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Abstract: Gene therapy has emerged as a promising and innovative approach in cartilage regeneration. Integrating biomaterials into 
gene therapy offers a unique opportunity to enhance gene delivery efficiency, optimize gene expression dynamics, modulate immune 
responses, and promote tissue regeneration. Despite the rapid progress in biomaterial-based gene delivery, there remains a deficiency 
of comprehensive discussions on recent advances and their specific application in cartilage regeneration. Therefore, this review aims to 
provide a thorough overview of various categories of biomaterials employed in gene delivery, including both viral and non-viral 
vectors, with discussing their distinct advantages and limitations. Furthermore, the diverse strategies employed in gene therapy are 
discussed and summarized, such as the utilization of growth factors, anti-inflammatory cytokines, and chondrogenic genes. 
Additionally, we highlights the significant challenges that hinder biomaterial-based gene delivery in cartilage regeneration, including 
immune response modulation, gene delivery efficiency, and the sustainability of long-term gene expression. By elucidating the 
functional properties of biomaterials-based gene therapy and their pivotal roles in cartilage regeneration, this review aims to enhance 
further advances in the design of sophisticated gene delivery systems for improved cartilage regeneration outcomes. 
Keywords: cartilage, regeneration, delivery systems, biomaterials, osteoarthritis

Introduction
Osteoarthritis (OA) is a progressive degenerative joint disorder with a global prevalence, inflicting millions of individuals 
and causing debilitating symptoms such as pain, joint stiffness, and limited range of motion.1 This pathological condition 
arises from the gradual deterioration of the protective cartilage within joints, resulting in bone-on-bone friction and 
subsequent inflammation.2 While a definitive cure for OA remains elusive, numerous treatment modalities are available 
to alleviate its symptoms and manage its progression.3 Primary therapeutic options for OA includes pharmacological 
interventions, physical therapy, and surgical interventions. Nonsteroidal anti-inflammatory drugs (NSAIDs) and corti
costeroids are commonly employed to mitigate pain and reduce inflammatory responses.4 Furthermore, physical therapy 
interventions aim to enhance joint functionality, flexibility, and muscular strength. In cases of severe OA, surgical 
interventions, such as arthroscopy and joint replacement, are assumed necessary to restore mobility and alleviate 
discomfort.5

Gene therapy has emerged as a promising therapeutic strategy, holding potential to target the fundamental mechan
isms underlying OA, including inflammation, cartilage degradation, and bone remodeling.6–9 In this context, the 
combination of biomaterials and gene therapy offers a potential approach to foster a conducive microenvironment for 
gene therapy vectors, augment gene delivery efficiency to target cells, and sustain prolonged gene expression.10 The 
selection of appropriate biomaterials for gene therapy delivery assumes considerable significance, as it profoundly affects 
the efficacy and safety of the treatment.11 Notably, a diverse range of biomaterials, including synthetic polymers, natural 
polymers, and hybrid materials, has been explored in the context of gene therapy for OA.10 These biomaterial platforms 
can be engineered to provide controlled release of therapeutic genes, protect genes from degradation, and selectively 
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target specific cells and tissues. Encouragingly, biomaterial-based gene therapy has demonstrated promising outcomes in 
preclinical investigations, exhibiting the potential to modify disease progression and improve joint function in the context 
of OA.10 Despite this, more studies need to be performed to summarize and discuss the recent advances and the specific 
application of biomaterial-based gene therapy in cartilage regeneration and OA therapy.

Herein, we present a summary of advanced strategies for enhancing cartilage regeneration through the utilization of 
diverse biomaterials-based gene delivery systems. First, we perform a discussion of the various types of biomaterials 
employed in gene delivery systems, highlighting their distinctive properties and functionalities. Second, the diverse 
strategies employed in gene therapy are summarized, followed by discussing recently developed therapeutic modalities of 
biomaterials-based gene delivery systems in OA. Finally, advanced cartilage regeneration technologies and their potential 
for clinical translation are evaluated, and emerging biomaterials-based gene delivery systems directions for OA therapy 
are discussed.

