
Engineering gene-activated bioprinted scaffolds for enhancing articular 
cartilage repair

Min Wang a,b,*, Jiachen Wang a,b, Xin Xu a,b, Erliang Li a,b, Peng Xu a,b,**

a Honghui Hospital, Xi’an Jiaotong University, Xi’an, 710000, China
b Xi’an Key Laboratory of Pathogenesis and Precision Treatment of Arthritis, Xi’an, 710000, China

A R T I C L E  I N F O

Keywords:
Gene therapy
Hydrogel
3D bioprinted scaffold
Gene-activated matrix
Articular cartilage repair

A B S T R A C T

Untreated articular cartilage injuries often result in severe chronic pain and dyskinesia. Current repair strategies 
have limitations in effectively promoting articular cartilage repair, underscoring the need for innovative ther-
apeutic approaches. A gene-activated matrix (GAM) is a promising and comprehensive therapeutic strategy that 
integrates tissue-engineered scaffold-guided gene therapy to promote long-term articular cartilage repair by 
enhancing gene retention, reducing gene loss, and regulating gene release. However, for effective articular 
cartilage repair, the GAM scaffold must mimic the complex gradient structure of natural articular cartilage. 
Three-dimensional (3D) bioprinting technology has emerged as a compelling solution, offering the ability to 
precisely create complex microstructures that mimic the natural articular cartilage. In this review, we summarize 
the recent research progress on GAM and 3D bioprinted scaffolds in articular cartilage tissue engineering (CTE), 
while also exploring future challenges and development directions. This review aims to provide new ideas and 
concepts for the development of gene-activated bioprinted scaffolds with specific properties tailored to meet the 
stringent requirements of articular cartilage repair.

1. Introduction

Articular cartilage injury, a common chronic progressive articular 
disease in orthopedic clinical practice, can cause pain, swelling, and 
joint dysfunction, significantly affecting the motor ability and quality of 
life of patients [1]. Articular cartilage injury is the primary pathological 
feature of osteoarthritis (OA) and can be caused by trauma, falls, age, 
and overuse [2,3]. Unlike other tissues, articular cartilage lacks the 
distribution of blood vessels, nerves, and lymph and features a high ratio 
of extracellular matrix (ECM) to cells, leading to poor self-repair ability 
after injury owing to insufficient cells, repair factors, and nutrients 
[4–6]. Therefore, it is imperative to develop effective treatment strate-
gies for articular cartilage injury. Unfortunately, current clinical treat-
ment strategies for cartilage repair exhibit limitations, such as trauma 
and fibrocartilage formation, resulting in unsatisfactory clinical appli-
cability [7]. Notably, the continuous development of gene therapy and 
cartilage tissue engineering (CTE) has promising prospects for the 
application of a gene-activated matrix (GAM) in articular cartilage 
repair [8–10].

Gene therapy promotes articular cartilage repair by providing a 

continuous supply of therapeutic genes. To date, several gene therapy 
approaches have progressed to clinical trials for articular cartilage repair 
[1,11]. Gene vectors are used to deliver genes to specific cells, while 
preventing their enzymatic degradation; however, there is no guarantee 
that the accumulation and sustained release of genes will occur at the 
site of cartilage injury. To address these challenges, a GAM, prepared by 
incorporating gene complexes into tissue-engineered scaffolds, can 
ensure the retention of gene complexes at the injury site for an extended 
period, reducing the diffusion and loss of therapeutic genes in vivo. 
Additionally, it enables the controlled and sustained release of gene 
complexes at the injury site, thereby realizing long-term promotion of 
articular cartilage repair (Fig. 1) [8,12,13].

In recent years, extensive research has been conducted on CTE 
scaffolds, with some scaffolds transitioning toward clinical applications 
[14]. Among the many CTE scaffolds, biomedical hydrogels have a 
high-water content and porosity, facilitating nutrient transfer and waste 
removal. Their exceptional biocompatibility, biodegradability, and 
tunable mechanical properties support cell adhesion, proliferation, 
migration, and differentiation, rendering them ideal for cartilage repair 
[15,16]. However, hydrogels face challenges in mimicking the gradient 
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structure and mechanical properties of natural cartilage. Compared to 
traditional tissue-engineering approaches, bioprinted scaffolds manu-
factured using three-dimensional (3D) printing technology have prom-
ising applications by accurately mimicking the intricate microstructure 
of natural cartilage tissue [17]. Advancements in 3D printing technology 
have led to an increase in the number of studies demonstrating the 
profound reparative effects of 3D biological scaffolds on cartilage 
damage [18,19]. For GAMs in cartilage repair, 3D bioprinted scaffolds 
play a crucial role in matrix optimization. These scaffolds can effectively 
mimic the structure of natural articular cartilage, thereby enhancing the 
efficiency of articular cartilage repair. The fundamental components of 
gene-activated bioprinted scaffolds are the therapeutic genes, gene 
vectors, and bioprinted matrices.

In this review, we provide a concise overview of the composition and 
gradient structure of the articular cartilage. Subsequently, we examine 
the promotion of cartilage repair factors and viral and non-viral gene 
vectors for cartilage damage repair, highlighting their respective ad-
vantages, disadvantages, and developmental progress. To ensure the 
effective retention and sustained release of gene complexes within the 
joint cavity, this review introduces hydrogels commonly used in gene 
activation matrices, such as hyaluronic acid (HA), gelatin, and sodium 
alginate. Moreover, we discuss the current advancements in 3D bio-
printed hydrogel scaffolds in CTE, aiming to better mimic the intricate 
natural structure of cartilage. Additionally, we address the research 
progress in gene-activated bioprinted scaffolds. Finally, we examine the 
challenges and prospects of transitioning scientific research into clinical 
practice for cartilage repair, based on which the future challenges of 

gene-activated bioprinted scaffolds for cartilage repair are proposed, 
and the development direction of cartilage repair is anticipated.

2. Structure and composition of articular cartilage

The cartilage is composed of the perichondrium and cartilage tissue. 
The perichondrium surrounds the surface of the cartilage tissue, pro-
vides nutrition and vascular supply to the underlying cartilage tissue, 
and maintains the normal metabolism and activity of chondrocytes [20]. 
Cartilage tissue, a special type of soft tissue, is composed of chon-
drocytes and the cartilage ECM. Chondrocytes are special cell types that 
exists only in cartilage and are derived from mesenchymal stem cells 
(MSCs). Chondrocytes mainly secrete the cartilage ECM, the 
morphology of which changes with cartilage depth [21]. Based on the 
different fibrous components of the cartilage ECM, the cartilage tissue is 
categorized into hyaline cartilage, fibrocartilage, and elastic cartilage 
[22]. Hyaline cartilage, which is predominantly composed of type II 
collagen (COL II), is the most widespread type of cartilage in the body 
and is found mainly in the articular cartilage, costal cartilage, and nasal 
septum cartilage [23]. Fibrocartilage, which mainly consists of type I 
collagen (COL I), is primarily distributed in the intervertebral disc, 
temporomandibular joint, and meniscus [24]. Elastic cartilage, which is 
primarily composed of elastic fibers, is predominantly found in the ear 
and epiglottis [25]. Notably, articular cartilage and fibrocartilage lack 
the perichondrium covering the cartilage tissue [20].

Articular cartilage, which is situated on the bone surface within 
joints, plays a crucial role in maintaining lubrication, wear resistance, 

Fig. 1. Schematic illustration showing the preparation of GAMs for enhancing articular cartilage repair [8].
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low friction, and facilitating smooth joint movement. The gradient 
structure of the natural articular cartilage tissue and its main individual 
components are shown in Fig. 2. The ECM of articular cartilage pri-
marily consists of type I, II, IV, V, VI, IX, and XI collagen, aggrecan, and 
approximately 75 % water [22,26]. COL II, the predominant collagen 
type in hyaline cartilage, is vital for maintaining the normal physical and 
mechanical properties of articular cartilage. Its network structure pro-
vides tensile strength and prevents swelling of the interwoven aggrecan. 
Aggrecan exhibits a molecular structure resembling a “bottle brush,” 
and aggrecan subunits, primarily formed by covalently linking glycos-
aminoglycans (GAGs) to core proteins, are attached to the main chain of 
HA through non-covalent bonds, enabling them to withstand compres-
sion. GAGs predominantly include chondroitin sulfate (CS), keratan 
sulfate, and dermatan sulfate, which impart a negative charge on the 
cartilage surface [21,22]. Collagen fibers and aggrecan are organized in 
a mesh-like pattern, ensuring nutrient exchange within the articular 
cartilage by allowing fluid flow through pressure changes induced by 
joint movement. The effective pore size of healthy cartilage is approxi-
mately 6 nm, whereas the mesh sizes of the collagen fiber and GAG 
networks are 50–100 nm and approximately 5 nm, respectively [27].

Normal human articular cartilage typically ranges from 2 to 4 mm in 
thickness and has a complex layered structure [27]. According to the 
arrangement of collagen fibers and the distribution of chondrocytes, 
articular cartilage is generally divided into four layers from the surface 
to the interior: the superficial (tangential) layer (10–20 %), middle 
(transitional) layer (40–60 %), deep (radial) layer (30–40 %), and 
calcified layer [21,22]. In the superficial layer, chondrocytes are char-
acterized by flattened shapes and a single distribution, whereas collagen 
fibers exhibit an arched arrangement in parallel. Transitioning to the 
middle layer, the chondrocytes display a rounded and disorganized 
arrangement, with collagen fibers thickening and assuming an oblique 
distribution. Within the deep layer, the chondrocytes are larger, 
round/oval, and arranged in columns, with the thickest collagen fibers 
aligned perpendicular to the articular surface. The calcified layer sig-
nifies the zone in which the cartilage ECM undergoes calcification, 
linking it to the subchondral bone through internal COL II fibers [21,22,
28]. The subchondral bone plays a critical role in providing stability and 
mechanical support to the joint, with its internal blood vessels delivering 
essential nutrients and oxygen to the chondrocytes. ECM homeostasis is 
primarily regulated by osteoblasts and osteoclasts, and its deterioration 
is a key pathological hallmark of OA [21,29].

Regrettably, the absence of blood vessels, nerves, and lymph tissue in 
articular cartilage, coupled with a high ratio of ECM to chondrocytes, 
leads to a scarcity of cells, repair factors, and nutrients necessary for 

effective post-injury repair. Additionally, articular cartilage injury ini-
tiates post-traumatic inflammation, chondrocyte death, and ECM 
degradation, resulting in a vicious cycle between inflammation and 
articular cartilage injury [30]. Therefore, it is paramount yet chal-
lenging to develop effective repair strategies for articular cartilage 
injury to enhance the quality of life of patients and alleviate the societal 
burden.

3. Gene-activated matrix for cartilage repair

3.1. Growth factors for cartilage repair

In CTE, MSCs have been extensively studied for their anti- 
inflammatory, immunoregulatory, and regenerative properties. How-
ever, there is uncontrollable proliferation and differentiation of MSCs 
after delivery to the body through the carrier. Therefore, measures must 
be taken to guide the directional differentiation of MSCs [31]. At pre-
sent, researchers commonly utilize the method of adding growth factors 
to the carrier to induce the chondrogenic differentiation of MSCs, 
highlighting the crucial role growth factors play in the cartilage repair 
process. By strategically adding specific growth factors at appropriate 
concentrations, MSCs can be effectively guided toward chondrogenic 
differentiation, thereby enhancing the therapeutic efficacy of CTE. The 
key growth factors involved in CTE include fibroblast growth factor 2 
(FGF-2), insulin-like growth factor 1 (IGF-1), transforming growth factor 
β (TGF-β), and bone morphogenetic protein (BMP). The main signaling 
pathways of these growth factors in articular cartilage are shown in 
Fig. 3. Moreover, SRY-box transcription factor 9 (SOX-9), a pivotal 
transcription factor, plays an important role in CTE [32]. These factors 
stimulate cell proliferation and differentiation, and contribute to 
maintaining the stability, integrity, and developmental status of the 
cartilage tissue [33,34].

FGF-2, an endogenous growth factor, binds to heparan sulfate pro-
teoglycan in the ECM of articular cartilage. FGF-2 regulates cell prolif-
eration, differentiation, and apoptosis by specifically binding to tyrosine 
kinase receptors and activating the FGF/FGFR signaling pathway, thus 
playing an important role in cartilage metabolism [35,36]. Notably, 
FGF-2 exerts two opposite effects on cartilage repair by binding to 
specific receptors. When combined with FGFR1, FGF-2 expedites carti-
lage degradation through the Raf-MEK1/2-ERK1/2 cascade reaction. 
This cascade reaction is triggered by two key signaling mediators, Ras 
and PKCδ, leading to the activation of two critical transcription factors, 
ELK1 and RUNX2, which in turn upregulate the expression of MMP-13, 
ADAMTS4, ADAMTS5, COL10A1, and vascular endothelial growth 

Fig. 2. Schematic illustration showing the gradient structure of natural articular cartilage tissue and its main individual components [22,28].
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factor (VEGF). Moreover, the activated PKCδ can also stimulate the p38 
and JNK signal pathways, hastening cartilage degradation while inhib-
iting anabolic activity [36,37]. In contrast, FGF-2 may promote cartilage 
repair when combined with FGFR3. However, the effectiveness of this 
regulation remains controversial because different outcomes have been 
observed in murine and human chondrocytes [38]. Notably, FGF-2 plays 
a role in regulating subchondral bone to promote cartilage repair [39]. 
In addition, FGF-2 can promote cartilage repair by regulating various 
factors such as SOX-9, TGF-β2, VEGF, BMP-2, and BMP-4 [40,41]. In 
contrast to the contentious role of FGF-2 in cartilage repair, when 
combined with FGFR, FGF-18 has been demonstrated to stimulate 
cartilage anabolism by promoting ECM formation and chondrocyte 
differentiation [42]. Through PI3K-AKT signaling, FGF-18 enhances the 
proliferation and migration of chondrocytes, decreases the generation of 
reactive oxygen species (ROS), attenuates cell apoptosis, and restores 
mitochondrial function [43].

