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Introduction

Cartilage is a kind of dense, supportive, resilient connec-
tive tissue, consisting of numerous of intercellular sub-
stances and chondrocytes with cysts. In an embryo, a great 
mass of bones is cartilaginous. However, most of them are 
ossified and replaced by bone tissue as the age rising 
(Figure 1(a)).1,2 In adults, only a few bones are cartilagi-
nous, for example, the outer ear, the tip of the nose, the tip 
of the ribs, and so on. Cartilage is divided into hyaline car-
tilage, elastic cartilage and fibrous cartilage according to 
the difference of intercellular substance. Among them, 
hyaline cartilage is mainly distributed in the sternal end of 
the rib and the surfaces of the bone and joints, also known 
as articular cartilage (AC).

Unlike other tissues, its avascular and no lymphatics 
nature resulting nonnutritive for regeneration, AC has lim-
ited capacity for self-restoration after being damaged; 
thus, its repair and regenerate hold highly challenging.3 AC 
injuries leads to an imbalance in tissue homeostasis, and 
the affected tissue often exhibits OA changes due to the 
poor self-healing capacity of cartilage, resulting produce 

proinflammatory cytokines (IL-1) and tissue destructive 
enzymes (such as MMPs and ADAMTs), and loss its 
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normal phenotype and microenvironment synchronously 
(Figure 1(b)).4,5 After years of development, the treatment 
methods of AC injuries, such as traditional therapy (pallia-
tive or surgical treatment), biological therapy (stem cell or 
chondrocyte treatment, cell-free fat extract (CEFFE) and 
platelet-rich plasma (PRP) treatment); and regenerative 

therapy by using scaffolds, seed cells, and bioactive fac-
tors, have become abundant (Figure 1(c)).

Noncoding RNAs (ncRNAs), such as microRNA 
(miRNA), circular RNA (circRNA), and long non-coding 
RNA (lncRNA), have also been found to play an impor-
tant regulatory role in cartilage injuries and chondrocyte 

Figure 1.  (a) Bone growth process, (b) the joint and AC anatomy, and (c) AC defects therapeutic strategies.
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proliferation.6–9 Particularly, circRNA, which has a stable 
structure, has the ability to resist RNA enzymes and 
sequence conserved characteristics; its regulatory role on 
cartilage injury and regeneration is increasingly 
favored,10–14 thus laying a foundation for its future clinical 
application. This work reviewed the therapeutic strategies 
and biomaterials of AC regeneration, and made a 
prospect.

Articulate cartilage defects 
therapeutic strategies

Palliative management

Palliative management, such as hyaluronic acid (HA), anal-
gesics therapy, corticosteroid injection, and hormones, is 
used for early mild cartilage injuries (grades Ⅰ-Ⅱ according 
to the International Cartilage Repair Society (ICRS) and 
Kellgren & Lawrence (K-L) cartilage injury classification). 
Among them, drugs and corticosteroids have been used in 
clinic/clinical trials or emerging research to alleviate the 
inflamed joint environment.15 For example, kartogenin 
(KGN) was confirmed as an emerging stable nonprotein 
compound that can promote the differentiation of bone 
marrow mesenchymal stem cells (BMSCs) and synovial 
mesenchymal stem cells (SMSCs) into chondrocytes both 
in vitro and in vivo.16,17 Besides, nonsteroidal anti-inflam-
matory drugs (NSAIDs), such as Halofuginone, Etoricoxib, 
Ibuprofen, and Diclofenac, have shown some benefits for 
AC regeneration and OA treatment.18,19 Natural products, 
including terpenoids, polysaccharides, polyphenols, flavo-
noids, alkaloids, and saponins, are advantageous as their 
low toxicity, low costs, and act on multiple targets, are 
gradually being applied in the treatment of OA.20 But, the 
function of AC tissue is largely conferred by its compart-
mentalized zonal microstructure and composition.

Unfortunately, clinical studies have shown that current 
treatments such as palliative/conservative management of 
cartilage defects just relieve the symptoms, and often fails to 
regenerate new tissue that recapitulates this zonal structure 
and patients with these lesions may need surgical interven-
tion.21 For example, palliative management are recommended 
by at least 75% of the knee OA treatment guidelines in USA, 
but the effect size of acetaminophen on pain is only 0.13, and 
the pain meliorative effect of NSAIDs has no statistical differ-
ence detected between taking NSAIDs versus placebo, which 
implies a trivial clinical effect.22,23 Furthermore, a clinical 
research showed that HA injection for knee OA was no evi-
dence of benefit on account of it just effect on pain, function, 
and stiffness in a short-term (1–4 weeks).24

Surgical intervention

Surgeons try to promote a natural fibrocartilaginous 
response by using marrow stimulating techniques, aiming 
to reduce swelling and pain and improving the joint 

function of the patients.25 Numerous surgical techniques 
have been developed to address focal cartilage defects. 
These surgical treatment strategies are characterized as 
palliation (e.g. fixation, metallic spacing devices, chondro-
plasty, and debridement), repair (e.g. drilling and microf-
racture (MFX)), or restoration (e.g. osteochondral autograft 
or allograft transplantation, autologous/allogeneic chon-
drocyte implantation (ACI), even osteotomies).26–30 
Among them, the transplanted products are difficult to 
commercialize in osteochondral transplantation surgery 
due to the constraints of the transplanted cartilage source 
and the timeliness of transplantation.
Surgical treatment, such as MFX and mosaic transplanta-
tion, is performed for midterm cartilage injuries (grades Ⅱ 
and Ⅲ). Furthermore, artificial joint replacement, even 
osteotomies, is performed for advanced severe cartilage 
injuries (grade Ⅳ) (Figure 2). However, current surgical 
management provides short-term symptom relief and fails 
to restore the articular surface or regenerate new tissue 
that recapitulates the focal structure; thus, it faces the 
problem of poor prognosis, complications, secondary 
injury, insufficient donors, incomplete chondrogenesis or 
rapid degradation and fibrosis of the repair tissue, almost 
always progressing to further deterioration in the long 
term.15 For example, the average secondary injury inci-
dences at the donor site of osteochondral autografts in the 
knee and ankle were 5.9% and 19.6%, respectively.31 
Although the autologous cartilage particles product CAIS 
from Depuy company and the allogeneic juvenile carti-
lage particles DeNovo NT were commercialized. Both of 
them are just suitable for the small size cartilage defect 
repair (<3.5 cm2), and the safety and repair effectiveness 
lack long-term follow-up data, which need more clinical 
data to be verified.32 Fortunately, advancement in molecu-
lar biology, biological treatment and regenerative treat-
ment has revealed the potential of growth factors, 
differentiation factors, and cytokines in directing cellular 
differentiation, metabolic activity, chondrogenesis, and 
promoting the formation of functionally acceptable carti-
lage-like tissue.33

Gene regulation

The transfer of specific target gene-encoding proteins with 
therapeutic or regenerative properties into target cells or 
tissues in the suffering environment makes continuous 
production and specific release at relevant sites possible; 
thus it provides long-term treatment for cartilage repair 
and is a good strategy for the treatment of AC injuries.34 In 
preclinical studies, gene regulation has been successfully 
used to treat cartilaginous, bone, and skeletal muscle inju-
ries by balancing the management of temporary joint 
mechanical incompetence with altered metabolic and 
inflammatory homeostasis.35,36 For example, anabolic fac-
tors, such as CCN family protein 2,37 insulin-like growth 
factor-1 (IGF-1),38 fibroblast growth factor (FGF),39 and 
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transforming growth factor β (TGF-β) superfamily,40,41 
have proven their potential to stimulate chondrogenesis 
and synthesis of cartilage-specific matrix components, 
allowing the formation of a hyaline cartilage-like tissue 
repair in experimental studies. Moreover, anticatabolic or 
anti-inflammatory factors, such as interleukin 4/10 (IL-
4/10), interleukin 1 receptor a (IL-1Ra), and tumor necro-
sis factors receptor, could inhibit excessive cartilage 
degradation and destruction.33,42

Furthermore, multifarious ncRNAs have been proven 
to regulate cell proliferation, apoptosis, death and senes-
cence, inflammation, cartilage homeostasis, extracellular 
matrix (ECM) maintenance, and BMSCs recruitment, thus 
playing a crucial role in promoting the regeneration of AC, 
which shows strong feasibility in gene therapy of AC 
defects.43 For example, circRSU1 regulated oxidative 
stress-triggered inflammation and ECM maintenance in 
human chondrocyte by modulating the MEK/ERK1/2 and 
NF-κB cascades via circRSU1/miR-93-5p/MAP3K8 
axis.14 In addition, others ncRNAs, such as circCDK14/
miR-125a-5p,11 circFOXO3,44 circVMA21/miR-495-3p,45 
circHIPK3/miR-30a-3p,46 lncRNA PILA,47 lncRNA 
NEAT1/miR-122-5p,48 miR-29b-5p,49 miR-17,50 etc., were 
reported could serve as a potential target for gene therapy 
of AC defects via competitive endogenous RNA network 
or scaffolding protein, including OA, as shown in Figure 3.