Types of Therapeutic Agents Used for Cartilage Gene Therapy
Gene therapy represents a promising therapeutic approach in OA treatment, including the delivery of therapeutic agents 
to target cells with the aim of facilitating tissue repair and regeneration. In the context of OA, the therapeutic agents 
employed in gene therapy can be generally classified into four categories: growth factors, anti-inflammatory factors, 
therapeutic genes, and non-coding RNAs.12

Growth Factors
Growth factors represent a class of vital proteins that exert significant effect on cell proliferation, differentiation, and 
tissue repair processes. Within the context of gene therapy for OA, numerous growth factors have been used to elucidate 
their potential therapeutic potential. Notably, transforming growth factor-beta (TGF-β) and insulin-like growth factor-1 
(IGF-1) have exhibited significant influence in preclinical studies.13,14

Overexpression of TGF-β was well-documented with the capacity to enhance articular cartilage regeneration in 
animal models of OA.15 In a prior study, Ye et al developed a functionalized self-assembling peptide Ac-(RADA)4-GG- 
LIANAK-CONH2 (RAD-CM) by connecting the TGF-β1-simulating peptide LIANAK (CM) with the self-assembling 
peptide Ac-(RADA)4-CONH2 (RAD).16 This composite scaffold RAD/RAD-CM/DCM (R/C/D) exhibited excellent 
bioactivity and structural stability. Importantly, it demonstrated satisfactory performance in promoting neocartilage 
restoration and reconstructing the osteochondral unit. This study presents a promising strategy for in situ cartilage 
regeneration through the stable presentation of a TGF-β1-simulating peptide (Figure 1).

Similarly, IGF-1, characterized by its potent mitogenic and chondrogenic properties, has displayed potential as 
a therapeutic candidate for OA gene therapy. Overexpression of IGF-1 has been observed to stimulate the proliferation 
and differentiation of chondrocytes, thereby promoting cartilage repair.14 Gene therapy has been proposed to enhance 
chondrocyte transplantation therapies by increasing the expression of growth factors such as IGF-I. In a previous study, 
Aguilar et al performed a comparison between endogenous and exogenous IGF-I in promoting matrix production in 
neonatal and mature chondrocytes.17 In vitro, the results showed a clear correlation between the amount of IGF-I 
produced by the cells and their biosynthetic response. Both neonatal and mature chondrocytes exhibited this relationship, 
although the sensitivities varied significantly.17 These findings suggest that IGF-I gene therapy may be more advanta
geous when using younger cell sources. Both types of chondrocytes showed reduced sensitivity to exogenous IGF-I 
compared to endogenous IGF-I.

Anti-Inflammatory Factors
Anti-inflammatory factors include a class of molecules that exert inhibitory effects on inflammation, a hallmark feature of 
OA pathology. Inflammation contributes significantly to cartilage destruction and the progressive nature of OA. 
Extensive investigations have been conducted on several anti-inflammatory factors with the aim of exploring their 
potential utilization in gene therapy for OA.18 Notably, interleukin-1 receptor antagonist (IL-1Ra) has garnered con
siderable attention in this context.19
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FX201 is an example of a novel gene therapy under development for the treatment of OA, where IL-1Ra is delivered 
directly into the affected joint.20 Senter et al assessed the effectiveness, distribution, and safety of a rat surrogate of 
FX201, called helper-dependent adenovirus (HDAd)-ratIL-1Ra, in an animal model of OA.20 The researchers adminis
tered a single intra-articular injection of HDAd-ratIL-1Ra seven days after surgery in rats. The treatment significantly 
reduced OA-related changes in cartilage, bone, and the synovial membrane at 12 weeks after the surgery. FX201 and 
HDAd-ratIL-1Ra remained detectable in the injected joint and nearby tissues for at least 92 days, with minimal evidence 