IGF-1 is a polypeptide with a molecular structure similar to that of 
insulin. IGF-1 can promote chondrocyte proliferation and cartilage ECM 
deposition while inhibiting chondrocyte apoptosis and plays a crucial 
role in regulating cartilage tissue by promoting anabolism and inhibiting 
catabolism. Additionally, IGF-1 can upregulate hypoxia-inducible factor 
1 alpha (HIF-1α) to protect cartilage tissue and enhance aggrecan and 
COL II levels, thereby promoting cartilage repair. The signal pathways of 
IGF-1 upregulating HIF-1α protein levels involve PI3K/Akt/mTOR and 
Ras/Raf/MEK/ERK [44–46]. Notably, proteoglycan synthesis by 
IGF-I-stimulated chondrocytes requires activation of the PI3K pathway 
rather than ERK/MAPK [47]. Furthermore, IGF-1 inhibits chondrocyte 
apoptosis via the PI3K pathway [48]. It is important to note that high 
doses of IGF-1 favor cartilage formation, whereas low doses of IGF-1 are 
conducive to subchondral bone reconstruction [49]. In rabbit and 

equine cartilage defect models, the transplantation of chondrocytes 
overexpressing IGF-1 has been shown to effectively promote cartilage 
formation in vivo [50,51].

TGF-β plays a crucial role in regulating the proliferation and differ-
entiation of chondrocytes, promoting the deposition of cartilage ECM 
such as aggrecan and COL II, and maintaining cartilage homeostasis 
[52–54]. The interaction between TGF-β and Smad3 molecules enhances 
the SOX-9-dependent transcription on chromatin, thereby inducing 
chondrogenesis [55]. TGF-β can induce Smad2/3 signaling to activate 
an anabolic response when interacting with ALK5 [56]. Moreover, the 
interaction between TGF-β and Smad2/3 molecules can be mediated by 
the MEK/ERK and p38 MAPK signaling pathways to regulate the 
chondrogenesis of MSCs. Inhibition of the MEK/ERK pathway increases 
TGF-β-induced Smad2/3 gene transcription levels, upregulating the 
expression of chondrocyte-specific genes, whereas inhibition of the p38 
MAPK pathway decreases TGF-β-induced Smad2/3 gene transcription 
levels, downregulating the expression of chondrocyte-specific genes 
[57]. However, TGF-β can induce Smad1/5/8 signaling to activate a 
catabolic response when interacting with ALK1. Excessive TGF-β acti-
vation can cause synovial fibrosis and osteophyte formation, impacting 
its further application to cartilage repair [56]. Co-transfection with 
Smad7 not only promotes cartilage repair but also blocks the synovial 
fibrosis induced by TGF-β [58]. TGF-β stimulation can affect the 
expression of p38 in MSCs, and the Wnt/β-catenin inhibitor XAV939 can 
significantly inhibit the level of Smad1/5, which together lead to a 
reduction in RUNX2 expression, effectively inducing hyaline cartilage 
formation and inhibiting chondrocyte hypertrophy to prevent endo-
chondral ossification [59].

BMP is a member of the TGF-β superfamily known for its osteoin-
ductive and chondrogenic abilities [60]. Unlike TGF-β signal 

Fig. 3. Schematic illustration showing the main growth factors signaling pathways in articular cartilage [37,42,44,45,56,64].
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transduction mediated by Smad2/3, BMP signal transduction occurs 
mainly through Smad1/5/8. Moreover, BMP-induced chondrogenesis is 
associated with the p38 MAP kinase pathway [54]. Among the BMPs 
studied in CTE, BMP-2, BMP-4, BMP-6, and BMP-7 are the most prom-
inent. These BMPs can effectively prevent cartilage damage resulting 
from inflammation or trauma and facilitate cartilage regeneration by 
binding to specific receptors to activate distinct intracellular signaling 
pathways [61]. However, the application of BMP-2 in cartilage repair 
remains debatable. BMP-2 not only stimulates chondrocyte proliferation 
and chondrogenic differentiation of MSCs but also triggers hypertrophic 
differentiation and endochondral ossification of MSCs, thereby dis-
rupting the chondrogenic phenotype. Silencing Smad7 enhances 
BMP-2-induced chondrogenic differentiation and impedes endochon-
dral ossification [62]. BMP-2, which is mediated by Smad1/5, enhances 
the expression of RUNX-2, subsequently upregulating the transcription 
of the type X collagen (COL X) gene and modulating chondrocyte hy-
pertrophy. Conversely, BMP-4 suppresses COL X expression, thereby 
preventing chondrocyte hypertrophy [54]. BMP-4 promotes chon-
drocyte proliferation, ECM deposition, and cartilage maturation in vivo, 
while also inducing redifferentiation of dedifferentiated chondrocytes 
[63,64]. BMP-6 functions as an autocrine factor that promotes chon-
drocyte differentiation and maturation. The inhibition of its expression 
via a parathyroid hormone-related peptide (PTHrP) can prevent matu-
ration [65]. BMP-6 is capable of inducing chondrogenic differentiation 
of human adipose-derived stem cells (ADSC) by upregulating the 
expression of chondrogenic genes and downregulating the expression of 
chondrocyte hypertrophy and endochondral ossification genes [66]. 
Additionally, BMP-7 exhibits pro-anabolic and anti-catabolic effects on 
cartilage tissue repair [67]. It can suppress inflammation in arthritis, 
inhibit cartilage degeneration, and delay degeneration associated with 
intense excessive running [68,69]. Notably, unlike BMP-2, which trig-
gers hypertrophic differentiation during the chondrogenic differentia-
tion of progenitor cells, BMP-7 suppresses hypertrophic differentiation 
[70].

SOX-9 plays a pivotal role in regulating chondrogenic differentiation 
and maintaining cartilage morphology and function (Fig. 4) [71]. SOX-9 
promotes the expression of cartilage-related genes, such as collagen type 
II alpha 1 (COL2A1), cartilage oligomeric matrix protein (COMP), and 
aggrecan (ACAN), and facilitates the synthesis of the cartilage ECM, 
which is crucial for the maintenance of cartilage integrity and function 
[72,73]. Furthermore, SOX-9 is critical for chondrocyte hypertrophy, 
which can maintain the lineage fate of chondrocytes to allow 

hypertrophic maturation and block osteoblastic differentiation by 
reducing β-catenin and RUNX2 activity [74]. SOX-9 can inhibit 
Wnt/β-catenin signals by competing with β-catenin binding to LEF/TCF 
proteins [75]. SOX-5, SOX-6, and SOX-9 are collectively referred to as 
the SOX trio. SOX-5 and SOX-6 can synergistically enhance the stability 
and efficiency of SOX-9 binding to its target regions [76]. Activation of 
the SOX trio promotes chondrogenesis and inhibits endochondral ossi-
fication of MSCs [77]. Notably, the SOX trio can upregulate PTHrP 
expression to negatively regulate chondrocytes maturation and calcifi-
cation [78]. Moreover, TGF-β, BMP-2, and related miRNA play signifi-
cant roles in regulating the transcription and expression of SOX-9 [55,
71,73]. Additionally, mechanical stimulation and zinc-finger protein 
145 enhance the regulatory function of SOX-9 in the chondrogenic dif-
ferentiation of MSCs [79,80].

Other factors also play vital roles in cartilage repair. Indian Hedge-
hog (IHH) has the potential to induce cartilage repair, but high levels of 
IHH can lead to hypertrophic differentiation of chondrocytes. Notably, 
the negative feedback effect between IHH and PTHrP can inhibit the 
hypertrophic differentiation of chondrocytes [81,82]. Enhanced Sonic 
Hedgehog (SHH) activity can boost the chondrogenic differentiation of 
MSCs [83]. SHH promotes the redifferentiation of dedifferentiated 
chondrocytes by stimulating the expression of SOX-9, BMP-2, and IGF-1, 
thereby improving cartilage repair [84]. Soluble FLT-1, acting as a VEGF 
antagonist, blocks VEGF signal transduction, preventing blood vessel 
and bone invasion, promoting the chondrogenic potential of mouse 
skeletal muscle-derived stem cells, and improving articular cartilage 
repair persistence [85]. Connective tissue growth factors can be used to 
encourage articular cartilage regeneration and inhibit the mineraliza-
tion of articular chondrocytes [86]. Increased expression of HIF-2α in 
the chondrocytes of OA can induce chondrocyte apoptosis and cartilage 
ECM degradation. Therefore, alleviating the progression of OA can be 
achieved by silencing the expression of the HIF-2α gene [87].

3.2. Gene vectors for cartilage repair

Extensive research has been conducted on growth factors in CTE. 
Nevertheless, in vivo, growth factors are swiftly eliminated, lack effec-
tive targeting of specific cells, and exhibit short half-lives, resulting in 
limited therapeutic efficacy [88,89]. To address this challenge, gene 
therapy has emerged as a potential solution for modulating cell 
behavior. By introducing specific genes into cells, sustained and 
controlled expression of growth factors can be achieved, preventing the 

Fig. 4. Schematic illustration showing the sequential actions of SOX-9 on chondrogenesis of MSCs [71].

M. Wang et al.                                                                                                                                                                                                                                  Materials Today Bio 29 (2024) 101351 

5 



rapid degradation and uncontrolled release of growth factors [90,91]. 
Gene therapy has the potential to enhance cartilage repair by continu-
ously producing therapeutic gene products, thus promoting cartilage 
repair. This approach presents a novel strategy for CTE that offers pre-
cise regulation of cell behavior to foster cartilage regeneration and 
repair [31,92]. However, gene therapy has several challenges, primarily 
involving the enzymatic degradation of gene nucleases, cellular uptake, 
and endosomal escape [93]. Moreover, articular cartilage is avascular 
and characterized by a dense negatively charged ECM, the low perme-
ability of which presents a barrier to efficient gene transfer [94,95]. 

Therefore, it is essential to develop efficient, non-toxic, and targeted 
gene vectors to facilitate cartilage repair effectively. An ideal gene 
vector should possess qualities such as safety, efficacy, targeting speci-
ficity, high loading capacity, stability, and ease of large-scale production 
[96,97].

Currently, the commonly utilized gene vectors consist of both viral 
and non-viral vectors (Table 1). Viral gene carriers, such as lentiviruses, 
adenoviruses (AVs), and adeno-associated viruses (AAVs), demonstrate 
remarkable gene delivery and transfection efficiency. However, their 
potent immunogenicity and carcinogenic potential hinder clinical 

Table 1 
The commonly utilized gene vectors for CTE.

Vectors 
Type

Vectors Name Genes Transfected Cells Biofunctions Ref.