Notwithstanding, the widespread application of gene 
therapy requires the development of safe and efficient 

gene delivery vectors and supportive gene-activated matri-
ces; thus, polymeric biomaterials are particularly attractive 
due to their tunable physiochemical properties (the sus-
tained and tunable release of gene therapies in a spatiotem-
porally explicit manner).34,52 In addition, gene therapy 
offers a cracking tool to stimulate chondrogenic profit 
from the effective, safe, and durable delivery of candidate 
sequences with chondroprotective and/or chondroregen-
erative properties.53 For instance, hydrogel-guided, a 
recombinant adeno-associated virus vector coding for 
human IGF-1, resulted in IGF-1 overexpression, enabling 
long-term AC repair, and protection against perifocal OA 
in minipigs’ full-thickness chondral defect model.38 Gene 
therapy with lentiviral vectors encoding CLOCK, a core 
component of the molecular circadian clock machinery, in 
counteracting human mesenchymal stem cells (MSCs) 
decay, promoted cartilage regeneration, and attenuated 
age-related articular degeneration in mice.54 In addition, 
exosomes were used in gene therapy of AC defects as vec-
tors with good absorbability.55

Tissue engineering strategies

The rapid development of cartilage tissue engineering 
technology (TET) provides a new and highly viable men-
tality for AC defect repair, including OA, which has been 
developing since the 1980s and with the process of com-
bining the obtained seed cells with biomaterials and 

Figure 2.  Palliative or surgical therapeutic strategies for different degrees of AC defects.
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bioactive factors to induce stem cell differentiation and 
proliferation to cultivate a biomimetic functional tissue, 
and then transplanting it into the defected section to per-
form its repair function.56,57 It was first applied to AC con-
struction, which is easy to study without interference 
benefit by its simple structure.58–60

The landmark study of cartilage TET was that of Vacanti 
et  al.61 who successfully constructed hyaluronic tissues 
with well properties in nude mice by using bovine articular 
chondrocytes (ACs) and biodegradable macromolecular 
scaffold in 1991; their work provided a new approach for 
tissue creation using synthetic biocompatible and biode-
gradable polymers as templates onto which cells are 
seeded is presented. And then in 1997, Cao et  al.62 seed 
cow chondrocytes into a biodegradable human ear-shaped 
scaffold and then implanted into subcutaneous pockets on 
the dorsa of athymic mice to generate new cartilage. 
Afterward, various cartilage TET parameters were prelim-
inarily explored and a relatively mature culture system was 
established via experiments on small animals. The subse-
quent experiment on large animals provided a solid 

foundation for cartilage TET from laboratory to clinic 
because of the complete immunogenicity and high similar-
ity in anatomical structure with human.63,64 Matrix-assisted 
autologous chondrocyte implantation (MACI), which 
based on ACI technology, has been commercialized for 
several years in the clinic, and showed positive repair 
effects, such as MACI® from Vericel, CaReS® from Arthro 
Kinetics Biotechnology GmbH, Chondro-Gide® from 
Geistlich Biomaterials Company, and BioSeed® from 
BioTissue etc.65–68 Furthermore, MaioRegen scaffold was 
consisting of collagen I and hydroxyapatite. By indirectly 
loading endogenous stem cells, it significantly improved 
knee symptoms of the patients with full layer knee AC 
defects, and averted twice surgeries and chondrocytes in 
vitro expansion, which increases the complexity of surger-
ies and prolongs the recovery time.69

Although the preclinical trial is currently underway, 
this focuses on exploring the key technologies for clinical 
transformation of cartilage TET. It also faces some ethical, 
policy and technical difficulties. For example, AC defects, 
including OA, often damages not only the AC layer, but 

Figure 3.  Gene regulatory mechanisms of circRNA/lncRNA/miRNA in AC defects. Reproduced from Xiang et al.51
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also involves the calcified cartilage and subchondral bone. 
Therefore, just repairing the AC layer is often difficult to 
achieve complete treatment. The preparation of a zonal 
microstructured tissue engineered scaffold materials to 
mimic the structure of AC and osteochondral (Figure 4), 
particularly the integrated living joint, might provide bet-
ter treatment for serious AC defects. Hence, the subse-
quent research needs to ensure its safety, quality, and 
efficacy of cartilage TET products before going public, 
including materials, biocompatibility, clinical application, 
risk assessment management, and difficulty level of clini-
cal evaluation with medical devices.

Stem cell

Chondrocytes are a great option for the seed cells in carti-
lage TET due to their ECM and collagen II productive 
capability. However, they can lose their chondrogenic phe-
notype during cultivation in vitro. Moreover, the instabil-
ity source, and the chondrocyte from older patient become 
smaller and less uniform aggrecans greatly limited their 

further regeneration function.3 Luckily, stem cells, includ-
ing MSCs, embryonic stem cells, and induced pluripotent 
stem cells (iPSCs) are increasingly favored by researchers 
for AC defect therapy, such as focal chondral lesions, due 
to its accessibility and low immunogenicity characteristic 
(Figure 5).71–73 Some evidence suggests that the tissue type 
from which MSCs are harvested play a role in determining 
their ability to regenerate cartilage.74 Among them, BMSCs 
remain the gold standard for AC and bone TET or regen-
erative medicine. However, adipose-derived mesenchymal 
stem cells (ADSCs) have similar properties and some 
advantages and thus are considered a good alternative to 
BMSCs.75 Unfortunately, their chondrogenesis potential is 
inferior.76 Umbilical cord-derived mesenchymal stem cells 
(UCMSCs) show a higher proliferative potential than 
BMSCs and are capable of osteogenic, chondrogenic, and 
adipogenic differentiation. Interestingly, they show com-
parable transfection efficiency as BMSCs using a nucleo-
fection method but are more amenable to transfection with 
liposomal methods.77 Studies have also reported success-
ful cartilage repair with SMSCs transplantation and held 

Figure 4.  A zonal microstructured scaffold mimics the structure of AC and subchondral bone to repairing osteochondral defects: 
(a) cross-section of the complete scaffold showing each unique zone, (b) partially fused poly-ε-caprolactone (PCL) fibers used 
to adhere the electrospun mat to the underlying foam using residual solvent (top-down image), (c) a cross-sectional view of the 
porogen-electrospun interface, (d) vertical channels through the directionally frozen foam (top-down image), (e) a cross-sectional 
view of the directionally frozen-electrospun interface, and (f) melt-electrowritten osteo component (top-down image). The osteo 
component consisted of 20 μm diameter fibers stacked at 200 μm intervals in a 90-degree lay-down pattern. Figure at right is a 
conceptual schematic of the zonal microstructured osteochondral scaffold, features are not proportionally represented. Scale bars 
for images a, b, c, d, e, and f are 250, 10, 50, 100, 25, and 100 μm, respectively. Reproduced from Steele et al.70
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promise as a treatment option for focal cartilage defects.74,78 
In comparison, SMSCs and BMSCs, especially SMSCs 
that have greater proliferative rate and chondrogenic poten-
tial than ADSCs, periosteum-MSCs, and muscle-MSCs, 
may be the main driver of cartilage repair. Interestingly, an 
ADSCs-derived scaffold-free tissue-engineered construct 

was developed as a novel cell therapy system for interver-
tebral disks degeneration using a rat tail total nucleotomy 
model, which performed promising AC regenerative 
potential (Table 1).79