Figure 1 An example of TGF-β-encapsulated therapy in promotion of cartilage regeneration. (A) TGF-β-encapsulated scaffold implanted into a full-thickness rabbit knee 
cartilage defect. (B) General assessment of obtained rabbit knee samples. The white dotted circles indicate the locations of the lesions. *p<0.05. Reproduced with 
permission from Ye W, Yang Z, Cao F, et al, Articular cartilage reconstruction with TGF-β1-simulating self-assembling peptide hydrogel-based composite scaffold, Acta 
Biomater. 2022;146:94–106. © 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.16
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of spreading to other areas. HDAd-ratIL-1Ra showed therapeutic and disease-modifying effects locally without causing 
significant adverse effects, supporting the further clinical development of FX201 as a potential treatment for OA.

Another promising anti-inflammatory factor is tissue inhibitor of metalloproteinase-1 (TIMP-1), which acts as an 
inhibitor of matrix metalloproteinases (MMPs).21 MMPs are enzymes responsible for the degradation of the extracellular 
matrix (ECM) in cartilage.21 In a prior study, Tamura et al. Investigated the role of rhein in regulation of the production 
of MMPs and TIMP-1 in rabbit articular chondrocytes.22 The results demonstrates that rhein, as an active metabolite of 
diacerein, downregulates the gene expression and production of proMMPs while upregulating the production of TIMP- 
1.22 The chondroprotective effect of rhein, observed in this study, may contribute to the therapeutic effects of diacerein in 
the treatment of OA.22

Therapeutic Genes
Genes associated with the maintenance of cartilage homeostasis are integral to the health and proper functioning of 
cartilage tissue. Among these genes, such as aggrecan, collagen type II, and SOX-9, significant research has been 
conducted to explore their potential applications in gene therapy for OA.23

SOX-9, for instance, has been thoroughly examined for its therapeutic potential in OA gene therapy.24 Jeong et al 
developed nanoparticles consisting of dexamethasone-conjugated polyethylenimine (DEX PEI) complexed with 
a minicircle plasmid (MC) carrying the SOX-9, −6 and small hairpin RNA targeting ANGPTL4 (shANG).25 Adipose- 
derived stem cells (ADSCs) transfected with MC SOX9/6/shANG (referred to as MC SOX9/6/shANG-tADSCs) 
demonstrated significantly higher expression of the COL2 gene and protein compared to ADSCs transfected with MC 
SOX9/6 (referred to as MC SOX9/6-tADSCs) during in vitro chondrogenesis.25 Both MC SOX9/6/shANG-tADSCs and 
MC SOX9/6-tADSCs enhanced chondrogenesis even without the addition of growth factors, in comparison to negative 
controls. Moreover, in vivo experiments using rats with surgically-induced OA, synovial fluid analysis revealed 
significantly lower levels of cyclooxygenase (COX-2) and MMP13 in the MC SOX9/6/shANG-tADSC-treated rats 
compared to the MC SOX9/6-tADSC-treated rats.25 These findings demonstrate that the use of dual-functional nano
particles containing the SOX9/6 can enhance chondrogenesis in ADSCs and reduce inflammation in OA.

Non-Coding RNAs
Non-coding RNAs, including microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs 
(circRNAs), hold significant therapeutic potential in gene therapy for OA,26 primarily through their involvement in 
gene expression regulation and modulation of various cellular processes such as differentiation, proliferation, and 
apoptosis.27 These non-coding RNAs have emerged as potential targets for OA treatment.