Viral vector Lentivirus shRNA targeting aggrecanase-1 and 
-2 transcripts

Chondrocytes Inhibiting chondrocyte aggrecanases; 
Promoting cartilage formation;

[99]

Lentivirus siRNA targeting ADAMTS-5 chondrocytes Downregulating ADAMTS-5 protein; 
Preventing the degradation of articular cartilage in 
rats with OA;

[100]

Lentivirus BMP-2 BMSCs promoting cartilage and bone repair; [101]
Adenoviral BMP-2 cDNA or IGF-1 cDNA Mesenchymal cells Stimulating the regeneration of hyaline articular 

cartilage;
[102]

rAAV FGF-2, IGF-1, or SOX-9 MSCs and 
chondrocytes

Promoting cartilage repair; [104–106]

Carbon dots-guided rAAV SOX-9 or TGF-β MSCs Promoting cell proliferation and cartilage ECM 
deposition; 
Inhibits COL I and COL X accumulation;

[107]

Non-viral 
vectors

Lipofectamine 2000 TGF-β1 BMSCs Promoting cartilage ECM deposition; 
Reducing the levels and activity of MMP1 and 
MMP3 protein;

[110]

Peptide-modified ionizable lipid 
NPs

IGF mRNA Chondrocytes Exhibiting superior penetrability and retention; 
Inhibiting chondrocyte apoptosis and cartilage 
ECM degradation; 
Maintaining interfacial cellularity;

[48]

Cationic niosomes SOX-9 pDNA MSCs Promoting chondrogenic differentiation; 
Reducing hypertrophic differentiation;

[72]

Non-liposomal lipid IGF-I cDNA Chondrocytes Upregulating IGF-1 gene expression; 
Promoting articular cartilage repair;

[111]

Cationic carbon dots SOX-9 pDNA MEFs Promoting chondrogenic differentiation; [113]
Modified QDs RUNX2 siRNA MSCs Suppressing hypertrophic differentiation [114]
Peptidic NPs NF-κB siRNA Chondrocytes Reducing early chondrocyte apoptosis and reactive 

synovitis; 
Maintaining cartilage homeostasis;

[115]

CuS@PC NPs TGF-β1 pDNA MSCs Facilitating cartilage repair; [116]
HA-shielded PEI SOX-9 pDNA MSCs Mitigating the cytotoxicity of PEI; 

Enhancing the uptake of gene complexes and 
chondrogenesis of MSCs;

[118]

HA-PEI RUNX2 pDNA and SOX trio pDNA / Promoting osteochondral tissue regeneration; [119]
HA-ss-PEI endostatin pDNA MSCs Enhancing the secretion of anti-angiogenic protein; [120]
CAP-PEI HIF-2α siRNA Chondrocytes Preventing synovial inflammation and cartilage 

degradation; 
Maintaining cartilage integrity;

[121,122]

PEI-modified PLGA NPs SOX-9 pDNA and Cbfa-1 siRNA MSCs Promoting the chondrogenesis; [123,124]
PEI-modified polysaccharide SOX-9 pDNA MEFs Promoting the reprogramming of MEFs into 

chondrocytes
[126]

PEI-coupled with 
dexamethasone

SOX trio pDNA MSCs Upregulating chondrogenic factors; 
Downregulating osteogenic factors;

[127]

G5-AHP miR-140 Chondrocytes Promoting COL II expression; Inhibiting ADAMTS- 
5 and MMP-13 expression; 
Maintaining cartilage ECM homeostasis;

[132]

G5-AHP miR-224-5p Chondrocytes Suppressing cartilage degradation and synovial 
inflammation; 
Restoring homeostasis and synergistically 
alleviating OA;

[133]

Phosphorus dendrimers HIF-2α siRNA ATDC5 cells Reducing the level of MMP-13 protein by 
downregulating HIF-2α

[134]

pSP-modified CTS miR-140, IL-1Ra pDNA, and IGF-1 
pDNA

Chondrocytes Enhancing chondrocyte proliferation and ECM 
deposition; 
Inhibiting inflammatory responses, chondrocyte 
apoptosis, and nitric oxide synthesis

[136–138]

CS-modified CTS MMP-13 siRNA chondrocytes Downregulating the expression of MMP-13 [139]
Transferrin-modified PLL and 
cationic liposomes

pDNA carrying the marker β-gal, 
PTHrP and TGF-β1 genes

primary 
chondrocytes

Facilitating the repair of articular cartilage defects [145]

PEO-modified PLL TGF-β1 pDNA MSCs Upregulating expression of chondrogenesis-related 
genes

[146]
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application [98]. Lentivirus-mediated shRNA significantly reduces 
aggrecanase transcripts levels in chondrocytes. This reduction leads to 
increased chondrocyte proliferation and enhanced deposition of GAGs 
and total collagen, ultimately promoting cartilage formation [99]. 
Moreover, lentivirus-mediated siRNA inhibits a disintegrin and metal-
loproteinase with thrombospondin motifs-5 (ADAMTS-5), effectively 
preventing articular cartilage degradation in rats with OA [100]. 
Furthermore, the combined delivery of lentivirus-mediated BMP-2 into 
bone MSCs (BMSCs) and platelet-rich plasma (PRP) has proven to be an 
effective strategy for promoting cartilage and bone repair in cartilage 
defects [101]. The delivery of BMP-2 cDNA or IGF-1 cDNA using an AV 
vector can stimulate the regeneration of hyaline articular cartilage by 
enhancing the deposition of cartilage ECM components, such as COL II 
and aggrecan, and inhibiting the production of COL I. Notably, 
compared with IGF-1 cDNA, BMP-2 cDNA-transfected cells are accom-
panied by the formation of osteophytes [102]. Recombinant AAV 
(rAAV) vector-mediated gene therapy targeting FGF-2, IGF-1, or SOX-9, 
has been proven effective in promoting cartilage repair [103–106]. 
Engineered carbon dot-guided rAAV vectors have demonstrated signif-
icant enhancements in delivering SOX-9 or TGF-β, thereby stimulating 
cell proliferation and promoting the deposition of cartilage ECM. 
Simultaneously, this strategy effectively inhibits the accumulation of 
COL I and COL X in the cartilage ECM [107].

In contrast, non-viral gene vectors such as lipofectamine, nano-
particles (NPs), and cationic polymers provide advantages such as lower 
immunogenicity, minimal toxicity, and ease of production [108,109]. 
Lipofectamine 2000 has shown efficacy in delivering TGF-β1 into MSCs, 
thereby promoting the deposition of cartilage ECM and reducing the 
levels and activities of MMP1 and MMP3 proteins. MSCs modified with 
TGF-β1 loaded onto a polysaccharide-based scaffold can effectively 
facilitate the repair of hyaline cartilage in the rabbit knee joint [110]. A 
cartilage-targeted gene delivery complex (IGF mRNA-cLNP) was pre-
pared by combining messenger RNA (mRNA) encoding IGF-1 with lipid 
NPs modified with a peptide capable of binding to aggrecan in the 
cartilage. The IGF mRNA-cLNP demonstrated superior penetrability and 
retention in the cartilage, effectively inhibiting chondrocyte apoptosis. 
In vivo, the IGF mRNA-cLNP maintained their interfacial cellularity and 
inhibited ECM degradation [48]. Compared with lipofectamine, nio-
somes are known for their enhanced stability and lower toxicity. 
Cationic niosomes were developed using a combination of polysorbate 
80 and poloxamer 407, which acted as non-ionic surfactants. Niosomes 
efficiently deliver the SOX-9 plasmid (pDNA), thereby promoting 
effective chondrogenic differentiation and reducing the hypertrophic 
differentiation of MSCs [72]. Furthermore, utilizing a non-liposomal 
lipid formulation for the delivery of IGF-I cDNA leads to the upregula-
tion of IGF-1 gene expression in chondrocytes, effectively promoting the 
repair of articular cartilage and inhibiting OA [111].

Inorganic NPs play a crucial role in gene delivery for CTE [112]. 
Research has revealed that utilization of arginine and glucose through 
microwave-assisted pyrolysis produces cationic carbon dots with low 
cytotoxicity, high photoluminescence, and improved transfection effi-
ciency of SOX-9 pDNA, which can effectively induce chondrogenesis in 
mouse embryonic fibroblasts (MEFs) [113]. Quantum-dot (QD) NPs 
vectors are also used for gene delivery in CTE. The modification of 
β-cyclodextrin and RGD peptides on QD nanocarriers enables the effi-
cient co-delivery of kartogenin (KGN) and RUNX2 siRNA, which can 
promote chondrogenic differentiation and suppress hypertrophic dif-
ferentiation of hMSCs. Moreover, QD nanocarriers exhibit excellent 
photostability and allow prolonged tracking in vivo [114]. Peptidic NPs 
efficiently deliver NF-κB siRNA to reduce early chondrocyte apoptosis 
and reactive synovitis, while boosting AMPK signaling and suppressing 
mTORC1 and Wnt/β-catenin activities to maintain cartilage homeosta-
sis. The NPs can deeply penetrate the cartilage and remain localized for 
extended durations, overcoming challenges in gene delivery to chon-
drocytes [115]. Compared to lipofectamine 3000, biomimetic copper 
sulfide@phosphatidylcholine (CuS@PC) NPs (CTPs) exhibit higher 

transfection efficiency for TGF-β1 pDNA in MSCs. The CTP-engineered 
MSCs enhance cell migration, promote chondrogenesis, and inhibit 
ECM degradation in the cartilage. In OA mice, the intraarticular injec-
tion of CTP-engineered MSCs significantly facilitates cartilage repair 
[116].

Cationic polymers primarily interact with genes via electrostatic 
interactions and offer excellent safety, ease of modification, and stable 
physical and chemical properties. Moreover, these polymers can effec-
tively overcome the negative electrostatic barrier of the cartilage ECM 
and reversibly bind to enhance gene availability. Therefore, cationic 
polymers are considered promising gene vectors for cartilage repair [12,
93,96].

Polyethyleneimine (PEI) is a commonly used non-viral gene vector 
known for its high transfection efficiency and ease of modification. 
However, significant cytotoxicity restricts its further development for 
clinical applications [117]. Hence, the combination of PEI and other 
polymers enhances the gene transfection efficiency and mitigates cyto-
toxicity. Utilizing HA to shield the PEI/SOX-9 pDNA gene complex has 
been proven effective for mitigating cytotoxicity linked to PEI. More-
over, the specific interaction between HA and CD44 receptors on the 
surface of MSCs not only enhances the uptake of gene complexes by 
cells, but also facilitates the chondrogenesis of MSCs [118]. The HA-PEI 
vector can effectively deliver RUNX2 pDNA and SOX trio pDNA, and 
then be embedded in the hydrogel scaffold in layers, effectively pro-
moting osteochondral tissue regeneration [119]. Additionally, a 
stimuli-responsive HA-ss-PEI vector was developed by integrating di-
sulfide bonds into HA-PEI, which exhibited redox- and pH-responsive 
properties for endostatin pDNA release to enhance the secretion of 
anti-angiogenic proteins without affecting the chondrogenic differenti-
ation of MSCs [120]. Moreover, by modifying PEI with a 
chondrocyte-affinity peptide (CAP), the CAP-PEI vector can acquire 
cartilage-specific targeting capabilities, thereby enhancing transfection 
efficiency [121]. Subsequently, the CAP-PEI vector delivers HIF-2α 
siRNA to the joint, markedly enhancing the local concentration and 
prolonging the residence time of siRNA in cartilage. This vector can 
specifically target the delivery of HIF-2α siRNA into chondrocytes, 
efficiently preventing synovial inflammation and cartilage degradation 
in OA mice by inhibiting the expression of inflammatory factors and 
catabolic proteins, thereby maintaining cartilage integrity [122]. 
Additionally, the application of PEI-modified poly(lactide-co-glycolic 
acid) (PLGA) NPs can significantly improve the cellular uptake of SOX-9 
pDNA, effectively promoting MSC chondrogenesis [123]. PEI-modified 
PLGA NPs facilitate the co-delivery of SOX-9 pDNA and Cbfa-1 siRNA 
to allow MSC chondrogenesis by upregulating the expression of 
cartilage-related genes [124]. Similarly, PEI-modified PLGA NPs can 
induce chondrogenesis in MSCs by co-delivering SOX-9 protein and 
Cbga-1 siRNA [125]. Compared to pure PEI, the vector prepared using 
the PEI-modified polysaccharide exhibits a higher SOX-9 pDNA trans-
fection efficiency and lower cytotoxicity, which can effectively promote 
the reprogramming of MEFs into chondrocytes [126]. Additionally, the 
vector formed by coupling PEI and dexamethasone demonstrates supe-
rior transfection efficiency of SOX trio pDNA, facilitating the chondro-
genic differentiation of MSCs by upregulating chondrogenic factors and 
downregulating osteogenic factors [127].

Polyamidoamine (PAMAM) dendrimers are hyperbranched polymers 
with unique 3D structures and nanoscale sizes. The numerous cationic 
groups present on the surface enable efficient gene binding, making 
them a widely studied gene vector [128,129]. Polyethylene glycol 
(PEG)-modified PAMAM possesses adjustable surface charge charac-
teristics and improved penetration of cartilage tissue, which can 
significantly prolong the residence time of IGF-1 in the joints, suppress 
cartilage degradation, and enhance the therapeutic effect for OA [130]. 
Further introduction of CAP can endow PEG-PAMAM with enhanced 
cellular uptake and cartilage-targeting ability, rendering it an ideal 
vector for targeting articular cartilage [131]. Furthermore, the amino 
acid-functionalized generation 5 PAMAM dendrimer (G5-AHP) exhibits 
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enhanced stability, cellular uptake, and transfection efficiency, while 
sustaining the long-term biological activity of the gene. The G5-AHP 
vector can efficiently carry miR-140 to promote the expression of COL 
II and inhibit the expression of ADAMTS-5 and MMP-13, thereby 
maintaining ECM homeostasis. Loading into the hydrogel microsphere 
can prevent the degradation of articular cartilage and alleviate the 
progression of OA [132]. Compared with lipofectamine 3000, the 
G5-AHP vector loaded with miR-224-5p exhibits enhanced cellular up-
take and transfection efficiency, along with the protection of 
miR-224-5p from RNase degradation. In an OA mouse model, the 
PAMAM/miR-224-5p complex effectively suppresses cartilage degra-
dation and synovial inflammation, thereby restoring homeostasis and 
synergistically alleviating OA [133]. Compared with PAMAM, phos-
phorus dendrimers are heteroatom dendritic polymers with a more 
robust spatial structure and enhanced transfection efficiency. The 
phosphorus dendrimer prepared using hexa-
chlorocyclotriphosphonitrile as the core demonstrates proficiency in 
effectively loading HIF-2α siRNA. This vector also shows responsiveness 
to the inflammatory microenvironment, facilitating deep penetration 
and efficient enrichment of HIF-2α siRNA within the cartilage ECM. 
Simultaneously, it reduces the level of MMP-13 protein by down-
regulating HIF-2α. Additionally, encapsulation within methacrylated 
HA (HA-MA) hydrogel microspheres effectively delays the progression 
of OA by inhibiting cartilage ECM degradation and subchondral bone 
changes [134].