However, MSCs therapy has numerous limitations: 
only suitable for early/middle mild injury treatment, poor 

Figure 5.  Stem cells and their derived exosomes used in AC defects repair. Stem cells can protect cartilage by differentiation into 
chondrocyte lineages, affecting the chondrocytes, mediating mitochondrial function, regulating cytokines, balancing the synthesis 
and catabolism of ECM, modifying immune reactions, and paracrine activity that might be involved with the secreted exosomes. 
Exosomes are small extracellular vesicles that include lipids, nucleic acids, and proteins. Reproduced from Xiang et al.51
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cell adhesion and retention, phenotypic alteration of cells, 
regulation of mechanical properties, heterogeneity, and 
lower engraftment rates after implantation.80,81 In addition, 
the efficient recruitment of MSCs to defective or damaged 
tissues in vivo has been a difficult hurdle. Current studies 
aim to construct biomaterials that could effectively recruit 
BMSCs to facilitate the repair of pathological tissues and 
promote MSCs proliferation, viability, adhesion and chon-
drogenic differentiation.82 For example, an injectable ther-
mosensitive sodium alginate (SA)/agarose (AG) composite 
hydrogel with coculture of BMSCs and ACs could pro-
mote the chondrocyte differentiation of BMSCs, resulting 
in its application to AC regeneration.83 In addition, tar-
geted cell delivery by porous magnetic nanoparticles was a 
promising technique to enhance the low targeting effi-
ciency of MSCs in tissue regeneration. A 3D porous micro-
bead that was formed as a MSCs cargo consisting of 
poly(lactic-co-glycolic acid) (PLGA) and coated with 
amine-functionalized magnetic nanoparticles showed 
2D/3D targeting of multiple microbeads loaded with 
MSCs; the microbead performed targeted MSCs delivery, 
proliferation, viability, and chondrogenic differentiation 
for cartilage repair.84 In addition, a human ADSCs-based 
medical microrobot system, which consists of a microro-
bot body capable of supporting MSCs, an electromagnetic 
actuation system for microrobot 3D targeting, and a mag-
net for the fixation of a microrobot to the damaged carti-
lage, was proposed; its efficacy was verified in a cartilage 
defect model in vivo trial for AC regeneration.85 In addi-
tion, MSCs-binding peptide E7 was fused with the exoso-
mal membrane protein Lamp 2b to yield exosomes with 
E7 peptide displayed on the surface; the exosomes had 
SMSCs targeting capability, could deliver KGN enter 
SMSCs efficiently, and induce a higher degree of cartilage 
differentiation, resulting in an advanced stem cell therapy 
for cartilage defect.17

Moreover, generating phenotypic chondrocytes from 
pluripotent stem cells is of great interest in AC regenera-
tion. Subcutaneous implantation of assembled iPSC-
derived cartilage microtissues resulted in a homogenous 
cartilaginous tissue positive for collagen II but negative for 
osteocalcin. Human iPSC-derived neural crest cells (iPSC-
NCCs) with high potential to undergo chondrogenesis 
through MSCs differentiation were used to fabricate 

cartilage.86 In addition, human iPSC-derived isogenic 
mesodermal cells (iPSC-MCs) and iPSC-NCCs expressed 
hyaline cartilage-associated markers and could generate 
hyaline cartilage-like tissue ectopically and at joint defects. 
By comparison, iPSC-NCCs revealed closer morphologi-
cal and transcriptional similarities to native ACs than 
iPSC-MCs, and its implants induced by growth factor mix-
ture demonstrated increased matrix production and stiff-
ness in comparison with iPSC-MCs implants.87 Moreover, 
a baculovirus system was used to confer prolonged and 
robust TGF-β3/bone morphogenetic protein 6 (BMP-6) 
expression in genetically engineered rabbit ADSCs (rAD-
SCs), which cultured in porous scaffolds critically aug-
mented rADSCs chondrogenesis and suppressed 
osteogenesis/hypertrophy, leading to the formation of car-
tilaginous constructs with improved maturity and mechan-
ical properties in hyaline cartilage regeneration.76 Happily, 
clinical studies have shown that CARTISTEM®, a combi-
nation of human UCMSCs and sodium hyaluronate for 
cartilage repair, got into the market in Korea in 2012. 
Short-term and long-term studies have verified its safety, 
functions and advantages on AC repair and regenera-
tion.88,89 However, a standard and therapeutic mechanism 
for MSCs-based therapy in AC defects is required in the 
future research, including cell selection, characterization 
and quality inspection (such as phenotypic and multipotent 
differentiation potential analysis), isolation, culture and 
expansion methods, dosages, and rehabilitation program. 
Finally, how to get it through supervision department and 
into clinical application also needs to be overcome.

Materials of scaffolds
Hydrogels.  Hydrogels, which are elastic and display 

smooth surfaces while exhibiting high water content, are 
promising candidates for cartilage regeneration. In recent 
years, injectable and highly tunable composite hydrogels 
for cartilage TET, drug or cell delivery (e.g. KGN, stem 
cells, and chondrocytes) have been introduced as a desir-
able alternative to invasive treatments. However, given 
its multilayer composite tissue, the single-layer hydro-
gel or bionic scaffold is not enough to accomplish joint 
injury repair; thus, bilayered or even multilayered hydro-
gels must be developed and used. Although polyethylene 
glycol (PEG), gelatin, HA, methacrylic anhydride (MA),  

Table 1.  MSCs used in AC defects repair.

MSCs Source Autologous/Allogeneic Available volume Chondrogenesis potential

BMSCs Bone marrow Autologous ++ ++
ADSCs Adipose Autologous +++ ++
UCMSCs Umbilical cord Almost allogeneic +++ +++
SMSCs Synovium Autologous + +++
PMSCs Periosteum Autologous + +
MMSCs Muscle Autologous + +
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glycosaminoglycan (GAG), methacrylated pullulan, and 
silk fibroin (SF) are often used to prepare hydrogels, 
hydrogels with different components still have certain 
limitations for cartilage TET. For example, these hydro-
gels do not meet the requirements of AC repair because of 
their fast degradation rate and poor mechanical strength. 
With the continuous discovery of new members, hydrogel 
preparation materials are becoming increasingly abundant; 
whether as 3D printing ideal bioink or scaffold materials, 
hydrogel or its composite materials are optimizing its bio-

compatibility, printability, cell viability, microenviron-
ment, biodegradability, curing method, and mechanical 
properties, making its application increasingly extensive 
(Figure 6(a)).90,91

Improving the properties of single hydrogels by adding 
components with different biological properties to form 
composite hydrogels might solve the above problems. For 
example, pullulan could be modified with MA, lithium 
phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP), and 
PEG diacrylate (PEGDA) to form a hybrid hydrogel 

Figure 6.  (a) Design strategy of ideal bioink. Reproduced from Weng et al.92 and (b) smart stimuli-responsive hydrogels for 
articular cartilage repair and regeneration. Reproduced from Gu et al.93
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system, which has good mechanical properties and slow 
degradation rate for cartilage repair and regeneration.94 In 
addition, gelatin, HA and MA are used together in a com-
posite hydrogel to make scaffolds, which regenerated 
mature cartilage with typical lacunae structure and carti-
lage-specific ECM successfully when combined with 
chondrocytes; the hydrogel provided a novel natural 3D 
scaffold with satisfactory outer shape, pore structure, 
mechanical strength, degradation rate, and weak immuno-
genicity for cartilage regeneration.95

With the increasing application, some hydrogels need 
special processing to adapt to the corresponding applica-
tion conditions due to the different microenvironments of 
body parts. Complex hydrogels composed of natural or 
synthetic polymers can exhibit high mechanical strength 
and good reproducibility but may be problematic due to 
biocompatibility issues, which are insufficiently investi-
gated.96 Some natural or synthetic polymer-based stimuli-
responsive (endogenous or exogenous stimuli) smart 
hydrogels with specific material properties and structure, 
and multifunctions, such as photo-crosslinkable hydro-
gels, thermogel, mechanical force-responsive hydrogels, 
pH-responsive hydrogels, electricresponsive hydrogels, 
redox-responsive hydrogels, enzyme-responsive hydro-
gels, magnet-responsive hydrogels, ultrasound-responsive 
hydrogels, and multiresponsive hydrogel, have appeared 
successively, and provided new possibilities for various 
advanced technologies, great research and application 
potentials in regenerative medicine, including cartilage 
TET (Figure 6(b)).93,97,98 Among them, gelatin meth-
acrylate (GelMA), gelatin norbornene, and methacrylat-
edHA (HAMA) were used as gradient biomimetic visible 
light photo-polymerized hydrogel 99–101; LAP and sericin 
methacryloyl were used as UVphotoinitiator 94,102; PLGA, 
poly(N-isopropylacrylamide), poly(N-vinylcaprolactam), 
poloxamer 407, and chitosan were used as thermorespon-
sive polymer according to their special characteristics 
(Table 2).103–106

