on animal models. 
For small animals, non-load-bearing areas can be used 
to estimate the degradation, biocompatibility and inter-
action between the implants and the host tissue. Large 
animals are closer to clinical applications, giving more 
representative results by evaluating their weight-bearing 
areas with respect to the degradability and healing capac-
ity of implanted biomaterials [21, 128]. Clinical trials are 
for larger animals and patients. We list the characteriza-
tion indicators involved in previous studies, where the 

indicators reflect the specific properties and significance 
of the biomaterials.

5.1 � Physicochemical properties
Focusing on collagen-based biomaterials for repairing 
cartilage defects, the physicochemical properties rely 
mainly on indicators such as the microstructure, swelling 
behavior, mechanical properties, and biodegradability.

First, to meet the high diffusion ability of living cells, 
growth factors, nutrients and metabolites in the scaf-
fold, it is necessary to adjust the pores and density of 
collagen-based biomaterials [45]. As reported by Kohane 
et al., scaffolds with a total porosity of more than 90% are 
suitable for osteoblast growth, attachment and differen-
tiation [129]. The interconnection between the pores is 
also important and affects the mechanical strength of the 
scaffold, cell survival, proliferation and migration, and 
the secretion of ECM [16]. Second, the swelling rate is 
another crucial indicator of the scaffold, which is closely 
related to the diffusion of signal molecules and nutrients. 
The swelling rate of the COL substrate is affected by the 
cross-linking degree [73, 130].

Another critical indicator is the mechanical properties. 
The COL substrate can simulate the mechanical proper-
ties of native cartilage at a macro level, which is essential 
for implanted COL scaffolds to integrate with cartilage 
defects to protect cells from compression or tensile stress 
caused by exercise. Under physiological load, the carti-
lage surface suffers from the highest liquid flow and the 
highest resistance to shear stress, the strain of which can 
reach 50%, while the strain in the deep zone is lower, 
accounting for only 0–5% without liquid flow [7]. How-
ever, the compression modulus in the deep zone is much 
higher. Taking the articular cartilage of cattle as an exam-
ple, the compression modulus increases by 27 times from 
the joint surface to the deep region [131]. According to 
reports, the compressive modulus and tensile modulus 
of natural articular cartilage range from 0.1–2 MPa and 
5–25 MPa, respectively [132, 133]. The mechanical prop-
erties of the collagen substrate are mainly measured by a 
universal tensile machine [73].

Biodegradability is a key criterion for the application 
of collagen-based biomaterials in vivo. The ideal collagen 
scaffold is directly degraded by enzymes and removed 
from the host tissues by kidney filtration or cell metabo-
lism, with no need for surgical removal [134]. The deg-
radation rate of the scaffold must be adjusted according 
to the rate of tissue formation. When the scaffold mate-
rial degrades, new tissue is formed and takes over the 
mechanical load [45]. Owing to its natural biodegra-
dability and nontoxicity, COL serves as an important 
raw material for cartilage repair. In in  vitro tests, the 
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degradation examination of the COL scaffold can last for 
several months [19]. For in vivo experiments, the time for 
judging the regeneration and repair of cartilage is mostly 
calculated in months, and the repair effect of animal 
experiments is tested within three months to six months. 
The follow-up time of clinical trials is calculated in years, 
ranging from one to ten years. Therefore, the cross-link-
ing parameters of COL should be adjusted to a specific 
degradation rate and time according to different implant 
sites while designing collagen-based biomaterials for car-
tilage repair.

5.2 � Bioactivities for cartilage repair
Evaluating the ability of COL substrates in cartilage 
repair involves the following main aspects. The first 
aspect is the biological toxicity of the biomaterial itself, 
which directly indicates the effect of the biomaterial on 
cell viability and proliferation. The second aspect is the 
inductive ability when co-cultured with chondrocytes/
stem cells, such as cell differentiation, ECM secretion 
and cartilage formation. The third aspect lies in the com-
prehensive performance of the biomaterial implanted 
in the cartilage defect in vivo, which is described by the 
morphology change of cell and tissue, the balance and 
integration between material degradation and cartilage 
regeneration, the difference between regenerated car-
tilage tissue and natural tissue, the adaptability to the 
complex metabolic environment and the investigation 
of abnormal events, etc. Herein, we sort out the critical 
methods, indication objects and the significance involved 
in the evaluation of the bioactivity of collagen-based bio-
materials for cartilage repair from the perspectives of 
in vitro, in vivo and clinical tests (Table 1).