Chitosan (CTS) is a biocompatible and biodegradable polysaccharide 
that has been widely studied as a non-viral gene vector. Studies have 
shown that high-molecular weight (MW) CTS can form stable NPs, 
whereas low-MW CTS enhances transfection efficiency. Furthermore, 
low-MW oligomeric CTS with high deacetylation was found to increase 
gene transfection efficiency without affecting cell viability [108]. 
However, the transfection efficiency of CTS is relatively low under 
physiological conditions. To address this challenge, researchers have 
explored chemical structure modifications to enhance the gene trans-
fection efficiency of CTS. For instance, the conjugation of phosphor-
ylatable short peptides (pSP) has been found to improve the pDNA 
transfection efficiency of CTS [135]. The pSP-modified CTS vector fa-
cilitates the co-transfection of specific genes including IL-1Ra/miR140, 
IL-1Ra/IGF-1, and IGF-1/miR140, resulting in enhanced chondrocyte 
proliferation, ECM deposition, and inhibition of inflammatory re-
sponses, chondrocyte apoptosis, and nitric oxide synthesis, ultimately 
promoting the repair of full-thickness cartilage defects in rabbits 
[136–138]. Additionally, CS-modified CTS can effectively downregulate 
MMP-13 expression in chondrocytes by loading and delivering MMP-13 
siRNA, which can be used as a gene vector to target articular cartilage 
tissue [139].

Poly-L-lysine (PLL) is a cationic peptide that induces early chon-
drogenic gene expression, thereby promoting the chondrogenic differ-
entiation of MSCs. Additionally, PLL may regulate chondrogenic 
differentiation by altering the biosynthesis and distribution of GAGs, the 
cross-linking of aggrecans with cells, and cell morphologys [140,141]. 
Compared with PLL, star-shaped PLL and triblock PLL-based polymers 
with intermediate hydrophobic chains exhibit higher pDNA transfection 
efficiency [142,143]. ε-PLL (EPL) is a safe vector that can interact with 
the cartilage ECM through electrostatic interactions, enhancing the 
permeation and retention of genes and drugs within the cartilage, 
making it suitable for treating OA [144]. The combination of a 
transferrin-modified PLL vector and cationic liposomes demonstrates 
great efficiency in delivering pDNA carrying the marker β-galactosidase 
(β-gal), PTHrP, and TGF-β1 genes into primary chondrocytes and peri-
chondrial cells, enabling targeted gene product expression to facilitate 
the repair of articular cartilage defects [145]. Poly (ethylene oxide) 
(PEO)-modified PLL has been shown to successfully deliver TGF-β1 
pDNA into MSCs, leading to upregulated expression of 
chondrogenesis-related genes. Additionally, a PLGA scaffold filled with 
PEO-PLL/TGF-β1 pDNA, fibrin gel, and MSCs can promote the 

deposition of GAGs and COL II, thereby promoting cartilage restoration 
in vivo [146].

Currently, there are limitations associated with surgery and autolo-
gous chondrocyte implantation (ACI) for cartilage repair, such as the 
formation of fibrocartilage and its limited effectiveness [147,148]. In 
contrast, gene therapy shows promise in enhancing cartilage repair by 
maintaining the expression of targeted gene products directly at the site 
of injury. However, therapeutic genes tend to degrade quickly enzy-
matically in the body and cannot be retained at the injury site for an 
extended period, resulting in suboptimal therapeutic outcomes [12,
149]. The use of gene vectors has demonstrated significant benefits in 
delivering genes to specific cells while protecting them from enzymatic 
degradation. However, achieving sustained release and accumulation of 
these genes at the injury site remains a challenge, particularly because of 
dilution by the synovial fluid. Furthermore, the nonspecific diffusion of 
genes can lead to adverse side effects, including immune responses and 
synovial chondrogenesis. The integration of biological scaffolds offers a 
promising solution, enabling the precise spatiotemporal release of gene 
products and facilitating long-term cartilage repair treatment. Accord-
ing to the approach of gene therapy for CTE, these scaffolds not only 
facilitate the delivery of gene-transfected cells but also serve as a plat-
form for loading gene complexes to generate GAMs (Fig. 5) [12,31].

3.3. Gene-transfected cells for cartilage repair

Delivery of gene-transfected cells for CTE is shown in Table 2. 
Commonly used bioactive scaffolds are primarily composed of collagen, 
HA, gelatin, and CTS because of their biocompatibility, capacity to 
promote cartilage repair, and compositional similarity to the cartilage 
tissue. The ADSCs have been modified to overexpress TGF-β1 by trans-
fecting TGF-β1 pDNA using poly (β-amino ester). The transfected cells 
were then encapsulated in an injectable ECM-mimicking hydrogel 
composed of thiolated HA (HA-SH) and COL I. The hydrogel can reduce 
cell death during injection, enhance the paracrine effect of OA-like 
chondrocytes, reduce the level of TNF-α, and promote the deposition 
of the cartilage ECM. Moreover, the hydrogel effectively alleviates OA 
progression by reducing cartilage degeneration and inhibiting inflam-
mation [150]. SOX-9 pDNA-transfected MSCs/chondrocytes via nucle-
ofection were embedded in polysaccharide capsules, which significantly 
increased the cartilage-like ECM and promoted chondrogenesis [151]. 
The transfected cells were prepared using the commercially available 
TurboFect vector to transfer BMP-7 pDNA into primary chondrocytes 
and then encapsulated into a gelatin-oxidized dextran cryogel, which 
promoted the growth of chondrocytes and cartilage repair [152]. 
Notably, MSCs transfected with SOX-9, TGF-β1, or BMP-2 using AV were 
able to differentiate into cartilage tissues with varying degrees of hy-
pertrophy in collagen hydrogel. Compared with TGF-β1 and BMP-2, 
MSCs transfected with SOX-9 displayed the least hypertrophy in the 
differentiated cartilage tissue [153]. Several miRNAs, including 
miR-30a, miR-488, miR-221, and miR-410, play crucial roles in the 
regulation of chondrogenic differentiation. The miR-410 transfected 
MSCs with lipofectamine were embedded in methacrylated gelatin 
(Gel-MA) scaffolds, which enhanced their migration, proliferation, and 
differentiation, thereby achieving rabbit cartilage defect repair [154].

3.4. Biological scaffolds-based gene-activated matrices for cartilage repair

Compared to directly delivering gene-transfected cells, GAMs can 
ensure the long-term retention of gene complexes at the site of injury. 
This can reduce the diffusion of gene complexes in vivo and provide a 
continuous and controllable release of gene complexes in situ to achieve 
long-term promotion of cartilage repair. Moreover, GAMs can overcome 
the limitations of long-term expression caused by the migration and 
apoptosis of gene-transfected cells [12]. Increasing evidence suggests 
that the GAM is a promising approach for CTE (Table 3). However, there 
are still some challenges in preparing GAMs with high biocompatibility, 
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high transfection efficiency, and long-term gene delivery efficiency. 
Ideally, biological scaffolds should have appropriate mechanical prop-
erties and controllable biodegradability, maintain cell activity, promote 
cell proliferation and chondrogenic differentiation, and enhance the 
deposition of cartilage ECM components, such as COL II and aggrecan. 
Currently, biological scaffolds mainly include solid scaffolds and 
hydrogels [8,12].

3.4.1. Solid scaffold-based gene-activated matrices for cartilage repair
Solid scaffolds are characterized by high porosity, which facilitates 

cell migration and infiltration from the surrounding tissues [155]. 
Commonly used solid scaffolds comprise natural polymers such as CTS 
and collage and synthetic polymers such as polycaprolactone (PCL) and 
PLGA. The GAM prepared by CTS-based solid scaffolds loaded with a 
TGF-β1 pDNA complex can promote the proliferation of chondrocytes 
and chondrogenic differentiation of MSCs [156–158]. An innovative 
miR-activated scaffold was developed by incorporating GAG-binding 
enhanced transduction system NPs (GET NPs) encapsulating an 

miR-221 inhibitor into a collagen/HA scaffold, which effectively 
inhibited miR-221 for up to 28 d to enhance MSC-mediated chondro-
genesis and cartilage repair [159]. Solid scaffolds based on poly 
(L-glutamic acid) and CTS were designed to drive the formation of ad-
ipose stem cell (ASC) spheroids, thereby promoting hyaline 
cartilage-specific gene expression and enhancing cartilage ECM depo-
sition, while minimizing fibrous matrix deposition [160]. Compared 
with MSCs, MSC spheroids demonstrate enhanced regeneration of hya-
line cartilage. However, the limited cell surface area of MSC spheroids 
results in a low gene transfection efficiency. Enhancing the stiffness of a 
solid scaffold can promote cell spreading, and hence improve gene 
transfection efficiency. Solid scaffolds based on poly (L-glutamic acid) 
facilitate cell attachment and detachment through reversible binding to 
fibronectin, followed by the formation of spheroids in situ. Moreover, 
incorporating the N,N,N-trimethyl CTS chloride/TGF-β1 pDNA complex 
effectively mediates gene transfection during cell adhesion and signifi-
cantly enhances chondrogenic differentiation [161]. Compared with the 
direct loading of IGF-1 pDNA onto collagen-based scaffolds, chemical 
cross-linking of IGF-1 pDNA onto the scaffolds using a lipid transfection 
reagent effectively prevented the passive bolus release of pDNA. This 
approach not only prolonged IGF-1 expression but also significantly 
enhanced chondrogenesis in chondrocytes [162].

Although natural polymer-based scaffolds exhibit excellent degrad-
ability and biocompatibility, they often exhibit weak compressive 
properties and inadequate shape retention. In contrast, synthetic 
polymer-based scaffolds can provide the mechanical properties neces-
sary to promote cartilage formation and restore joint function during 
cartilage repair [12]. A pocket-type porous microcarrier was created 
using F127 and PLGA to deliver SOX-9 pDNA-loaded gold NPs, dexa-
methasone, and MSCs, effectively promoting the chondrogenic differ-
entiation of stem cells [163]. PCL is a promising choice for CTE matrices 
because of its biocompatibility, slow degradation rate, low acidic 
degradation products, controllable anisotropy, and nonlinear mechani-
cal properties [12,164]. PCL-based scaffolds can effectively sustain the 
release of pDNA-loaded silica NPs, thereby facilitating successful cell 
transfection [165]. PLL can immobilize viral vectors onto PCL films via 
electrostatic interactions. Leveraging this, the immobilization of 
rAAV-mediated SOX-9 or TGF-β complexes onto PCL films can sustain 
gene expression for up to 21 d while promoting the deposition of the 
cartilage ECM. Additionally, grafting PCL membranes with poly(sodium 
styrene sulfonate) (pNaSS) enhances the chondrogenic differentiation 
activity in human bone marrow aspirates [166,167].

Combining of natural and synthetic polymers is an appealing strat-
egy for creating functionally superior scaffolds. This approach takes 
advantage of the enhanced mechanical properties offered by synthetic 
polymers, while also benefiting from the viscoelastic characteristics and 
maintenance of cell viability provided by natural polymers [168]. 

Fig. 5. Schematic illustration showing the delivery of gene-transfected cells or gene complexes/cells using scaffolds for CTE.

Table 2 
The gene-transfected cells used for CTE.

Gene 
complexes

Modified 
Cells

Scaffolds Biofunctions Ref.