Collagen-based scaffolds.  Cartilage tissue is rich in col-
lagen, such as collagen type Ⅰ, II, III, V, VI, IX, XI, and 
XIV, which are an important natural component of ECM 
as a bioactive protein to provide high elasticity for carti-
lage tissue.128–130 Increased knowledge about the organiza-
tion, structure and properties of collagen has inspired us to 
design and develop innovative collagen-based biomateri-
als and tissue engineered products.131 Multiple collagen-
based scaffolds have been proposed for TET to promote 
a biological response and to work as artificial biomimetic 
ECM to guide the regeneration of different tissues/organs, 
such as AC,132 bone,133 blood vessel,134 and periodontal 
ligament,135 etc.

For TET in cartilage regeneration, collagen is often 
used to assemble hydrogels or scaffolds as cell, drug, or 
bioactive molecular loaders in cell proliferation, adhesion, 

and chondrogenic differentiation of stem cells for cartilage 
repair and regeneration,136–138 which is due to its natural 
cartilage component, excellent biocompatibility and a 
wide range of sources, including animal skin, hooves, car-
tilage, and some marine products. Among them, collagen-
based scaffolds are frequently used to deliver and retain 
cells at the site of cartilage damage.139 For example, a 
BMSCs/porous tantalum associated with chondrocytes/
collagen membranes demonstrated remarkably therapeutic 
efficacy in goat models of large osteochondral defect.132 
Collagen/oligomeric proanthocyanidin/oxidized HA com-
posite scaffolds that show high biocompatibility and excel-
lent mechanical properties were prepared, and were found 
to be favorable surfaces for the deposition of apatite and 
can be used as potential candidates for AC repair.140

Moreover, different types of collagen have various 
properties that apply to different tissues. Type I collagen is 
sufficient to support cellular activities of ACs and MSCs; 
however, it shows limited chondrogenic performance 
compared with type II collagen. Nonetheless, type I colla-
gen is the clinically feasible option because type II colla-
gen shows arthritogenic potency.141 The effects of native 
collagen and denatured collagen scaffolds on rabbit chon-
drocytes’ proliferation, adhesion, differentiation and inter-
action with matrix were investigated, and the results 
suggested that the native collagen scaffolds may contrib-
ute to cartilage repair more than denatured collagen scaf-
folds.137 Overall, native collagen is an ideal tissue 
engineering scaffold material, especially for cartilage, 
because it can provide good biological compatibility and 
flexibility and can serve as a carrier for cell, drug, or bioac-
tive molecules to promote chondrocyte proliferation and 
adhesion while accelerating stem cell differentiation into 
chondrocytes; thus, stimulating the repair of cartilage 
injury. So eventually, numerous collagen-based products 
have got into the market or in clinical research for cartilage 
repair, such as Neocart, CaReS, and Novocart 3D. But, 
almost of current collagen-based scaffolds on market or in 
the clinic are solidity, which increases the operating diffi-
culty. The injectable collagen-based hydrogels, which is 
injectable before transplantation but solid after implanta-
tion, may be a good candidate in the near future for AC 
repairs to reduce the trauma and improve the filling of 
materials to the defect area.

ECM scaffolds.  Joint biomechanical and tribological 
functions rely on the integrity of cartilage ECM. ECM, 
generally refers to decellularized ECM, which is among 
the most promising scaffold for cartilage repair due to its 
natural cartilage components (Figure 7). However, ECM 
sourced from different developmental stages, such as neo-
natal, childhood, and adolescent cartilage tissues, shows 
diversified temporal dependency on cellular chondro-
genesis because of its components and discrepant growth 
factors. Among them, childhood cartilage is considered 
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the optimal ECM source for the further development of 
ECM-based tissue engineering scaffolds in AC repair.142 
In addition, ECM from different cartilage types has spe-
cific functions in inducing stem cells to osteogenesis or 
chondrogenic differentiation due to their different bioac-
tive factors. Mass spectrometry revealed that the growth 
plate and AC ECM contain a unique array of regulatory 
proteins. Moreover, porous bilayered scaffolds composed 
of growth plate ECM overlaid by AC ECM were fabri-
cated; the growth plate layer supported the formation of 
endochondral bone, whereas the AC layer stimulated the 
formation of the covering hyaline cartilage through the 
collagen fiber architecture to improve the recapitulation of 
the native tissue.143

ECM scaffolds, which are cell-free biomimetic scaf-
folds with cartilage ECM-like architectures, are often fab-
ricated as polymer nanocomposite scaffolds that mimic the 
structural design and mechanical characteristics of native 
AC and are widely used in cartilage regeneration. This 
kind of scaffolds guide the morphology, orientation and 
phenotypic state of chondrocytes in a spatially controlled 
manner, support the growth of tissue with features that are 
reminiscent of the natural analog; and promote localized 
hydroxyapatite formation to permit integration with the 
subchondral bone.145 However, endogenous cells hardly 
migrate into ECM derived from native cartilage due to its 
nonporous and dense structure, especially for severe grade 
Ⅳ AC injuries involving subchondral bones. To solve this 
problem, multilayered scaffolds with a compact interfacial 
layer, hierarchical organization and heterogeneous compo-
sition were developed to mimic the stratified structure and 
complex components of natural osteochondral tissues to 
enhance its defect repair. For example, a trilayer scaffold 
comprising an oriented AC ECM-derived cartilage layer, a 
porous three-dimensional (3D) printing PLGA/β-
tricalcium phosphate (PLGA/β-TCP) bone layer, and an 
intermediate PLGA/β-TCP compact interfacial layer was 
designed to evaluate the ability of repairing osteochondral 
defect in a goat model; this scaffold enhanced the biome-
chanical and biochemical properties of the neo-osteochon-
dral tissue.146 Another multilayer scaffold was built; the 
oriented cartilage layer was fabricated with cartilage 
ECM-chitosan materials, and a 3D-printed core-sheath-
structured bone layer was fabricated with PLGA/β-TCP 
phosphate-collagen materials and a compact interfacial 
layer, which was more effective in repairing osteochondral 
defect.147 Moreover, a spatially patterned, gradient, 
macroporous, trilayer microribbon (microRB) scaffold, 
which led to minimal cartilage deposition and weak 
mechanical properties, took only 21 days for MSCs-seeded 
scaffolds to reach cartilage-mimicking compressive mod-
uli without requiring high cell seeding density.148 In addi-
tion, different decellularization approaches generate 
different structures and composition of ECM scaffold. 
Scaffolds decellularized with 0.5%−1% SDS, followed by 
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1% Triton X-100 and DNase solution, could ensure the 
integrity and bioactivity of ECM scaffolds; thus, this type 
of scaffold is favorable to BMSCs recruitment and osteo-
chondral regeneration and conducive to AC repair.149,150

The injury repair performance of ECM scaffolds can 
also be optimized via combination with other biological 
materials. For example, ECM-mimetic SF scaffolds with 
horizontally aligned, vertically aligned, and random pore 
architectures of joint were synthesized and showed a good 
effect in repairing the rabbit osteochondral defect.151 
Hierarchical macro-microporous waterborne polyure-
thane-ECM scaffolds were constructed by water-based 3D 
printing and were found to be suitable for cell distribution, 
adhesion, and proliferation, thus promoting in situ AC 
regeneration in rabbits. Exhilaratingly, the repaired carti-
lage showed a similar histological structure and mechani-
cal performance to that of normal cartilage.152 Loaded with 
BMSCs, a graphene oxide-modified (2 mg/mL) 3D ECM 
scaffold, in which GO was crosslinked with the ECM by 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride and N-hydroxy succinimide, completely bridged 
the AC defect in rabbit knee with hyaline cartilage.153