MiRNAs, a class of small non-coding RNAs, regulate gene expression post-transcriptionally by binding to the 3’- 
untranslated region (UTR) of target mRNAs, leading to mRNA degradation or translational repression.27 Several 
miRNAs have been identified as potential therapeutic targets for OA, including miR-140 and miR-483.28,29 For an 
example of MiR-140, a chondrocyte-specific miRNA, plays a critical role in cartilage homeostasis by modulating the 
expression of genes involved in ECM synthesis and degradation.30 Overexpression of miR-140 has demonstrated the 
capacity to promote chondrogenesis and cartilage repair in animal models of OA.30 In a prior study, Liang et al 
introduced chondrocyte-targeting exosomes as vehicles for the delivery of miR-140, offering a novel approach for OA 
treatment.31 To achieve chondrocyte-specific delivery, the researchers engineered exosomes by fusing a chondrocyte- 
affinity peptide (CAP) with the lysosome-associated membrane glycoprotein 2b protein on the exosome surface. These 
modified exosomes, termed CAP-exosomes, efficiently encapsulated miR-140 and demonstrated the ability to specifically 
enter chondrocytes and deliver the cargo in vitro. Furthermore, CAP-genes successfully delivered miR-140 to deep 
cartilage regions by penetrating the dense mesochondrium. This targeted delivery resulted in the inhibition of cartilage- 
degrading proteases and alleviation of OA progression in a rat model.

LncRNAs are RNA molecules longer than 200 nucleotides that do not encode proteins but play a role in regulating 
gene expression at the transcriptional or post-transcriptional level. Several lncRNAs have been identified as potential 
therapeutic targets for OA, including H19, MALAT1, and MEG3.32–34 Suppression of MALAT1 has shown promise in 
promoting chondrogenesis and facilitating cartilage repair in OA animal models. For example, as a bioactive molecule, 
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docosahexaenoic acid (DHA) exhibited anti-inflammatory and chondroprotective effects in OA chondrocytes.35 Of note, 
emerging evidence suggests Malat1 is the key mediator of DHA’s anti-inflammatory, chondroprotective, and chondro
genic effects.35 In a surgical model of OA in mice, the researchers found DHA effectively mitigated cartilage loss and 
damage, and led to a reduction in elevated serum levels of Malat1 associated with OA.35 These findings demonstrate that 
DHA exerts anti-inflammatory, chondroprotective, and chondrogenic effects possibly through the regulation of Malat1 
levels.

CircRNAs are circular RNAs generated by back-splicing of pre-mRNAs, and their circular structure renders them 
resistant to degradation by RNA exonucleases. Several circRNAs have been identified as potential therapeutic targets for 
OA, including circRNA-UBE2G1 and circRNA.33186.36,37 For instance, Zhou et al investigated the function of 
circRNA.33186 in OA.37 They observed a significant upregulation of circRNA.33186 in chondrocytes treated with IL- 
1β and in cartilage tissues from a mouse model of OA induced by destabilized medial meniscus (DMM).37 

CircRNA.33186 knockdown promoted chondrocyte proliferation and inhibited apoptosis in IL-1β-treated cells.37 In 
vivo silencing of circRNA.33186 effectively alleviated OA in the DMM mouse model.37 These findings demonstrate the 
significant role of circRNA.33186 in the progression of OA and highlight its potential as a therapeutic target for OA 
treatment.

Delivery Strategies for Biomaterial-Based Gene Therapy
Biomaterials assume a critical role as carriers or delivery vehicles for transporting gene therapies to targeted tissues 
affected by OA.38,39 The choice of suitable biomaterials hinges on several crucial factors, notably biocompatibility, 
biodegradability, and mechanical properties. Thoughtful evaluation of these elements guarantees the effective and 
efficient delivery of therapeutic genes to the intended target site.38

Lipid-Based Nanoparticles (LNPs)
LNPs have emerged as a highly versatile and extensively employed class of delivery vehicles within the domain of gene 
therapy.40 Their broad adoption stems from their exceptional biocompatibility, low toxicity profiles, and impressive 
efficacy in protecting and efficiently delivering nucleic acids.41 LNPs are composed of a well-defined lipid bilayer 
structure encompassing a hydrophobic core, providing a conducive environment for the encapsulation and preservation of 
nucleic acids, thereby shielding them from degradation encountered within the bloodstream.40