Poly (β-amino 
ester)/TGF- 
β1 pDNA

ADSCs HA-SH/COL I Promoting 
cartilage ECM 
deposition; 
Alleviating the 
progression of 
OA;

[150]

Nucleofector 
system/SOX- 
9 pDNA

MSCs/ 
Chondrocytes

Polysaccharide 
capsules

Increasing the 
cartilage-like 
ECM; 
Promoting 
chondrogenesis;

[151]

Turbofect/ 
BMP-7 pDNA

Primary 
chondrocytes

Gelatin- 
oxidized 
dextran cryogel

Promoting the 
growth of 
chondrocytes 
and cartilage 
repair;

[152]

AV/SOX-9, 
TGF-β1, or 
BMP-2

MSCs Collagen Differentiating 
into cartilage 
tissues with 
varying degrees 
of hypertrophy

[153]

Lipofectamine/ 
miR-410

MSCs Gel-MA Enhancing the 
migration, 
proliferation, 
and 
differentiation of 
MSCs;

[154]
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Compared with pure PCL scaffolds, incorporating a cartilage ECM into 
PCL scaffolds can enhance their mechanical properties and wettability, 
significantly promoting chondrocyte proliferation in vitro and facili-
tating cartilage regeneration in vivo [169]. In a composite scaffold based 
on CTS and PCL, PCL provides basic mechanical support, whereas CTS 
recruits tetrahedral framework nucleic acids (TFNA), which are injected 
into the joint cavity through electrostatic interactions. Recruitment of 
TFNA promotes proliferation and chondrogenic differentiation of 
encapsulated synovium-derived MSCs (SMSCs), thereby facilitating 
cartilage regeneration in vivo [170]. Moreover, a composite scaffold 
prepared by filling the PLGA sponge with fibrin gel can better mimic 
cartilage tissue and realize the repair of cartilage defects by loading 
BMSCs and different vector/gene complexes, including the 
PEO-PLL/TGF-β1 pDNA, CTS-derivative/TGF-β1 pDNA, and lip-
ofectamine/TGF-β1 pDNA complexes. The three GAMs can promote 
neo-cartilage formation with a similar amount and distribution of COL II 
and GAGs as hyaline cartilage, and integrate well with surrounding 
tissues and subchondral bone, which achieves cartilage repair of 
full-thickness rabbit cartilage defects [146,171,172]. Notably, a com-
posite scaffold, designed to mimic the cartilage tissue, may be more 
suitable as a matrix for CTE. An osteochondral scaffold was fabricated by 
successively filling bilayer PCL scaffolds featuring gradient pore sizes 
with a silk fibroin (SF) hydrogel encapsulating the B2A peptide and an 
alginate hydrogel encapsulating the E7 peptide. The degradation rate of 
alginate was higher than that of SF. Consequently, the burst release of 
the E7 peptide promoted BMSC migration, whereas the sustained release 
of the B2A peptide supported BMSC proliferation and facilitated osteo-
genic and chondrogenic differentiation, which enhanced the regenera-
tion of cartilage and subchondral bone in rabbit osteochondral defects 
[173]. A bilayer GAM was developed using a CTS/gelatin scaffold. The 
upper layer consisted of a CTS/gelatin scaffold loaded with TGF-β1 

pDNA, whereas the lower layer featured a hydroxyapatite (HAP)-doped 
CTS/gelatin scaffold loaded with BMP-2 pDNA. This dual-layer scaffold 
effectively guided MSCs in each layer to differentiate into chondrocytes 
and osteoblasts, thereby supporting the regeneration of articular carti-
lage and subchondral bone in a rabbit knee osteochondral defect model 
[174].

3.4.2. Hydrogel-based gene-activated matrices for cartilage repair
Compared with solid scaffolds, biomedical hydrogels are commonly 

used biological scaffolds that possess a 3D porous network structure and 
an ECM-mimicking microenvironment. Moreover, hydrogels exhibit 
controllable physicochemical properties including water content, 
permeability, and mechanical properties, making them widely studied 
for use in cartilage repair [5,175]. An injectable thermosensitive 
hydrogel prepared using poly (N-isopropylacrylamide) (pNIPAAM) and 
layered double hydroxides can enhance siRNA delivery into chon-
drocytes to achieve efficient gene transfection [176]. In a full-thickness 
minipig cartilage defect model, alginate hydrogel loaded with the gene 
complex prepared by rAAV and IGF-1 can promote long-term cartilage 
repair and inhibit perifocal OA, achieving articular cartilage protection 
[177]. Currently, hydrogels commonly used in CTE are based on HA, 
gelatin, alginate, and fibrin [16].

HA is a polysaccharide naturally present in cartilage and synovial 
fluid and has been widely studied in CTE because it promotes cell 
adhesion and proliferation, regulates inflammation, and promotes 
cartilage regeneration [4]. A novel GAM was developed using glycidyl 
methacrylated HA (HA-GMA) cryogels encapsulating the 
niosome/SOX-9 pDNA complex, which can effectively enhance in situ 
gene transfection of MSCs to promote chondrogenic differentiation, 
restore cartilage ECM, and reduce the expression of fibrocartilage and 
hypertrophic markers [178]. Fibrin glue hydrogel can effectively 

Table 3 
The GAM used for CTE.

Gene vector Gene Scaffolds Biofunctions Ref.

HA/CTS TGF-β1 pDNA Porous CTS Promoting chondrocytes proliferation; [157]
CTS/gelatin TGF-β1 pDNA CTS/gelatin Promoting chondrogenic differentiation; 

Improving rabbit cartilage repair;
[158]

GET NPs miR-221 inhibitor Collagen/HA Enhancing MSC-mediated chondrogenesis and cartilage repair; [159]
N,N,N-trimethyl chitosan 

chloride
TGF-β1 pDNA poly (L-glutamic acid) Driving the formation of ASC spheroids 

Enhancing chondrogenic differentiation;
[160,161]

Lipid transfection reagent IGF-1 pDNA collagen Prolonging IGF-1 expression; 
Enhancing chondrogenesis of chondrocytes

[162]

Gold NPs SOX-9 pDNA F127/PLGA Promoting the chondrogenic differentiation of stem cells [163]
Silica NPs pDNA PCL Facilitating successful cell transfection [165]
rAAV SOX-9 or TGF-β pNaSS-grafted PCL Promoting cartilage ECM deposition 

Enhancing chondrogenic differentiation
[166,167]

PEO-PLL; CTS-derivative; 
Lipofectamine

TGF-β1 pDNA Fibrin/PLGA Promoting neo-cartilage formation; Achieving cartilage repair; [146,171,
172]

/ TGF-β1 pDNA and BMP-2 
pDNA

CTS/gelatin; 
HAP-doped CTS/gelatin

Supporting the regeneration of articular cartilage and subchondral 
bone

[174]

Layered double hydroxides siRNA pNIPAAM Achieving efficient gene transfection efficiency [176]
rAAV IGF-1 Alginate Promoting long-term cartilage repair; [177]
Niosomes SOX-9 pDNA HA-GMA Promoting chondrogenic differentiation; 

Reducing the expression of fibrocartilage and hypertrophic markers
[178]

AAV TGF-β1 Fibrin glue Upregulating the expression of cartilage-specific genes [179]
Lipofectamine antimiR-211 Fibrin/HA hydrogel Blocking the expression of miR-211 to enhance cartilage regeneration 

by endogenous cells
[180]

Peptide NPs Klotho pDNA Stem cell-homing 
peptide

Improving senescent microenvironment 
Enhancing cartilage regeneration

[182]

Lipid NPs VEGFa siRNA Gel-MA Facilitating cartilage formation by suppressing angiogenesis [185]
AV BMP-2 pDNA/TGF-β3 

pDNA
Demineralized bone 
matrix

Facilitating the pig cartilage defect repair [186]

nHAP BMP-2 pDNA/TGF-β3 
pDNA

Alginate Promoting the hypertrophy differentiation of MSCs [187]

3DFectIN SOX-9 pDNA Col I/alginate Promoting chondrogenic differentiation; 
Inhibiting osteogenic differentiation

[188]

3DFectIN SOX-9 mRNA Fibrin Promoting chondrogenic differentiation [189]
rAAV SOX-9 cDNA F127 Promoting cartilage repair in vivo [190]
Microcapsules LOX pDNA Gel-MA Reducing inflammation; 

Enhancing cartilage regeneration
[191]
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upregulate the expression of cartilage-specific genes in MSCs by loading 
the AAV/TGF-β1 complex. The hydrogel exhibits controlled pore size, 
fiber thickness, and dissolution rate by regulating fibrin concentration 
[179]. The GAM prepared by the fibrin/HA hydrogel loaded 
lipofectamine/antimiR-211 complex can effectively improve gene 
transfection efficiency and block the expression of miR-211 to enhance 
cartilage regeneration by endogenous cells [180]. A bioactive 
self-assembling peptide nanofiber hydrogel modified by a stem 
cell-homing peptide can achieve the loading and sustained delivery of 
miR-29b-5p, thereby effectively inhibiting the senescence and metabolic 
imbalance of chondrocytes and alleviating OA progress. Furthermore, 
the hydrogel can promote the recruitment and chondrogenic differen-
tiation of endogenous SMSCs, enhancing cartilage repair without the 
need for exogenous MSCs [181]. Additionally, a cell-homing peptide 
hydrogel was used to encapsulate the Klotho-expressing pDNA-based 
complex and Tanshinone IIA, which can attenuate OA progression by 
improving the senescent microenvironment and enhancing cartilage 
regeneration. The GAM effectively recruits endogenous BMSCs and in-
duces their differentiation into chondrocytes [182]. Regrettably, the 
conventional GAM used in CTE often requires the embedding of cells 
within the scaffold before implantation to more effectively enhance 
cartilage repair. A porous cell-free composite scaffold composed of HA, 
fibrin, nanohydroxyapatite (nHAP), and graphene oxide can effectively 
create a microenvironment that supports host cell adhesion, prolifera-
tion, and differentiation. This scaffold can promote osteochondral repair 
by upregulating the expression of specific genes associated with osteo-
genesis and chondrogenesis and promoting mineralization and ECM 
deposition [183]. In addition, a cell-free CTE scaffold was developed 
using a CTS and SF composite hydrogel incorporating stromal 
cell-derived factor-1 (SDF-1) and KGN-loaded microspheres designed for 
sequential drug release. Initially, SDF-1 was released from the hydrogel 
to facilitate BMSCs recruitment. Subsequently, KGN was gradually 
released from the microspheres within the hydrogel to promote the 
chondrogenic differentiation of MSCs. This approach spatiotemporally 
regulates the recruitment and chondrogenic differentiation of endoge-
nous MSC, thereby accelerating cartilage repair [184].

The inhibition of angiogenesis can promote cartilage formation 
owing to the avascular nature of cartilage. A lipid NP/VEGFa siRNA 
complex was encapsulated into Gel-MA hydrogel along with chon-
drocytes and ADSC, which effectively upregulated the expression of HIF- 
1α, SOX-9, COL-II, and ACAN and suppressed angiogenesis, thus facili-
tating cartilage formation [185]. The AV-mediated BMP-2 pDNA and 
TGF-β3 pDNA were encapsulated along with BMSCs into the deminer-
alized bone matrix to effectively induce the chondrogenic differentiation 
of BMSCs and promote the deposition of COL II, facilitating the repair of 
pig cartilage defects [186]. Furthermore, nHAP-mediated BMP-2 pDNA 
and TGF-β3 pDNA were encapsulated along with MSCs into the alginate 
hydrogel, which also promoted the deposition of GAGs and COL II to 
facilitate chondrogenesis. Notably, compared with the co-delivery of 
BMP-2 pDNA and TGF-β3 pDNA, individual delivery can promote the 
hypertrophy differentiation of MSCs. Therefore, the chondrogenic and 
osteogenic differentiation pathways of MSCs can be effectively directed 
by controlling the delivery mode of BMP-2 pDNA and TGF-β3 pDNA 
[187]. In addition, the mechanical properties of the hydrogels have an 
important impact on directing the chondrogenic differentiation of MSCs. 
Commercially available 3DFectIN vector-mediated SOX-9 pDNA was 
encapsulated along with MSCs into COL I/alginate hydrogels with 
tunable stiffness and adhesion properties. Increasing the stiffness and 
cell-adhesive ligand density of the hydrogel effectively enhanced com-
plex uptake and SOX-9 pDNA transfection, promoting chondrogenic 
differentiation, while inhibiting the osteogenic differentiation of MSC 
[188]. Compared with pDNA, mRNA exhibited better gene expression 
efficiency. The 3DFectIN vector-mediated SOX-9 mRNA was encapsu-
lated along with MSCs into the fibrin hydrogel, which showed better 
gene expression induction and chondrogenic differentiation of MSCs 
than that of 3DFectIN vector-mediated SOX-9 pDNA [189]. In minipig 

models of full-thickness cartilage defects, an injectable and thermo-
sensitive hydrogel formulated with F127 was utilized to encapsulate the 
rAAV vector-based complex that overexpressed SOX-9. This demon-
strated a significant enhancement in cartilage repair, exhibiting collagen 
fiber orientation similar to that of normal cartilage, while also providing 
protection to the subchondral bone [190]. Lysyl oxidase (LOX), a copper 
ion-dependent amine oxidase, plays a vital role in regulating cartilage 
regeneration. LOX pDNA was encapsulated in interleukin 4 (IL-4)-mo-
dified self-assembled SF microcapsules, which were embedded in a 
Gel-MA hydrogel. The release of IL-4 promoted macrophage polariza-
tion toward the M2 phenotype, thereby reducing inflammation. Simul-
taneously, the release of LOX pDNA enhanced cartilage ECM deposition 
and significantly enhanced cartilage regeneration [191].