Nanofibrous/cellulose scaffolds.  SF and cellulose have 
been reported as advanced natural materials with safety 
and excellent biocompatibility, extensive source (silkworm 
cocoon, plants and bacteria etc.) and low cost features, 
and they are well used as structural constituent materials 
of injectable hydrogels or TET scaffolds because of their 
remarkable mechanical properties, long-lasting in vivo 
stability, hypoimmunity and nontoxicity, and can be used 

efficiently in crosslinking applications.154–156 For example, 
a porous SF scaffolds derived from horseradish peroxidase 
(HRP)-mediated crosslinking by salt-leaching and freeze-
drying methodologies were developed for AC TET; these 
scaffolds presented high porosity, wide pore distribution, 
high interconnectivity, large swelling capacity, and favora-
ble degradation rate, which made it promising candidates 
as 3D matrices for cartilage regeneration.157 For cellulose, 
bacterial cellulose in general, was found to enhance the 
mechanical properties of hydrogel and thus was applied 
for osteochondral defect repair.158

Furthermore, SF and cellulose are often used in combin-
ing with other materials to modify their properties and 
hence become more conducive to cartilage regeneration. 
For example, an injectable hydrogel was engineered using 
SF, carboxymethyl cellulose, and gelatin, in which the 
ectopically regenerated cartilage was mature and closely 
resembled native AC.155 3D-printed PCL/porous SF scaf-
folds were proposed for meniscus TET and had more 
favorable microstructure compared with PCL scaffolds. 
The capture of porous SF in the PCL cage reduced the high 
compressive modulus in the wet favorable material due to 
its higher expansion properties in comparison with the PCL 
cage.159 A biomimetic and composite scaffold consisting of 
PCL/SF/SMSCs-specific affinity peptide (LTHPRWP, L7) 
with extraordinary biomechanical properties and biocom-
patibility was used to develop a 3D-printed, tissue-engi-
neered meniscus, which showed improved cartilage 
protection and could greatly strengthen meniscus regenera-
tion and chondroprotection.160 Analogously, SF greatly bal-
anced the mechanical properties and degradation rate to 

Figure 7.  Scaffolds derived from AC ECM can be used alone or in combination with exogenous growth factors for the repair of 
chondral lesions: (a) ECM biomaterial used in MSCs chondrogenic differentiation and 3D scaffolds fabrication, (b) AC ECM scaffolds 
used alone or in combination with TGF-β3 promotes the recapitulation of native collagen fiber alignment in the superficial zone, 
and shows better repair effect compared to traditional MFX therapy. Histological sections were stained with picrosirius red and 
then imaged using polarized light microscopy. Reproduced from Weng et al.144
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match the newly formed cartilage by integrating gelatin 
with BMSCs-specific-affinity peptide.161 Through 3D 
printing, a PCL/fiber network was also used to reinforce 
interpenetrating network hydrogels consisting of alginate 
and GelMA mechanically. The network supported robust 
chondrogenesis when laden with a coculture of BMSCs 
and chondrocytes.162

The molecular and supramolecular design of bioactive 
materials might have significant implications for regenera-
tive medicine. An ideal regenerative therapy should be 
minimally invasive; thus, the concept of self-assembling 
biomaterials programed to transform from injected fluids 
into solid bioactive structures in tissues is attractive for 
clinical translation.163 Therefore, the design and optimiza-
tion of natural bionic nanofibrous or nanocellulose micro-
carriers for the delivery of cells, molecules/macromolecules 
to promote osteochondral repair and regeneration is of 
great clinical value.164–167 For instance, cellulose nanocrys-
tals have been reported to reinforce the self-healing and 
stress-relaxation properties of collagen-based nanocom-
posite hydrogels for cell delivery.168 An injectable bioac-
tive self-assembling stem cell-homing peptide nanofiber 
hydrogel-based aging-related miRNA delivery to rejuve-
nate impaired AC was prepared and validated (Figure 8).49 
Combined with SA, nanocellulose was used to 3D print 
hydrogels for AC engineering and showed good integra-
tion, promising cartilage regeneration and mechanical sta-
bility in mice.166 Therefore, cellulose nanofibrils are 
promising nanomaterial candidates due to their high 
mechanical strength and excellent biocompatibility.169

Other biomaterials.  As mentioned above, biomaterials 
play a key role in cartilage TET and regeneration through 
different combinations and treatments, where cells must 
migrate through the scaffold, fill the defect, and then pro-
liferate and differentiate to facilitate tissue remodeling. 
For example, a mixture of gelatin and PCL with 70:30 
ratio could be used for 3D printing of electrospun mem-
branes.170 Gelatin and PLA cross-linked with HA could 
be used to construct superabsorbent 3D scaffold based on 
electrospun nanofibers for AC TET.171 Eletrospun PCL 
nanofibers were surface-modified with poly(glycidyl 
methacrylate) and subsequently reacted with ECM and 
self-assembled with ADSCs; the modified nanofibers 
exhibited differentiation hallmarks of chondrogenesis 
without additional biological additives.167

In addition, metal ions play a crucial role in AC regen-
eration. For example, strontium (Sr) ions could simultane-
ously promote BMSCs proliferation, upregulate 
cartilage-related gene expression, and improve GAG 
secretion; consequently, injectable hydrogels crosslinked 
by Sr-doped bioglass (BG) could modulate both BMSCs 
differentiation and inflammatory response.172 Tannic acid/
Sr(2+)-coated silk/graphene oxide-based meniscus scaf-
fold could perform anti-inflammatory and 

anti-ROS functions in cartilage protection and OA delay.173 
In addition, molybdenum (Mo)-doped BG scaffolds were 
prepared, and results revealed that MoO4

2− ions elicited 
anabolic responses by activating the HIF-1α signaling 
pathway, inhibiting catabolic responses, and protecting the 
cartilage matrix from degradation.174 A copper sulfate and 
hydroxylysine or Cu-alginate hydrogel treatment regimen 
enhanced collagen cross-linking and biomechanical prop-
erties in antimicrobial wound dressings, TET scaffolds or 
AC implants.175,176 A composite scaffold, which was com-
posed of poly (l-lactide) (PLLA) and nano-hydroxyapatite 
(10 wt%), was functionalized with 3 mol% europium 
(Eu3+) and promoted the osteogenesis and chondrogene-
sis of ADSCs.177 Furthermore, other metal ions, such as 
magnesium (Mg)178 and cobalt (Co),179 and nonmetal ions, 
such as boron,180 have been confirmed to promote AC 
regeneration.

Research and achievement on different build 
approaches, such as enzymatically cross-linked hydrogels/
scaffolds, are increasing. The HRP-mediated crosslinking 
of SF and tyramine-substituted gelatin was conducted to 
fabricate a macroporous hydrogel scaffold, which could be 
used as a cell seeding strategy for cartilage regeneration.181 
Microbial transglutaminase was used to cross-link gelatin 
hydrogel enriched with an AC ECM for hyaline cartilage 
regeneration in rabbits.182 Furthermore, biofors, pH, elec-
tric, redox, and magnet-responsive hydrogels/scaffolds 
were used in AC regeneration.96 For osteochondral regen-
eration, constructing multilayered bionic scaffolds with 
different properties remains the gold standard to imitate 
different tissue types at the injured site of joints so as to 
promote injury repair. For example, an HRP-SF cartilage-
like layer fully integrated into an HRP-SF/ZnSr/β-TCP 
subchondral bone-like layer was proposed as a biofunc-
tional hierarchical scaffold via enzymatic cross-linking.183 
A bilayer scaffold, in which gellan gum and SA act as the 
chondral layer and gellan gum and hydroxyapatite act as 
the subchondral layer, could seed with MSCs for effective 
osteochondral repair.184 A composite porous support 
obtained by cryopolymerization of PEG dimethacrylate in 
the presence of PLGA, β-TCP, and strontium folate 
(SrFO), with HAMA-based hydrogel containing zinc folic 
acid derivative (ZnFO), was reported to promote the 
regeneration of cartilage-like tissue over the scaffold and 
neoformation of osteochondral tissue.185