The morphology, viability and proliferation of cells 
cocultured with biomaterials can be determined by stain-
ing. The morphology and survival of cells on the bioma-
terials can be observed by laser confocal microscopy after 
calcein/pyridine iodide (FDA/PI) fluorescent staining. 
The cytotoxicity of biomaterials is quantified by MTT 
and CCK-8 tests, which characterize the proliferation of 
cells in a certain cycle [6, 14, 15]. Histological staining 
(Fig.  5e), immunohistochemical staining, quantification 
of the characteristic components and gene expression are 
generally used to evaluate the repair capacity of bioma-
terials in vitro and in vivo. Safranin-O/Fast Green stain-
ing identifies the total GAG content and the secretion 
of ECM. Hematoxylin and eosin (HE) staining is used 
for general observation of cell morphology and infiltra-
tion, regenerated tissue morphology, scaffold degrada-
tion, subchondral bone evaluation (bone morphology, 
bone filling and adhesion) and cartilage evaluation (joint 
surface, chondrocytes and glycosaminoglycans), as well 
as the type of regenerated cartilage. The thickness and 

content of newly formed cartilage can be quantitatively 
compared via software calculation [20, 58, 105]. Tolui-
dine blue is a commonly used staining agent for chon-
drocytes and mastocytes in the clinic, which is helpful 
for the identification of hyaline cartilage by staining 
sulfate glycosaminoglycans (Fig.  4b) [83]. The type and 
fiber arrangement of COL can be recorded by polarized 
light microscopy [126]. In immunohistochemical analy-
sis, the synthesis and secretion of COL I and COL II are 
reflected in shade staining and help to identify the type 
of regenerated cartilage [6, 58]. Alizarin red is used to 
assess calcium deposition in regenerating tissues [88]. 
Gross observation helps to identify the thickness, tide 
mark and subchondral bone of regenerated cartilage, as 
well as the integration ability of the implant biomaterial 
with the damaged tissue (Fig.  5(a)) [135]. In addition, 
the O’Driscoll score classifies the cartilage repair perfor-
mance presented by the staining results [74].

Moreover, quantitative analysis of the characteristic 
components produced during cartilage formation is help-
ful in evaluating the cartilage repair effect of biomateri-
als. For example, the proliferation ability of the material 
on host cells and implanted cells can be assessed by the 
total DNA content [113]. Alkaline phosphatase activity 
(ALP) indicates the osteogenic differentiation ability of 
MSCs, which is stained by p-nitrophenyl phosphate [88]. 
The content of GAG can be quantitatively evaluated by 
dimethyl methylene blue (DMMB) (Fig.  5b) [59]. Con-
sidering the risk of an immune response caused by allo-
geneic collagen, the concentration of α-Gal heterologous 
antigen in the biomaterial can be determined, and decel-
lularization treatment can reduce the α-Gal antigen con-
tent in the biomaterial [136].

The expression of cartilage repair-related genes is also 
an important indicator. Real-time reverse transcrip-
tion polymerase chain reaction is the main detection 
method [75]. The following genes have been classi-
fied: (1) Chondrogenic genes: NCDH, TGFB1, SOX9, 
ACAN, COL2A1, GAPDH, COMP, BMP-2, MMP-13, 
VCAN, ADAMTS-5, TIMP4, FGF2, FGFR1 and FGFR3 
[6, 74, 76, 90, 108, 124]; (2) Osteogenesis-specific 
genes: COL1A1, OCN/BGLAP, OSN/SPP1, COL3A1 
and RUNX2 [59, 78, 106]; (3) Hypertrophy biomarker: 
COL10A1 [127, 137]; (4) Apoptosis and prolifera-
tion regulators: BCL2, CASP3, MCM5 and CCND1 
[78]; and (5) Abnormal events: MMP-13, ADAMTS-5, 
FGFR1 and TIMP4 [30, 108, 124]. Moreover, high-
throughput sequencing transcription profiles can com-
prehensively evaluate the impact of implanted materials 
on the upregulation and downregulation of genes in 
surrounding tissues [86].