4. Bioprinted hydrogel scaffolds for cartilage repair

Bioprinted scaffolds have recently received significant attention in 
CTE owing to their precise and controllable geometric shape and 
microstructure [192,193]. Ideally, the bioprinting ink should have 
excellent mechanical properties and printability and the scaffold should 
exhibit good biocompatibility, suitable porosity, and appropriate 
biodegradation rate, as well as effectively maintaining cell activity and 
inducing chondrogenic differentiation of encapsulated cells (Fig. 6) 
[194]. Hydrogels have been widely studied as bioprinting inks and used 
in CTE, exhibiting many advantages, including good biocompatibility, 
bioactivity, bionic structure, controllable mechanical properties, 
biodegradability, and enhanced cartilage regeneration. Currently, the 
most commonly used hydrogel-based bioprinted scaffolds for CTE are 
based on HA, gelatin, alginate, collagen, and SF (Fig. 7 and Table 4) [19,
195–197].

4.1. HA-based bioprinted hydrogel scaffolds

Numerous studies have shown that functionalized HA-based hydro-
gels can regulate the inflammatory microenvironment and promote 
cartilage tissue repair and regeneration; therefore, they have been 
widely investigated as bioprinting inks. We systematically review the 
recent progress in the multifunctional design of HA-based hydrogels and 
their application in CTE [4]. HA-MA hydrogel has been the most widely 
studied bioprinted scaffold owing to its controllable pore size, me-
chanical properties, degradation rate, and self-polymerization. A 
mixture of functionalized gelatin, collagen, and ECM can improve the 
physicochemical properties and biological activity of HA-MA scaffolds 
to meet the complex structural requirements of cartilage tissue. A bio-
printed photocurable scaffold was prepared using HA-MA and Gel-MA, 
which could mimic the structural and mechanical properties of natural 
cartilage, match the degradation rate with cartilage regeneration, and 
stimulate the deposition of cartilage ECM and chondrogenesis [198,
199]. The addition of collagen enhanced the chondrogenesis of the 
encapsulated MSCs in the HA-MA bioprinted scaffold [200]. The me-
chanical properties of the HA-MA bioprinted scaffold were significantly 
improved by adding decellularized ECM (dECM) to meet the re-
quirements of bioprinting, thereby, providing a good microenvironment 
for maintaining cell proliferation and activity [201]. 
Norbornene-modified HA (HA-Nor), another bioprinting ink, was used 
to prepare a bioprinted photocurable scaffold by reacting it with 
DL-dithiothreitol (DTT), which effectively maintained the activity and 
homogenous distribution of encapsulated MSCs while facilitating 
chondrogenesis [202]. In addition to bioprinted photocurable scaffolds, 
HA-SH-based bioprinted scaffolds have been developed using the 
thiol-ene Michael addition reaction, which can promote the deposition 
of the cartilage ECM. Notably, the bioprinted scaffolds with high-MW 
HA-SH exhibit a homogenous distribution of cartilage ECM and 
enhanced construct stiffness [203,204]. Moreover, HA-SH and dECM 
particles can be used to fabricate a bioprinted scaffold by forming di-
sulfide bonds, exhibiting mechanical properties and layered structure 
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similar to natural cartilage, while improving encapsulated cell activity 
[205]. Tyramine-grafted HA (HA-Tyr) can be used to develop an enzy-
matically crosslinked bioprinted scaffold with outstanding printability 
and adjustable porosity, effectively maintaining the activity and differ-
entiation of encapsulated chondrocytes [206].

4.2. Gelatin-based bioprinted hydrogel scaffolds

Gel-MA has been extensively investigated as a bioprinting ink in CTE 
owing to its simple synthesis, low cost, controllable mechanical prop-
erties, good biocompatibility, excellent printability, and favorable shape 
fidelity [207,208]. A biphasic scaffold based on Gel-MA demonstrated 
exceptional cartilage regeneration capabilities through the co-culture of 
BMSCs and costal chondrocytes. Notably, the regenerated cartilage 
exhibited a Young’s modulus comparable to that of natural cartilage 
[209]. However, Gel-MA bioprinted scaffolds can support the formation 

of fibrocartilage-like tissues containing COL I and COL II because of the 
lack of tissue-specific induction activity, which limits their further 
application in cartilage repair [210]. The addition of HA-MA can 
significantly enhance chondrogenesis over Gel-MA bioprinted scaffolds 
[211]. An ECM-mimicking bioprinted photocurable scaffold was 
developed using Gel-MA, HA-MA, and methacrylated CS (CS-MA), 
which induced the aggregation, proliferation, and differentiation of 
encapsulated SMSCs through TGF-β1 loading, thereby enhancing carti-
lage ECM deposition and promoting cartilage regeneration and articular 
function recovery [212]. Wharton’s jelly, which is sourced from the 
human umbilical cord, is a promising material for cartilage repair 
because it contains several chondrogenic factors. The addition of 
methacrylated acellular Wharton’s jelly (AWJ-MA) can improve the 
physicochemical properties and biological activity of Gel-MA bioprinted 
scaffolds. Additionally, this cartilage-mimicking scaffold is beneficial for 
enhancing the proliferation, migration, and chondrogenic 

Fig. 6. Schematic illustration showing the requirements of ideal bioprinted scaffold for CTE.

Fig. 7. The commonly used hydrogel-based bioprinted scaffolds in CTE.
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differentiation of encapsulated BMSCs, thereby achieving the repair of 
full-thickness articular cartilage defects [213]. Compared with individ-
ual stem cells, stem cell aggregates encapsulated in bioprinted hydrogels 
exhibit enhanced chondrogenic differentiation. CTS promotes stem cell 
aggregations to maintain long-term proliferation and high efficiency of 
chondrogenic differentiation. A bioprinted scaffold with high cell 
adhesion and aggregation properties was prepared using methacrylated 

Table 4 
The commonly utilized hydrogel-based bioprinted scaffolds for CTE.

Polymers Modified 
polymers

Bioprinted 
scaffolds

Biofunctions Ref.

Hyaluronic 
acid (HA)

HA-MA HA-MA/Gel- 
MA

Exhibiting bionic 
structure and 
mechanical properties, 
and appropriate 
degradation rate;

[198,
199]

HA-MA/COL II Enhancing 
chondrogenesis of 
encapsulated MSCs;

[200]

HA-MA/dECM Providing a good 
microenvironment for 
maintaining cell 
proliferation and 
activity

[201]

HA-Nor HA-Nor/DTT Maintaining the activity 
and homogenous 
distribution of 
encapsulated MSC;

[202]

HA-SH HA-SH/ 
Allylated 
polymers

Promoting the 
deposition of cartilage 
ECM and chondrogenic 
differentiation of MSCs;

[203,
204]

HA-SH/dECM 
particles

Mimicing mechanical 
properties and layered 
structure to natural 
cartilage;

[205]

HA-Tyr HA-Tyr Maintaining the activity 
and differentiation of 
encapsulated 
chondrocytes;

[206]

Gelatin Gel-MA Gel-MA Exhibiting appropriate 
modulus; 
Supporting 
fibrocartilage 
formation;

[209,
210]

Gel-MA/HA- 
MA

Enhancing 
chondrogenesis over 
Gel-MA;

[211]

Gel-MA/HA- 
MA/CS-MA

Promoting cartilage 
regeneration and 
articular function 
recovery;

[212]

Gel-MA/AWJ- 
MA

Achieving the full- 
thickness articular 
cartilage repair;

[213]

Gel-MA/CTS- 
MA

Guiding MSC aggregates 
for enhanced 
chondrogenesis and 
cartilage regeneration;

[214]

 Gel-MA/ECM- 
MA/PEO/PCL

Facilitating cartilage- 
like tissue regeneration

[215]

/ SF-gelatin Upregulating the 
chondrogenic specific 
genes and 
downregulating the 
hypertrophic specific 
gene;

[216,
217]

Alginate / Alginate/ 
CaCl2

Facilitating the 
development of hyaline- 
like cartilage;

[220]

Alginate/COL 
I/CaCl2

Improving mechanical 
strength and bioactivity; 
Suppressing 
dedifferentiation of 
chondrocytes and 
maintain the phenotype;

[221]

Alginate/MC/ 
CaCl2

Facilitating the 
chondrogenesis of 
chondrocytes;

[222]

Alginate/ 
Gellan gum/ 
Silk NPs/CaCl2

Enhancing the 
mechanical properties 
and chondrogenesis of 
MSCs;

[223]

Table 4 (continued )

Polymers Modified 
polymers 

Bioprinted 
scaffolds 

Biofunctions Ref.

Alginate/ 
Xanthan gum/ 
CaCl2

Enhancing 
chondrogenic 
differentiation of 
encapsulated MSCs 
spheroids;

[224]

Alginate/ 
dECM/Gum 
arabic/PVA/ 
CaCl2

Providing a more 
physiologically relevant 
environment for 
chondrocytes;

[225]

Alginate/HA/ 
PLA/CaCl2

Facilitating the 
chondrogenesis of 
encapsulated 
chondrocytes;

[226]

Alginate/HA/ 
gelatin/ 
fibronectin/ 
CaCl2

Stimulating neo- 
cartilage regeneration 
with layered structures 
resembling natural 
cartilage;

[227]

Oxidized 
alginate

Oxidized 
alginate/ 
Thermal pre- 
treated 
gelatin/CaCl2

Enhancing printability 
to fabricate hierarchical 
bioprinted scaffold 
structures;

[228]

Alginate- 
Cys/ 
Alginate- 
Nor

Alginate-Cys/ 
Alginate-Nor/ 
CaCl2

Exhibiting stronger 
mechanical properties, 
long-term stability, and 
improved printability;

[229]

Collagen / COL I/TGF-β1/ 
PLA-TMC

Promoting the 
chondrogenic 
differentiation of BMSCs

[231]

/ COL I/COL II/ 
HA

Enhancing the 
chondrogenic 
differentiation of MSCs

[232]

COL II-MA COL II-MA Inducing chondrogenic 
differentiation; 
Inhibiting hypertrophy;

[233]

Cartilage ECM- 
MA

Promoting cartilage 
generation rich in 
sulfated GAGs and 
collagen

[234]

Silk fibroin 
(SF)

/ SF/gelatin/E7 Providing optimized 
structure and function 
for cartilage repair;

[235]

SF/dECM Enhancing 
chondrogenesis of 
BMSCs;

[236]

SF/HPMC-MA Increasing mechanical 
properties;

[237]

SF-GMA SF-GMA Building highly complex 
organ structures with 
excellent structural 
stability and reliable 
biocompatibility;

[238]

SF-GMA/ 
gelatin/ 
PEGDA

Facilitating the cartilage 
ECM deposition

[239]

Others PEGDA PEGDA/Cobalt 
nanowires

Constructing a hypoxic 
microenvironment to 
promote chondrogenic 
differentiation;

[240]

 EPL-GMA EPL-GMA Possessing intrinsic 
antibacterial activity;

[241]

 NAR-MA NAR-MA/Gel- 
MA

Enhancing the shape 
fidelity and cartilage 
repair efficiency;

[242]
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CTS (CTS-MA) and Gel-MA, which had controllable mechanical prop-
erties and could promote the chondrogenic differentiation of encapsu-
lated BMSCs, effectively facilitating hyaline cartilage repair [214]. A 
microporous bioprinted scaffold was prepared using methacrylated ECM 
(ECM-MA), Gel-MA, PEO, and PCL to facilitate cartilage-like tissue 
regeneration. PEO served as a porogen to create a microporous structure 
for nutrient exchange, whereas PCL enhanced the mechanical properties 
to enhance the shape fidelity of the scaffold [215]. Compared to the 
Gel-MA scaffold, the SF-gelatin bioprinted scaffold enhanced the chon-
drogenesis of the encapsulated BMSCs by upregulating chondrogenic 
specific genes and downregulating hypertrophic specific genes. Addi-
tionally, the scaffold regulated the Wnt/β-catenin and TGF-β signaling 
pathway in the chondrogenesis process [216,217].

4.3. Alginate-based bioprinted hydrogel scaffolds

Compared with the Gel-MA scaffold, the alginate-based bioprinted 
scaffold can promote the deposition of COL II and facilitate the devel-
opment of hyaline-like cartilage, revealing significant application 
prospects in CTE [210,218,219]. Alginate-based hydrogels are typically 
prepared by ionic crosslinking between alginate and calcium ions, which 
results in poor biological stability owing to the fast degradation rates of 
the hydrogel [17,19]. Moreover, the viscosity of the alginate bioprinting 
ink affects its printability, mechanical properties, and encapsulated cell 
viability. High-viscosity alginate enhances printability but may decrease 
cell activity, whereas low-viscosity alginate promotes cell activity but 
hinders printability [220]. Therefore, alginate-based bioprinted scaf-
folds prepared by adding other natural polymers exhibit enhanced me-
chanical properties and biological activities.