Bioactive factors.  Several bioactive factors, such as 
growth factors, mineral ions and anabolic factors, have 
been used to alleviate the inflamed joint microenvironment 
or promote new cartilage tissue formation.15 For example, 
BMP-2 is efficient at stimulating bone or cartilage regen-
eration in tracheal grafts.186 Stromal cell-derived factor 
1 (SDF-1) and platelet-derived growth factor-BB could 
enhance endogenous cell recruitment and cartilage matrix 
formation.187 Recombinant human transglutaminase-4 
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enhances rabbit cartilage regeneration of the SMSCs 
encapsulated in HA/collagen/fibrinogen composite hydro-
gel.80 Cell-permeable, superpositively charged SOX9 is 
able to promote hyaline-like cartilage regeneration by 
inducing chondrogenic differentiation of BMSCs.188 And 
the relatively high concentration (2–10 μM) of Mg ions 
facilitate chondrogenesis and osteogenesis instead of adi-
pogenesis of BMSCs and tendon-derived MSCs under 
induction conditions respectively ex vivo.189

However, these therapies remain limited in terms of 
duration and effectiveness. Consequently, current efforts 
are focused on the potential ways for improving future 
long-term clinical outcomes. For instance, HA and fucoidan 
was blended with gelatin and then further cross-linked 
with genipin to prepare injectable hydrogels, which facil-
itated the sustained release of PRP growth factors and pro-
moted cartilage regeneration in rabbits.190 Implantation of 
the scaffolds containing biodegradable polyurethane, 

Figure 8.  An injectable nanofiber hydrogel to deliver an aging-related miRNA to rejuvenate impaired AC: (a) RAD (RADA) and 
SKP (SKPPGTSS) peptides self-assemble to form a stable nanofiber hydrogel with aging-related agomir-29b-5p distributed inside 
by adjusting the pH value to neutral, (b) molecular docking analysis of RAD or SKP peptide interacted with agomir-29b-5p, (c) the 
recruitment process pattern of SMSCs during AC repair, (d) images and cell quantification of Transwell bottom membrane stained 
with crystal violet after 24 h to monitor SMSCs recruitment in vitro, (e) Toluidine blue, Alcian blue, and immunofluorescence 
staining of COL2A1 and COL1A1 in SMSCs pellets after 14-day culture on RAD, RAD@miR, SKP, and SKP@miR, (f) qRT-PCR 
analysis of gene expression of chondrogenesis-related and osteogenesis-related genes in SMSCs pellets. Values were normalized to 
β-actin levels, and RAD group was used as the control group. Statistical analysis was performed using one-way ANOVA. *p < 0.05 
and **p < 0.01. Reproduced from Zhu et al.49
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200 ng/mL SDF-1, and 22 wt% Y27632-encapsulated 
microspheres (55 µg/mL Y27632 in microspheres) in rab-
bit AC defects, which allowed each of SDF-1 and Y27632 
to be released sequentially, supported the potential of the 
scaffolds to promote cartilage regeneration.191

Moreover, some acellular bioactive factor aggregates 
from autologous tissues have been shown to play a key 
role in promoting cartilage regeneration, and they are often 
derived from unimportant or waste tissues, regenerative 
tissues, or from stem cell secretome. For example, CEFFE 
attenuates osteoarthritis via chondrocyte regeneration and 
macrophage immunomodulation.192 In addition, PRP may 
promote AC lubrication and regeneration, and retards the 
progression of OA by stimulating cell migration, prolifera-
tion, differentiation of progenitor/MSCs, joint homeosta-
sis, and joint lubrication.193,194 The function of BMSCs 
extracted exosomes was verified in vitro and in OA model 
in vivo.195

Perspectives

AC acts as a low-friction cushion in joints and is essential 
for skeletal movements in mammals. Given its avascular 
nature and low cell density, AC has a limited regenerative 
ability, and damage caused by wear, traumas, inflamma-
tory conditions, degenerative diseases and biomechanic 
alterations often needs conservative or surgical treatment. 
AC defects, such as OA, affect millions of people world-
wide and place a considerable socioeconomic burden on 
the society. But, conservative treatment often fails and 
almost always progresses to further deterioration. What’s 
worse, some people may have anaphylactic reactions to 
some drugs because of their special corporeity. Due to the 
drug treatment is not anaphylactic and short-acting, long-
term medication will also produce greater damage to the 
digestive system. Although surgeons try to promote a natu-
ral fibrocartilaginous response by using marrow stimulat-
ing techniques, aiming to reduce swelling and pain, and 
improve the joint function of patients.25 But, the therapeu-
tic effect, especially the long-term effect, is often not ideal. 
In addition, surgical treatment effect may vary from person 
to person. for example, the injury of the donor site and 
non-union with the recipient site caused by autologous car-
tilage transplantation often occur clinically, while the risk 
of rejection, disease transmission and other complications 
may arise from allograft osteochondral transplantation.

Genes that promote chondrogenesis, chondrogenic dif-
ferentiation of stem cells, and chondrocyte proliferation 
have been widely reported to regulate AC defects repair. 
However, the premise is that it requires the effective, safe 
and durable gene delivery vectors and supportive gene-
activated matrices. Adenovirus (viral vectors) and plas-
mids (nonviral expression vectors) were the most used 
vectors in preclinical studies. However, their toxicity, 
immunogenicity and the risk of foreign gene insertion 

limit their clinical application prospects. Cell-mediated 
transfer of the respective genes may ideally combine the 
supply of a chondrogenic cell population with the produc-
tion of bioactive factors directly at the site of the lesion.42 
Controlled delivery of gene vectors using biocompatible 
materials is emerging as a novel strategy for the sustained 
and tunable release of gene therapies in a spatiotemporally 
precise manner, thereby reducing intra-articular vector 
spread and possible loss of therapeutic gene product.52 In 
addition, ncRNAs, such as miRNA,49 lncRNA,196 and cir-
cRNA,197 have been proven to promote chondrocyte dif-
ferentiation, proliferation, and retention; moreover, they 
regulate the development of OA and recruit BMSCs 
through competitive endogenous RNA networks in regula-
tory upstream, thus playing a crucial role in promoting the 
regeneration of AC (Table 3). Particularly, circRNA is 
more advanced in gene therapy due to its RNase resistance 
and higher stability than linear RNA. After the later basic 
research has proven its regulatory mechanism of circRNA, 
it can be used as a bioactive factor in the repair of AC 
injury and TET by connecting and integrating the effective 
fragment to the vector or engineered MSCs to improve its 
transfection and working efficiency. Consequently, with 
the availability of optimized gene transfer systems, cir-
cRNA gene therapy offers powerful tools to stimulate the 
chondrogenic process in MSCs via the effective, safe, and 
durable delivery of candidate sequences with chondropro-
tective and/or chondroregenerative properties.

MSCs have a reliable potential for chondrogenic differ-
entiation, which is a promising approach to treat AC injury 
(focal defects and OA) and enhance the self-repair capabili-
ties of AC. However, the need for improved designs remains 
critical because the reproduction of a native structural and 
functional unit in sites of cartilage damage is formidable 
occurring upon implantation of MSCs. Moreover, the reten-
tion time of MSCs in vivo is relatively short, and the cur-
rent exploratory research on MSCs therapy for AC defects 
still needs multiple injections to achieve better therapeutic 
effect, which also puts forward higher requirements on the 
source and quality of MSCs. In addition, exosomes derived 
from MSCs are rich in therapeutic cargos, such as miRNA, 
lncRNA, small interfering RNA, DNA, protein, and bioac-
tive lipids.224 Spontaneously, they are thought to function 
primarily as communication vehicles to transfer bioactive 
factors between cells to evoke biological responses in 
recipient cells. For MSCs exosomes, many of these bio-
logical responses translated to a therapeutic outcome in 
injured or diseased cells.55

Although AC is a successful pioneering area of regen-
erative medicine, restoring the complex architecture, bio-
mechanical properties, and biological function of the 
native tissue remains challenging and thus is a common 
problem in orthopedic practice.145,225 Especially, repairing 
osteochondral defects is a considerable challenge due to 
it involves the breakdown of AC and underlying bone. 



18	 Journal of Tissue Engineering ﻿

T
ab

le
 3

. 
Ln

cR
N

A
, c

ir
cR

N
A

, a
nd

 m
iR

N
A

 u
se

d 
fo

r 
A

C
 h

om
eo

st
as

is
.