In animal models, evaluations of the repair capacity 
and regeneration ability of the scaffold are performed 
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through macroscopic, microtomography, histomor-
phometry and immunohistochemical analyses. In addi-
tion to the abovementioned methods, several methods 
such as macroscopic evaluation, naked eye observation 
combined with the ICRS score, and micro-CT are suit-
able to evaluate the flatness and closure of the cartilage 
surface, inflammation, degradation of the scaffold, new 
bone formation, adverse tissue degeneration and other 
circumstances (Fig. 5d) [46, 58, 137]. Nanoindentation 
instruments provide a novel measurement for the bio-
mechanical properties of regenerated cartilage, com-
bining fiber-optical Fabry–Perot interferometry with 

a monolithic cantilever-based probe. The local micro-
elasticity of low-modulus materials can be examined 
with high accuracy and precision [113]. Saukko et  al. 
proposed an advanced nondestructive quantitative 
technology, namely, quantitative dual-energy computed 
tomography, which can assess the changes around 
trauma sites and quantify proteoglycans, thereby 
assisting in judging the degree and severity of carti-
lage damage. Although the authors only focused on 
the assessment of damaged cartilage, this approach can 
also monitor the repair process of cartilage [138].

Table 1  General methods used to evaluate the bioactivities of biomaterials

Characterizations Reagents or objects Potential indications References

Cell staining FDA-PI Morphology, viability and proliferation of cells. Cyto-
compatibility of biomaterials

[6]

MTT, CCK8 [15, 18]

Histochemical staining Safranin O-Fast Green Relative content of GAG. Morphology of chondro-
cytes. Cellular infiltration in defect sites. Regeneration 
of hyaline cartilage

[6, 16, 58]

Toluidine Blue Secretion of GAG. Regeneration of hyaline cartilage [105]

Hematoxylin and Eosin Morphology of cell nucleus, ECM and tissue. Identi-
fication of regeneration of tissue, degraded scaffold, 
and type of regenerated cartilage. Evaluation of 
cartilage and subchondral bone

Picrosirius Red Identification of collagen type and the arrangement 
of collagen fibrils

[124]

Alizarin Red S Evaluation of calcium deposit and calcified cartilage [88]

Immunohistochemical staining COL II, COL I Judgement of regenerated cartilage according to 
their expression

[58]

Quantification Total DNA Proliferation of cells [83, 113]

Total GAG​ Production of ECM. Reflection of tissue development [59, 83]

Total COL

COL II

Enzyme activity Alkaline phosphatase Ability of cells on osteogenic differentiation [59]

Gene expression Sox9, NCDH, ACAN, COL2A1, BMP-2, COMP Biomarkers of cartilage regeneration. Evaluation of 
cartilage forming capacity

[6, 75, 90, 124, 127]

FGFR3 Regulation on the bone formation. Evaluation of 
cartilage forming capacity

[108]

OPN (SPP1), Osx, OCN (Bglap), Runx-2 Specific genes of osteogenesis. Determination of 
stem cell differentiation and chondrocyte maturation

[59, 78, 90, 106]

COL1A1, Specific genes of osteogenesis. Biomarker of carti-
lage forming and fibrous cartilage

[6, 90, 136]

Gene expression FGF2 Biomarker of subchondral bone. Progress of tissue 
development

[108]

MMP-13, ADAMTS-5 Degradation of COL II and ECM. Flection of cartilage 
replacement

[30, 33, 124]

COL10A1 Biomarker of cell hypertrophy [125]

TIMP4 Indicator of inflammation [108]

FGFR1 Indicator of tumorigenesis

GAPDH Specific gene indicating cell viability [6, 124]

Bcl2, Casp3 Specific gene indicating cell apoptosis [78]

MCM5, CCND1 Specific gene indicating cell proliferation

Antigen detection α-Gal Reflection of immunogenicity [136]
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5.3 � Clinical diagnosis
In clinical trials, the evaluation of the repair capacity of 
biomaterials for cartilage defects is mainly based on MRI 
images and the histological score of biopsy in follow-
up investigations (Fig. 5c). With the help of appropriate 
scoring methods and standards, the degree of repair is 
scored and graded. Therefore, judgment on the effective-
ness and durability of cartilage repair strategies should 
be given from a clinical perspective. The clinical scoring 
standards that can be referred to include VAS, IKDC, 
Lysholm, Tegner, KOOS, O’Driscoll, MODS, ICRS I and 
ICRS II, MOCART, etc. [104, 118, 139–141].