The addition of COL I or agarose can improve the mechanical 
strength of alginate-based bioprinted scaffolds. Compared with agarose, 
the addition of COL I significantly accelerates cell adhesion and prolif-
eration and upregulates the expression of cartilage-specific genes such as 
SOX-9, ACAN, and COL2A1, while downregulating the expression of 
fibrocartilage genes such as COL1 alpha 1 (COL1 A1) [221]. Methyl-
cellulose (MC), as a thickener, can increase the viscosity during the 
printing process to improve the shape fidelity of alginate-based bio-
printed scaffolds. Additionally, a combination of alginate and MC can 
stimulate ECM deposition and facilitate chondrogenesis of encapsulated 
chondrocytes [222]. The addition of gellan gum can improve the 
printability and structural stability of alginate-based bioprinted scaf-
folds, and further incorporation of silk NPs can enhance their mechan-
ical properties and chondrogenic ability [223]. A bioprinted scaffold 
prepared with alginate and xanthan gum effectively ensured faster and 
more effective chondrogenic differentiation of encapsulated MSCs 
spheroids, accompanied by abundant ECM deposition [224]. Incorpo-
rating articular cartilage dECM, gum arabic, and polyvinyl alcohol 
(PVA) into an alginate-based bioprinted scaffold sustained chondrocyte 
viability and promoted chondrogenic activity, as the scaffold had a 
structure similar to that of natural tissue and could provide a more 
physiologically relevant environment for chondrocytes [225]. The 
addition of HA to an alginate-based bioprinted scaffold co-printed with 
polylactic acid (PLA) can facilitate chondrogenesis of encapsulated 
chondrocytes by upregulating chondrogenic genes and increasing 
cartilage ECM deposition [226]. Bioprinted scaffold prepared with a 
combination of alginate/HA/gelatin composite hydrogel and fibronectin 
plays a crucial role in promoting the chondrogenic differentiation of 
encapsulated chondrogenic progenitor cells by upregulating the 
expression of COL II, SOX-9, and especially PRG4. Furthermore, in rat 
cartilage defect, bioprinted modified autologous matrix-induced chon-
drogenesis technology can effectively stimulate neo-cartilage regenera-
tion with typical layered structures resembling natural hyaline cartilage 
[227].

Functionally modified alginate is another effective method for pre-
paring bioprinted scaffolds with improved mechanical properties. A 
bioprinted scaffold prepared from oxidized alginate and thermally pre- 

treated gelatin exhibited enhanced printability for fabricating hierar-
chical bioprinted scaffold structures with shape stability and fidelity, 
providing a valuable bioprinted scaffold for CTE [228]. A double 
crosslinked alginate-based bioprinted scaffold was developed using 
L-cysteine-modified alginate (alginate-Cys) and norbornene-modified 
alginate (alginate-Nor). Compared with the single ionic crosslinked 
scaffold, the double crosslinked scaffold exhibited stronger mechanical 
properties, long-term stability, and improved printability, and promoted 
the chondrogenic differentiation of encapsulated MSCs [229].

4.4. Collagen-based bioprinted hydrogel scaffolds

Collagen has been extensively studied in CTE owing to its excellent 
biocompatibility and cell adhesion. However, it is difficult to use 
collagen alone as a bioprinted scaffold because of its low viscosity, weak 
mechanical properties, and uncontrollable degradation properties [17,
19]. Additionally, low-concentration (1 %) collagen does not support 
high-precision bioprinting. Conversely, the inherent porosity of 
high-concentration (4 %) collagen bioprinted scaffolds is insufficient to 
provide oxygen and nutrient to the encapsulated cells, leading to the 
ineffective maintenance of cell survival [230]. Hence, the preparation of 
collagen-based scaffolds primarily involves the combination of collagen 
and other biomaterials, or the functional modification of collagen. A 
COL I hydrogel loaded with TGF-β1 was previously filled into a poly (D, 
L-lactic acid-co-trimethylene carbonate) (PLA-TMC) bioprinted scaffold, 
which was shown to maintain the proliferation and activity of BMSCs 
and promote the chondrogenic differentiation of BMSCs [231]. The 
addition of COL II and HA can enhance the chondrogenic differentiation 
of MSCs on COL I scaffolds while preserving the essential mechanical 
properties of the scaffolds [232]. Notably, cartilage ECM is more 
abundant in COL II than in COL I. Studies have been conducted on 
bioprinted scaffolds using functionally modified COL II. Methacrylated 
COL II (COL II-MA) can be used to prepare a photocurable 
mono-component hydrogel with controllable mechanical properties for 
fabricating complex 3D architectures. Compared with COL I, the COL 
II-MA hydrogel has been shown to enhance cartilage ECM deposition 
and chondrogenic differentiation of encapsulated BMSCs while inhibit-
ing hypertrophy [233]. Furthermore, cartilage ECM-MA derived from 
COL II-MA can be used to develop a photocurable bioprinted scaffold, 
that can maintain the viability and enhance chondrogenesis of encap-
sulated BMSCs post-bioprinting, while promoting cartilage generation 
rich in sulfated GAGs and collagen [234].

4.5. SF-based bioprinted hydrogel scaffolds

SF, an emerging bioprinting ink, has also been extensively investi-
gated in CTE owing to its superior elasticity, compatible degradation 
rates, and low immune reactions [17,19]. A combination of SF and 
gelatin was used to prepare a bioprinted scaffold with an optimized 
structure and function by adding the BMSC affinity peptide E7. The 
scaffold could retain adequate BMSCs through efficient recruitment and 
provide conducive mechanical protection and a microenvironment for 
the proliferation and chondrogenic differentiation of BMSCs [235]. The 
addition of dECM or methacrylated hydroxypropyl MC (HPMC-MA) 
enhances the mechanical properties and degradation rate of SF-based 
bioprinted scaffolds. The scaffolds also exhibit good printability and 
can maintain the proliferation and chondrogenic differentiation of the 
encapsulated BMSCs [236,237]. Moreover, research has been conducted 
on bioprinted scaffolds using functionally modified SF. Glycidyl meth-
acrylated SF (SF-GMA) can be used to build highly complex photoc-
urable mono-component organ structures, including the heart, vessels, 
brain, trachea, and ear, with excellent structural stability and reliable 
biocompatibility. High-concentration (30 %) SF-GMA bioprinted scaf-
folds exhibit a higher compressive elastic modulus than the Gel-MA 
scaffold at the same concentration and provide a suitable microenvi-
ronment for the proliferation and chondrogenesis of encapsulated 
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chondrocytes [238]. In contrast, low-concentration SF-GMA bioprinted 
scaffolds have been developed via blending with other polymers. A 
photocurable bioprinted scaffold prepared with SF-GMA (3 %), gelatin, 
and PEG diacrylate (PEGDA) exhibited the desired printability, stable 
structure and mechanical properties, as well as suitable degradation 
rate. The scaffold promoted the activity and maturation of chondrocytes 
while facilitating cartilage ECM deposition [239].

4.6. Other bioprinted hydrogel scaffolds

In addition to natural polymer-based bioprinted scaffolds, synthetic 
polymer-based bioprinted scaffolds have also been widely used in CTE 
owing to their unique mechanical properties and biological activities 
[17,19]. A bioprinted hypoxia-mimicking PEGDA scaffold was fabri-
cated by incorporating cobalt nanowires as hypoxia-inducing agents, 
which exhibited enhanced bioprinting fidelity and mechanical proper-
ties. Moreover, without the addition of conventional growth factors, the 
scaffold could promote chondrogenic differentiation and inhibit hy-
pertrophic or osteogenic differentiation of encapsulated MSCs by con-
structing a hypoxic microenvironment and activating the HIF-1α 
pathway [240]. A glycidyl methacrylated EPL (EPL-GMA) bioprinted 
scaffold possessed intrinsic antibacterial activity to avoid the risk of 
bacterial infection in the application of CTE, while showing high effi-
ciency of cartilage-like tissue regeneration after encapsulating chon-
drocytes [241]. Naringin (NAR), a flavonoid, has been suggested to 
promote chondrogenesis of MSCs and increase cartilage ECM deposition. 
Methacrylated NAR (NAR-MA) and Gel-MA have been used to develop 
bioprinted scaffolds with enhanced shape fidelity. The scaffold main-
tains chondrocytes activity and regulates the transcription of genes 
involved in chondrogenesis and against oxidative stress, facilitating 
cartilage regeneration [242].

5. Gene-activated bioprinted scaffolds for cartilage repair

GAMs have been extensively studied in CTE. However, conventional 
GAM cannot simulate the complex gradient structure of the natural 
cartilage. Bioprinted scaffolds can produce complex structures that 
mimic natural cartilage, thereby broadening the applications of hydro-
gels in CTE. Conventional bioprinted scaffolds face significant chal-
lenges in CTE, primarily because of their inefficient cartilage repair 
capabilities. This issue stems from the inadequate and discontinuous 
supply of essential repair factors to the damaged area, which adversely 
affects cell proliferation, chondrogenic differentiation, and ECM distri-
bution. Consequently, cartilage repair outcomes are suboptimal. Despite 
advancements in structural design and manufacturing, bioprinted scaf-
folds lack biocompatibility, functionality, and biological activity, 
thereby compromising the scaffold performance and hindering the 
quality of cartilage regeneration [17,243]. Gene therapy can effectively 
address the problem of insufficient repair factors by continuously 
delivering therapeutic gene products directly to the site of injury. 
However, the application of gene delivery vectors in CTE encounters 
difficulties such as poor in situ retention and rapid diffusion of genes 
[12]. To address these challenges, gene-activated bioprinted scaffolds 
that incorporate gene complexes can ensure the long-term retention and 
sustained release of genes at the injury site.

Gene-activated bioprinted scaffolds are an emerging therapeutic 
technology that synergizes the advantages of bioprinted scaffolds and 
gene therapy, to efficiently promote the regeneration and repair of 
cartilage tissue. During the bioprinting process, embedding gene com-
plexes prepared from specific genes and gene vectors, into the scaffolds 
enables the on-demand release of therapeutic gene products at the 
cartilage injury site, thereby enhancing cell growth, differentiation, and 
functional recovery. In contrast to conventional bioprinted scaffolds, 
gene-activated bioprinted scaffolds offer physical support and create a 
favorable microenvironment for cartilage regeneration. By regulating 
the release of therapeutic gene products, the gene-activated bioprinted 

scaffolds can significantly enhance the survival and activity of cells, 
effectively facilitating cartilage repair. Moreover, the integration of 
bioprinted scaffolds with gene therapy shows great potential for 
bridging the gap between laboratory research and clinical practice, 
paving the way for new treatment options for cartilage injuries [12,
244].

Alginate-based bioprinted scaffolds can effectively facilitate pDNA 
transfection and enhance the expression of target proteins [245]. An 
alginate bioprinting ink with controllable porosity was developed by 
adding MC as a porogen, which could achieve spatiotemporally defined 
pDNA delivery in bioprinted tissues and promote the transfection of 
encapsulated MSCs. Subsequently, a bilayered 
osteochondral-mimicking gene-activated bioprinted scaffold was fabri-
cated by layered deposition of the two different bioprinting inks into the 
PCL scaffold. The lower bioprinting inks were formed by loading the 
nHAP/BMP-2 pDNA complex onto alginate, and the upper bioprinting 
inks were formed by loading the amphiphilic peptide/TGF-β3 
pDNA/BMP-2 pDNA/SOX-9 pDNA complex onto alginate/MC. The 
bilayered scaffold could induce targeted differentiation of encapsulated 
MSCs, achieving successful osteochondral regeneration [246]. Another 
gene-activated bioprinted scaffold was developed by loading the GET 
NPs/SOX-9 pDNA complex and MSC onto a collagen/HA/PCL bio-
printed scaffold. Compared with the gene-free bioprinted scaffold, the 
gene-activated bioprinted scaffold exhibited SOX-9 mRNA expression 
two orders of magnitude higher and a significant increase in its down-
stream mRNA expression, including COL2A1 and ACAN. Moreover, the 
scaffold exhibited increased deposition and spatial distribution of the 
cartilage ECM, facilitating healthy hyaline cartilage regeneration [247]. 
Previous reports have indicated that gene-activated bioprinted scaffolds 
exhibit superior efficacy in promoting the regeneration of high-quality 
hyaline cartilage compared to conventional bioprinted scaffolds. Both 
GAM and bioprinted scaffolds have been extensively explored in CTE. 
However, research on gene-activated bioprinted scaffolds remains 
relatively limited.