G
en

e 
ID

Sp
ec

ie
s

Ef
fe

ct
s

R
ef

er
en

ce
s

M
er

its
D

em
er

its

C
ir

c0
00

12
36

H
um

an
En

ha
nc

es
 M

SC
s 

ch
on

dr
og

en
es

is
, m

ai
nt

ai
ns

 c
ho

nd
ro

cy
te

s 
fu

nc
tio

n
M

ao
 e

t 
al

.19
7

Se
qu

en
ce

 c
on

se
rv

at
io

n;
 

R
N

A
 e

nz
ym

e 
re

si
st

an
t, 

m
ay

 
ha

s 
a 

lo
ng

 h
al

f-
lif

e

R
eq

ui
re

s 
th

e 
ef

fe
ct

iv
e,

 s
af

e 
an

d 
du

ra
bl

e 
ge

ne
 d

el
iv

er
y 

ve
ct

or
s 

an
d 

su
pp

or
tiv

e 
ge

ne
-a

ct
iv

at
ed

 m
at

ri
ce

s

C
ir

c.
33

18
6

M
ou

se
K

no
ck

do
w

n 
of

 c
ir

cR
N

A
.3

31
86

 p
ro

m
ot

es
 p

ro
lif

er
at

io
n 

an
d 

in
hi

bi
te

d 
ap

op
to

si
s

Z
ho

u 
et

 a
l.19

8

C
ir

cS
ER

PI
N

E2
H

um
an

R
eg

ul
at

es
 a

po
pt

os
is

 a
nd

 E
C

M
 m

et
ab

ol
is

m
Sh

en
 e

t 
al

.12

C
ir

cZ
SW

IM
6

H
um

an
D

ys
re

gu
la

tio
n 

of
 E

C
M

 a
nd

 e
ne

rg
y 

ho
m

eo
st

as
is

G
on

g 
et

 a
l.19

9

C
ir

cS
LC

7A
2

H
um

an
R

eg
ul

at
es

 E
C

M
 h

om
eo

st
as

is
 a

nd
 in

fla
m

m
at

io
n,

 p
re

ve
nt

s 
ap

op
to

si
s

N
i e

t 
al

.20
0

C
ir

cA
T

R
N

L1
H

um
an

En
ha

nc
es

 B
M

SC
s 

pr
ol

ife
ra

tio
n 

an
d 

ch
on

dr
og

en
ic

 d
iff

er
en

tia
tio

n
Z

he
ng

 e
t 

al
.20

1

C
ir

cV
M

A
21

H
um

an
 a

nd
 r

at
A

lle
vi

at
es

 n
uc

le
us

 p
ul

po
su

s 
ce

ll 
ap

op
to

si
s 

an
d 

EC
M

 h
om

eo
st

as
is

C
he

ng
 e

t 
al

.20
2

C
ir

cC
D

K
14

H
um

an
R

eg
ul

at
es

 m
et

ab
ol

is
m

, i
nh

ib
ite

s 
ap

op
to

si
s,

 p
ro

m
ot

es
 p

ro
lif

er
at

io
n

Sh
en

 e
t 

al
.11

C
ir

c0
08

34
29

H
um

an
R

eg
ul

at
es

 E
C

M
 h

om
eo

st
as

is
, a

lle
vi

at
es

 O
A

Y
ao

 e
t 

al
.20

3

C
ir

cP
D

E4
B

H
um

an
 a

nd
 m

ou
se

Pr
ev

en
ts

 A
C

 d
eg

en
er

at
io

n 
an

d 
pr

om
ot

es
 it

s 
re

pa
ir

Sh
en

 e
t 

al
.13

W
u 

et
 a

l.20
4

C
ir

cR
N

A
35

03
H

um
an

A
lle

vi
at

es
 in

fla
m

m
at

io
n-

in
du

ce
d 

ap
op

to
si

s 
an

d 
EC

M
 h

om
eo

st
as

is
T

ao
 e

t 
al

.20
5

C
ir

cR
SU

1
H

um
an

R
eg

ul
at

es
 o

xi
da

tiv
e 

st
re

ss
-t

ri
gg

er
ed

 in
fla

m
m

at
io

n 
an

d 
EC

M
 m

ai
nt

en
an

ce
Y

an
g 

et
 a

l.14

M
iR

-2
3b

H
um

an
In

du
ce

s 
M

SC
s 

ch
on

dr
og

en
ic

 d
iff

er
en

tia
tio

n
H

am
 e

t 
al

.20
6

Sh
or

t 
se

qu
en

ce
 a

nd
 e

as
y 

tr
an

sf
ec

tio
n

Lo
w

 s
ta

bi
lit

y 
m

ea
ns

 d
iff

ic
ul

t 
st

or
e 

an
d 

tr
an

sp
or

t
M

iR
-9

2a
H

um
an

Pr
om

ot
es

 c
ho

nd
ro

pr
og

en
ito

rs
 p

ro
lif

er
at

io
n 

an
d 

m
at

ri
x 

sy
nt

he
si

s
N

in
g 

et
 a

l.20
7

M
iR

-1
45

M
ur

in
e

Pr
om

ot
es

 M
SC

s 
ch

on
dr

og
en

es
is

Y
an

g 
et

 a
l.20

8

M
iR

-1
40

-5
p

H
um

an
R

eg
ul

at
es

 M
SC

s 
ch

on
dr

og
en

es
is

 a
nd

 t
he

 m
et

ab
ol

is
m

M
en

g 
et

 a
l.20

9

M
iR

-2
00

a
H

um
an

In
hi

bi
ts

 c
ho

nd
ro

cy
te

s 
di

ffe
re

nt
ia

tio
n 

an
d 

pr
om

ot
es

 p
ro

lif
er

at
io

n
U

m
ed

a 
et

 a
l.21

0

M
iR

-9
H

um
an

 a
nd

 r
ab

bi
t

R
eg

ul
at

es
 c

ho
nd

ro
bl

as
ts

 s
ur

vi
va

l a
nd

 m
ai

nt
ai

ns
 c

ar
til

ag
e 

ho
m

eo
st

as
is

So
ng

 e
t 

al
.21

1

M
iR

-1
42

-3
p

M
ou

se
In

hi
bi

ts
 c

ho
nd

ro
cy

te
s 

ap
op

to
si

s 
an

d 
in

fla
m

m
at

io
n

W
an

g 
et

 a
l.21

2

M
iR

-2
04

 a
nd

 M
iR

-
21

1
M

ou
se

Sy
ne

rg
is

tic
al

ly
 m

ai
nt

ai
ns

 jo
in

t 
ho

m
eo

st
as

is
 t

o 
su

pp
re

ss
 O

A
 p

at
ho

ge
ne

si
s

H
ua

ng
 e

t 
al

.21
3

M
iR

-4
55

H
um

an
 a

nd
 m

ou
se

Pr
ot

ec
ts

 a
ga

in
st

 s
ur

ge
ry

-in
du

ce
d 

ca
rt

ila
ge

 d
eg

ra
da

tio
n

It
o 

et
 a

l.21
4

M
iR

-1
7

M
ou

se
M

ai
nt

ai
ns

 E
C

M
 h

om
eo

st
as

is
Z

ha
ng

 e
t 

al
.50

Ln
cR

N
A

 M
M

2P
M

ou
se

M
ai

nt
ai

ns
 c

ho
nd

ro
cy

te
s 

ph
en

ot
yp

e
Ba

i e
t 

al
.21

5
Lo

ng
 s

eq
ue

nc
e 

ge
ne

ra
l 

m
ea

ns
 m

or
e 

po
te

nt
ia

l 
fu

nc
tio

na
l a

re
as

Lo
w

 s
ta

bi
lit

y 
m

ea
ns

 d
iff

ic
ul

t 
st

or
e 

an
d 

tr
an

sp
or

t; 
re

qu
ir

es
 t

he
 e

ffe
ct

iv
e,

 s
af

e 
an

d 
du

ra
bl

e 
ge

ne
 d

el
iv

er
y 

ve
ct

or
s 

an
d 

su
pp

or
tiv

e 
ge

ne
-a

ct
iv

at
ed

 m
at

ri
ce

s

Ln
cR

N
A

 M
A

LA
T

-1
H

um
an

Pr
om

ot
es

 c
ho

nd
ro

cy
te

s 
pr

ol
ife

ra
tio

n 
an

d 
m

ig
ra

tio
n,

 s
up

pr
es

se
s 

ap
op

to
si

s,
 in

fla
m

m
at

io
n 

an
d 

ca
rt

ila
ge

 d
eg

ra
da

tio
n

Pa
n 

et
 a

l.21
6

Ln
cR

N
A

 
T

H
U

M
PD

3-
A

S1
H

um
an

En
ha

nc
es

 c
ho

nd
ro

cy
te

s 
pr

ol
ife

ra
tio

n 
an

d 
in

fla
m

m
at

io
n

W
an

g 
et

 a
l.21

7

Ln
cR

N
A

 C
R

N
D

E
R

at
Pr

om
ot

es
 B

M
SC

s 
ch

on
dr

og
en

ic
 d

iff
er

en
tia

tio
n

Sh
i e

t 
al

.21
8

Ln
cR

N
A

 N
EA

T
1

H
um

an
In

hi
bi

ts
 c

ho
nd

ro
cy

te
s 

pr
ol

ife
ra

tio
n,

 p
ro

m
ot

e 
ap

op
to

si
s

X
ia

o 
et

 a
l.21

9

Ln
cR

N
A

 X
IS

T
R

at
Pr

om
ot

es
 O

A
 p

ro
gr

es
si

on
Li

u 
et

 a
l.22

0

LI
N

C
00

67
1

M
ou

se
In

hi
bi

te
s 

ch
on

dr
oc

yt
es

 p
ro

lif
er

at
io

n,
 e

nh
an

ce
s 

ap
op

to
si

s 
an

d 
EC

M
 d

eg
ra

da
tio

n
C

he
n 

an
d 

X
u22

1

Ln
cR

N
A

 O
IP

5-
A

S1
H

um
an

 a
nd

 m
ou

se
Fa

ci
lit

at
es

 C
H

O
N

-0
01

 a
nd

 A
T

D
C

5 
ce

lls
 p

ro
lif

er
at

io
n 

an
d 

m
ig

ra
tio

n,
 a

m
el

io
ra

te
s 

ap
op

to
si

s 
an

d 
in

fla
m

m
at

io
n

Z
hi

 e
t 

al
.22

2

Ln
cR

N
A

 H
19

R
at

Pr
om

ot
es

 c
ho

nd
ro

cy
te

s 
m

ig
ra

tio
n,

 m
at

ri
x 

se
cr

et
io

n,
 s

up
pr

es
se

s 
ap

op
to

si
s 

an
d 

se
ne

sc
en

ce
Y

an
 e

t 
al

.9

Ln
cR

N
A

 D
N

M
3O

S
R

at
Su