In particular, the grading object of MOCART is MRI 
[142], and the scoring angles are as follows: degree of 
defect repair and filling, integration with neighboring 

zones, repair tissue surface quality, repair tissue struc-
ture, repair tissue signal intensity, subchondral lamina, 
subchondral bone, adhesions, and synovitis [104, 140]. 
ICRS II is composed of 14 criteria for evaluating param-
eters related to chondrocyte phenotype and tissue struc-
ture. Mainil-Varlet et  al. compared ICRS II with ICRS I 
and MODS and showed that ICRS II has improved read-
ability over the current histological cartilage repair scor-
ing system [139]. ICRS I scores showed poor reliability in 
animal cartilage repair models [143]. KOOS and IKDC 
are both scoring systems for knee joint injury treatment 
[140]. The IKDC has two types of scoring systems: sub-
jective and objective. The Tegner-Lysholm knee joint 
score scale and the Tegner activity level scale have been 
used to assist the IKDC analysis [23, 24]. In addition to 

Fig. 5  General characterization for cartilage repairs with respect to direct observing and bio-indicators recognizing. a Gross observation and 
records of defect repairing. ( Adapted from ref. [135], copyright 2021, with permission from the Springer Nature.) b Histochemical evaluation of 
deposition of GAG by Alcian Blue staining. (Adapted from ref. [93], copyright 2020, with permission from MDPI.) c Magnetic resonance imaging 
of comparison of an osteochondral graft at ten-year follow-up investigation. The alterations of subchondral bone and graft filling reflected the 
repairing performance by graft. (Adapted from ref. [23], copyright 2021, with permission from Springer Open.) d Representative Micro-computed 
tomography (Micro-CT) images defect site and surrounding area. Bilayer represents the scaffold fabricated by human-like-collagen, hyaluronan 
and nano-hydroxyapatite particles. (Adapted from ref. [59], copyright 2020, with permission from Science China Press and Springer Nature) e Major 
staining methods for bio-indicator evaluations. HE used Hematoxylin–eosin staining (HE) describes the general morphology of cell and regenerated 
tissue. Toluidine blue (TB) identifies the hyaline cartilage by staining sulfate glycosaminoglycans. Alizarin red staining (ARS) assesses the calcium 
deposition. Immunohistochemical staining supplies the synthesis and secretion of collagen type I and II. (Adapted from ref. [103], copyright 2020, 
with permission from Oxford)
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MRI, computed tomography scans are used in clinical 
diagnosis. The criteria are flexible to some extent, such 
as the percentage of filling of the implant, the homogene-
ity of the newly formed cartilage, the ability to integrate 
with tissue, and the number of tissues surrounding the 
implants. Finally, the overall score is calculated in a blind 
manner [144]. Biomechanical testing of regenerated car-
tilage can be performed simultaneously during arthros-
copy. Peterson et  al. employed an electromechanical 
tracking probe to measure the hardness of cartilage [145].

6 � Conclusions and prospects
Therapy of cartilage defects is a chronic and difficult 
clinical challenge. The crux of the challenge lies in the 
highly complex structure and functional differences 
of cartilage. With further research on cartilage dam-
age and continuous exploration of strategies for defect 
repair, the preparation and functionalization of colla-
gen-based biomaterials for cartilage repair has a cer-
tain research foundation and design framework, which 
fully exploits the excellent biocompatibility and bio-
logical characteristics of collagen and simultaneously 
strengthens the physicochemical properties of collagen 
substrates. Moreover, supplementation with bioactive 
substances promotes the targeted secretion of ECM 
from host cells or exogenous cells, thereby accelerating 
cartilage regeneration and tissue integration. Collagen-
based biomaterials developed in three-dimensional and 
porous structure, such as hydrogels, are proven to be 
promising and prospective in cartilage repair.

After overviewing the design strategies and repair 
capabilities of existing collagen-based biomateri-
als for cartilage repair, the advantages of biomimetic 
multilayer three-dimensional scaffolds are affirmed 
regardless of whether they are cell-free COL scaffolds, 
cell-COL scaffolds or tissue engineering scaffolds. Nev-
ertheless, there are still many problems to be solved 
and explored: (1) matching the dependence on the scaf-
fold during cartilage regeneration with the degrada-
tion rate and biomechanical strength of the scaffold; 
(2) describing the influence of complex components in 
biomaterials on the circulatory system during and after 
degradation in the body; (3) stabilizing the load and 
maintaining the integration of bioactive substances; 
(4) creating dedifferentiation technology to limit cell 
expansion and culture in  vitro; (5) developing a direc-
tional induction method for the regenerating cartilage 
type; (6) verifying the difference between animal mod-
els and actual conditions in the human body; and (7) 
exploring good solvents for collagen.
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