Compared to gene-activated bioprinted scaffolds, bioprinted scaf-
folds have also been studied for the delivery of growth factors in CTE. A 
microenvironmentally optimized bioprinted scaffold with favorable 
mechanical strength was co-printed using an ECM, Gel-MA, and PCL to 
deliver PLGA microspheres loaded with TGF-β3. The scaffold could 
promote cartilage-like tissue regeneration with fewer fibrotic compo-
nents and abundant aggrecan through the sustained release of TGF-β3 to 
direct endogenous stem/progenitor cell migration and differentiation 
[248]. The pore size of porous scaffolds has a regulatory effect on the 
chondrogenic differentiation of MSCs. Scaffolds with small pore sizes 
can promote chondrogenesis but inhibit osteogenesis and angiogenesis. 
Therefore, cartilage regeneration requires the development of a bio-
mimetic scaffold that mimics the gradient pore size structure. A bio-
printed gradient-structured scaffold was developed using gradient 
spacing PCL fiber and a BMSC-laden hydrogel composed of gelatin, 
fibrinogen, HA, and glycerol. The gradient scaffold was demonstrated to 
activate the HIF1α/FAK signaling axis in the pore-size-dependent sce-
nario, facilitating anisotropic cartilage regeneration [249]. Further-
more, a dual-factor releasing and gradient bioprinted scaffold was 
prepared using the above gradient scaffold to encapsulate PLGA mi-
crospheres loaded with TGF-β3 or BMP-4 hierarchically. The gradient 
scaffold exhibited a compressive Young’s modulus similar to that of 
natural cartilage, providing a favorable microenvironment for the pro-
liferation, migration, and chondrogenic differentiation of BMSCs. In the 
rabbit knee cartilage defect model, the gradient scaffold induced 
neo-cartilage regeneration with a structure similar to that natural 
articular cartilage, including superficial articular cartilage and deep 
hypertrophic cartilage [250]. Adapters are short nucleotide fragments 
capable of specifically recognizing targets. NPs based on the HM69 
adapter have demonstrated the effective capture and enrichment of 
MSCs. The HM69 adapter-modified dECM, Gel-MA, and PCL were 
combined to fabricate a difunctional bioprinted scaffold for in situ 
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cartilage regeneration. The scaffold specifically recognized and 
recruited the endogenous MSCs and provided a microenvironment for 
their adhesion and proliferation, simultaneously facilitating their 
chondrogenic differentiation by the sustained release of encapsulated 
TGF-β3 [251]. Compared with the non-covalent incorporation of growth 
factors, the covalent binding of growth factors in bioprinted scaffolds 
can further enhance the chondrogenic differentiation of encapsulated 
MSCs, and promote the deposition and homogenous distribution of 
cartilage ECM [252].

In CTE, bioprinted scaffolds frequently improve cartilage repair by 
incorporating growth factors. However, the effectiveness of these 
growth factors is limited by their short biological half-lives and limited 
diffusion distances. Consequently, it is essential to explore alternative 
solutions to effectively address these limitations [253]. Gene-activated 
bioprinted scaffolds are an emerging technology that has shown great 
promise for overcoming the limitations associated with traditional 
growth factors. Unlike growth factors, these scaffolds can continuously 
deliver therapeutic gene products, thereby promoting cell growth and 
differentiation and ultimately enhancing cartilage repair. 
Gene-activated bioprinted scaffolds typically comprise bioprinted scaf-
folds, gene vectors, and therapeutic genes. To create an ideal 
gene-activated bioprinted scaffold, it is essential to optimize the mate-
rial selection, enhance the gene delivery efficiency, and facilitate clinical 
translation. To effectively support cell growth and tissue regeneration, 
the design of bioprinted scaffolds must meet two key requirements: 1) 
The internal architecture of the scaffold, including pore size and 
porosity, should be precisely engineered to facilitate cell and tissue 
infiltration, nutrient transport, oxygen supply, and metabolic waste 
removal. The external structure and overall shape of the scaffold should 
align with the specific requirements of cartilage regeneration. 2) The 
scaffold should exhibit a biodegradation rate corresponding to the rate 
of cartilage repair to ensure that it is gradually replaced throughout the 
healing process. Therefore, when selecting scaffolds, hydrogels stand 
out because of their excellent biocompatibility, high water content, and 
outstanding permeability, all of which contribute to the creation of a 
favorable microenvironment for cells and facilitate cartilage regenera-
tion. Moreover, the degradation rate of hydrogels can be precisely 
controlled by adjusting the degree and mode of crosslinking, allowing 
them to align with the growth rate of new tissue formation. This 
versatility makes hydrogels promising materials for CTE applications 
[254]. Gene vectors are generally classified into two categories: viral 
and non-viral vectors. Viral vectors can present challenges such as 
immunogenicity and toxicity, whereas non-viral vectors often encounter 
issues related to low transfection efficiency. Furthermore, both vector 
types may exhibit off-target effects and have limitations in term of ef-
ficiency and purity [243]. The majority of currently marketed gene 
therapy products are still based on viral vectors, whereas research on 
non-viral vectors remains largely in the biological experimental or 
preclinical stages. Therefore, optimizing non-viral gene vectors to 
maximize transfection efficiency, while ensuring good biocompatibility 
and cost-effectiveness, remains a critical focus in gene therapy research 
[255].

6. Conclusion and further prospects

Articular cartilage injury, a common clinical disease in orthopedics, 
is prevalent worldwide. The unique structure of cartilage tissue presents 
significant limitations and challenges for articular cartilage repair [12,
22]. Among the various clinical surgical treatments, ACI is the only true 
restorative method for repairing or regenerating damaged cartilage 
tissue. Based on ACI, matrix-induced ACI (MACI) was developed by 
implanting synthetic matrices loaded with autologous isolated and 
enriched chondrocytes onto the cartilage injury site. Notably, MACI can 
effectively facilitate cartilage repair by optimizing the biological activity 
and mechanical properties of the matrices [256]. Recently, applicable 
matrices have been extensively developed by fabricating suitable tissue 

engineered scaffolds. The bioprinted scaffolds provide the possibility for 
preparing biomimetic tissue engineered scaffolds with intricate struc-
tures, and can effectively enhance cartilage repair by loading cells and 
growth factors [9,17–19]. Unfortunately, the application of growth 
factors in cartilage repair is hindered by limitations such as rapid 
clearance, short half-life, denaturation during storage, and limited tar-
geting. Compared to growth factors, gene therapy loaded with genes 
encoding specific growth factors holds promise as a potential solution to 
overcome these limitations [88,90]. Recently, gene therapy has 
garnered significant attention in CTE, with several gene therapy ap-
proaches progressing to clinical trials for cartilage repair [1]. However, 
therapeutic genes face obstacles in effectively penetrating and enriching 
the deep layers of cartilage, owing to the high-density structure and 
negative charge of cartilage tissue. These obstacles render genes unable 
to sustain long-term retention at the injury site, making them susceptible 
to enzymatic degradation in vivo [134]. Therefore, the key to achieving 
efficient gene therapy is the selection of optimal gene vectors. Currently, 
viral gene vectors continue to dominate as the primary focus of gene 
therapy products in the market, whereas non-viral gene vectors are in 
the biological testing or preclinical phase. Notably, viral gene vectors 
have high transfection efficiency, but exhibit drawbacks such as inser-
tional mutagenesis, immune response, enhanced inflammation, and 
high cost. Conversely, non-viral gene vectors have advantages such as 
easy preparation, easy modification, high reproducibility, and good 
biosafety. However, low transfection efficiency significantly hinders 
their progress toward clinical transformation [255]. Hence, the primary 
challenge in gene therapy lies in optimizing non-viral gene vectors to 
significantly enhance transfection efficiency, while maintaining excel-
lent biocompatibility and low cost. Additionally, non-viral gene vectors 
should effectively achieve gene penetration and enrichment in the deep 
layer of the cartilage, and accurately spatiotemporally release genes to 
enhance cartilage repair [12,134].In the future, we believe that many 
highly promising and advantageous non-viral gene vectors will continue 
to emerge to propel the development of gene therapy.

Cartilage repair in vivo must ensure effective retention and sustained 
release of gene complexes at the articular cartilage injury site. GAMs, 
prepared by embedding gene complexes in biological scaffolds, can 
ensure long-term retention and sustained controlled release of gene 
complexes in situ to minimize their diffusion and loss in vivo, achieving 
long-term promotion of cartilage repair [12,96]. Among the various 
biological scaffolds, biomedical hydrogels possess a porous network 
structure and controllable physicochemical properties that can provide a 
biomimetic microenvironment similar to the ECM and enable the 
controlled release of gene complexes. These characteristics have led to 
extensive research into the application of hydrogels in cartilage repair 
[257,258]. Unfortunately, it is difficult to simulate the complex gradient 
structure of natural cartilage tissue effectively using conventional 
hydrogels, which limits their further application in CTE. Bioprinted 
scaffolds provide the possibility of preparing customizable biomimetic 
cartilage scaffolds with complex gradient structures [18]. The selection 
of the bioprinting ink is the foundation for preparing applicable bio-
printed scaffolds, and this ink should exhibit excellent printability and 
biocompatibility. Bioprinted scaffolds can maintain the adhesion, pro-
liferation, migration, and differentiation of the encapsulated cells and 
exhibit excellent shape fidelity, mechanical properties, biomimetic 
structures, and appropriate biodegradation [194,259]. Furthermore, 
joint injury and inflammation form a vicious cycle, in which injury 
causes inflammation and vice versa. Complete regeneration of injured 
cartilage requires gene-activated bioprinted scaffolds to provide imme-
diate mechanical support for cell deposition, proliferation, and differ-
entiation, sustained controlled release of genes to enhance 
chondrogenesis and inhibition of the inflammatory microenvironment 
[27]. Therefore, in response to the complex physiological characteristics 
of the cartilage, the development of appropriate gene-activated bio-
printed scaffolds to guide chondrogenesis and achieve true cartilage 
regeneration is highly desirable. Appropriate gene-activated bioprinted 
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scaffolds can be fabricated by optimizing the physicochemical structure, 
particle size, surface charge, and active targeting ability of gene vectors, 
as well as the printability, mechanical properties, biocompatibility, 
biodegradability, anti-inflammatory and bioactive activities of bio-
printed scaffolds. These scaffolds can effectively overcome high-density 
cartilage ECM barriers and inhibit the inflammatory microenvironment 
to improve gene permeability and bioavailability, thereby achieving 
efficient repair of cartilage injury. Unfortunately, research on 
gene-activated bioprinted scaffolds is relatively scarce compared to that 
on GAMs. Hence, the development of ideal gene-activated bioprinted 
scaffolds is at the forefront of future research on cartilage repair.

In this review, we first briefly introduce the composition and struc-
ture of articular cartilage. Then, we review the growth factors that 
facilitate chondrogenic differentiation and maintain cartilage homeo-
stasis, including FGF-2, IGF-1, TGF-β, and BMP, in detail. Additionally, 
we offer a detailed overview of the gene vectors used in cartilage repair, 
including viral vectors such as lentivirus, AV, and AAV, as well as non- 
viral vectors such as lipofectamine, NPs, and cationic polymers. Notably, 
cationic polymer-based gene complexes can effectively deliver genes by 
overcoming the negative electrostatic barrier of the cartilage ECM to 
improve gene utilization, which have been widely used in CTE. Common 
cationic polymers include PEI, PAMAM, CTS, and PLL. However, gene 
complexes require appropriate biological scaffolds for loading to ensure 
effective retention and sustained release within the cartilage injury sites. 
Biomedical hydrogels exhibit a 3D porous structure mimicking the 
cartilage ECM and have been extensively researched as biological scaf-
folds. This article provides a detailed review of the hydrogels commonly 
used in GAMs, such as HA, gelatin, alginate, and fibrin. However, con-
ventional hydrogels make it difficult to simulate the complex gradient 
structures of natural cartilage tissues. Bioprinted scaffolds have emerged 
as an effective solution to this challenge. Finally, we provide an over-
view of bioprinted scaffolds and gene-activated bioprinted scaffolds for 
cartilage repair. Unfortunately, research on gene-activated bioprinted 
scaffolds is currently scarce. In summary, the convergence of gene 
therapy and bioprinted scaffolds represents a promising avenue for 
advancing cartilage repair strategies, offering potential solutions to 
existing limitations in promoting effective and sustained cartilage 
repair. However, numerous biomaterials face challenges in their actual 
clinical translational applications owing to their intricate structures and 
compositions. Therefore, the future challenges and prospects of gene- 
activated bioprinted scaffolds for cartilage repair include the 
following: 1) Delving into the molecular mechanisms of cartilage repair 
to provide more effective therapeutic genes for cartilage repair, inves-
tigating the optimal duration and delivery method of therapeutic genes, 
and assessing the long-term effects and potential risks associated with 
gene therapy. 2) Developing non-viral gene vectors with efficient 
transfection activity, excellent biocompatibility, optimal particle size 
and surface charge, and active targeting ability can achieve gene 
penetration and enrichment in the deep layer of cartilage, and facilitate 
cartilage repair by accurately spatiotemporally releasing genes. 3) 
Developing bioprinting inks with easily synthesizable, simple compo-
nents and good biocompatibility can prepare multifunctional bioactive 
bioprinted scaffolds that mimic the complex gradient structures of nat-
ural cartilage tissues, enable controlled and precise release of cells, 
genes, and drugs, enhance the integration of scaffolds with surrounding 
tissues, facilitate cartilage repair, and inhibit an inflammatory micro-
environment. 4) Exploring optimal therapeutic genes, gene vectors, and 
bioprinted scaffolds can realize gene-activated bioprinted scaffolds to 
strengthen their application in cartilage repair. 5) Researching the mo-
lecular mechanisms, metabolic pathways, and clinical translation of 
existing biomaterials can result in more targeted functional modifica-
tions and promote clinical applications. The evolving landscape of gene 
therapy and bioprinted scaffolds anticipates a positive trajectory for 
addressing the multifaceted challenges of articular cartilage injury, 
thereby offering hope for improved treatment outcomes. Therefore, we 
believe that gene-activated bioprinted scaffolds will emerge as products 

with significant potential for clinical applications in cartilage repair.
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