pp
re

ss
es

 e
ar

ly
 M

SC
s 

ch
on

dr
og

en
ic

 d
iff

er
en

tia
tio

n 
un

de
r 

hy
po

xi
c 

co
nd

iti
on

s
Z

ho
u 

et
 a

l.22
3



Guo et al.	 19

Traditional hydrogels with a homogenized single-layer 
structure cannot fully restore the function of osteochondral 
cartilage tissue.226 In a certain degree, utilizing 3D printing 
technologies to prepare biodegradable natural composite 
scaffolds could replace chemically synthesized polymers 
with more natural polymers or low-toxicity crosslinkers by 
using the ideal bioink/hydrogels.92,140 Furthermore, nano-
technology has been proven to be a powerful engineering 
strategy in the past few decades. However, it is critical that 
the degradation rate of the scaffolds used for tissue engi-
neering AC at the injury site can match the formation rate 
of neo-tissues. For example, studies have shown that 
defects treated with slow-dissolving scaffolds (HYAFF® 
and PLLA) presented more cartilage than fast-dissolving 
scaffolds (ACP™ and PLGA) 12 weeks after surgery. 
Among them, ACP™ sponges (a hyaluronan-based auto 
cross-linked polysaccharide polymer from Fidia Advanced 
Biopolymers srl (Abano Terme, Italy)) dissolve in vitro in 
2 weeks when placed in daily changes of PBS at 37°C. But 

HYAFF®-11 sponges (another hyaluronan-based polymer 
from Fidia Advanced Biopolymers srl) dissolve in 
10 weeks. Based on GPC results (molecular weight of pol-
ymer), the half-life of PLGA foams with similar physical 
characteristics to those used in the study was ∼3 weeks in 
vitro and ∼2 weeks in vivo. Based on weight, the time 
required to lose approximately half of the dry weight was 
∼12 weeks in vitro. But the half-life of PLLA foams was 
respectively ∼20 and ∼40 weeks in vitro.227 Fortunately, 
the living tissue-engineered cartilage, which can perfectly 
fused with surrounding tissue, is a promising therapeutic 
strategy for resolving cartilage defects once and for all. In 
particular, the integrated living biological joints provide 
the possibility for the treatment of extensive osteochondral 
defects at joint sites, such as grade IV injuries.

But, as shown in Table 4, current different therapeutic 
strategy has different hurdles need to battle. For instance, 
in consideration of the limitation of AC in self-healing and 
the complexity of osteochondral tissue, osteochondral 

Table 4.  The current hurdles in AC repair.

Treatment strategy Hurdles

Palliative management 1. Short-term curative effect, long-term drug damage other organs
2. Monosymptomatic resolution, often needs a combined drugs
3. No effect on injury development and fails to regenerate new AC tissue
4. Cannot solve the larger damage

Surgical intervention 1. Robbing Peter to pay Paul
2. Short-term symptom relief and poor prognosis
3. Complications
4. Insufficient donors
5. Incomplete chondrogenesis or rapid degradation and fibrosis of the repaired tissue
6. The transplant tissue is difficult to preserve and integrate with the surrounding cartilage tissue
7. Risk of disease transmission
8. Long recovery time
9. High costs
10. Ineffective in repairing large cartilage defects

Gene regulation/ therapy 1. �Requires the effective, safe and durable gene delivery vectors and supportive gene-activated 
matrices

2. Short duration
3. Low stability resulting difficult to store and transport
4. Potential immunogenicity

Stem cell therapy 1. The stricter regulations on policy and ethics
2. A long culture time and a complex culturing procedure
3. Cell viability and differentiation capacity were greatly affected by age
4. Poor cell adhesion and retention
5. Phenotypic alteration
6. Heterogeneity
7. Allograft rejection
8. High costs
9. Potential tumorigenicity and immunogenicity

Materials scaffolds 1. Might intercept cell-cell signaling and exogenous stimulus signals
2. The degradation rate does not match the regeneration rate
3. �Difficult to fully mimic the natural microenvironment resulting poor integration with surrounding 

cartilage tissue
4. Complicated preparation process
5. Solid material leads to inconvenient surgical implantation
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defects are needed for new therapeutic strategies 
urgently.228 And, being the hallmark of OA, ECM destruc-
tion and abnormal homeostasis are gaining increasing 
attention as a therapeutic target in cartilage regeneration.229 
In preclinical settings, high-quality cartilage tissue has 
been produced using combination strategies involving 
stem/progenitor cells or chondrocytes, biomaterials, and 
bioactive factors to generate a construct for implantation at 
the lesion site.230 Successful cartilage TET seeks to repair 
or regenerate neo-tissues via intricately coordinated inter-
actions between biomaterial scaffolds, cells, biological 
factors, and physical/mechanical factors, but still faces a 
multitude of challenges.231,232 For regenerative medicine 
products, including tissue engineered cartilage, it is the 
ultimate goal to transform it into clinical application 
through certain steps to solving AC defects more perfectly 
(Figure 9). Therefore, the approval policies of regulatory 
authorities should also be fully considered. For cartilage 
TET, which is mainly regulated by a combination of medi-
cal device and drug (biological products) regulatory regu-
lations,3 different kinds of materials that will be used need 
meet the different test standard. For instance, in general, 
biomaterials should be followed ISO 13485 and ISO 
14971 to ensure the quality, its biocompatibility should be 
followed ISO 10993 to guarantee the biosafety, and for 
clinical trials, ISO 14155 is not a bed way for the clinical 
evaluation before clinical transformation and application.
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