The unique architectural design of LNPs enables them to effectively shield nucleic acids during systemic circulation, 
protecting their integrity and bioactivity until they reach the target tissues.42 The lipid bilayer confers stability to the 
LNPs, preventing premature release of the encapsulated nucleic acids and ensuring their sustained protection until 
reaching the desired site of action.43 Moreover, LNPs exhibit excellent adaptability through the ability to be modified 
with ligands, such as targeting moieties or specific receptors, to facilitate cell- or tissue-specific delivery.43 This 
capability enhances the precision and efficacy of gene delivery, enabling LNPs to navigate through biological barriers, 
selectively interact with target cells, and improve the uptake efficiency of the delivered nucleic acids.42 This targeted 
approach holds significant promise for gene therapy applications in OA, as it allows for the preferential delivery of 
therapeutic genes to the affected joint tissues, mitigating off-target effects and optimizing treatment outcomes.

Polymeric Nanoparticles (PNPs)
PNPs serve as another prevalent and highly versatile biomaterial employed in gene therapy applications.44 Consisting of 
polymers that can autonomously assemble into nanoparticles, they provide unique advantages, including the controlled 
release of gene therapies and customized surface modifications to improve tissue targeting.45

The self-assembly property of polymeric nanoparticles facilitates the formation of stable structures that effectively 
encapsulate and protect the therapeutic genetic material.46 This protective encapsulation shields the nucleic acids from 
enzymatic degradation and maintains their stability during circulation, ensuring their intact delivery to the target 
tissues.47

Furthermore, polymeric nanoparticles can be engineered with various surface modifications to optimize their targeting 
capabilities towards specific tissues or cell types.48 Through the attachment of ligands or targeting moieties, such as 
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antibodies or peptides, the nanoparticles can selectively interact with receptors on the desired cells, thereby enhancing 
their uptake and intracellular delivery of the therapeutic genes.49

Polyethyleneimine (PEI) is a frequently utilized cationic polymer for gene delivery due to its capacity to create 
complexes with negatively charged nucleic acids through electrostatic interactions.50 This complexation enables efficient 
packaging and protection of the genetic material during delivery.51 However, it is important to note that PEI can exhibit 
toxicity at high doses, thereby necessitating careful optimization of the polymer concentration to strike a balance between 
delivery efficiency and potential cytotoxic effects.

Hydrogels
Hydrogels, intricate three-dimensional (3D) networks comprising crosslinked hydrophilic polymers, possess exceptional 
properties that make them an attractive biomaterial in gene therapy.52–54 One prominent characteristic of hydrogels is 
their ability to absorb and retain substantial amounts of water within their structure. This unique water-absorbing capacity 
allows hydrogels to serve as effective vehicles for the encapsulation and protection of nucleic acids, crucial for 
preserving the integrity and bioactivity of gene therapies.55

The biocompatibility of hydrogels further contributes to their suitability for gene therapy applications.56 Hydrogels 
can provide a favorable environment for cells and tissues, minimizing adverse immune responses and promoting cell 
viability and function. Their biocompatible nature ensures compatibility with the surrounding biological environment, 
reducing the risk of host rejection or inflammation.

One significant advantage of hydrogels is their tunable mechanical properties.57 Through the regulation of polymer 
composition, crosslinking density, and formulation parameters, it is possible to customize the mechanical properties of 
hydrogels to align with the particular demands of the target tissue or application. This adaptability empowers hydrogels 
to replicate the mechanical attributes of natural tissues, promoting their integration and providing the necessary 
scaffolding for cellular growth and tissue regeneration.

Additionally, hydrogels can be modified to allow for sustained release of gene therapy over time.58 By incorporating 
drug delivery mechanisms into the hydrogel structure, controlled and prolonged release of therapeutic genes can be 
achieved. This sustained release feature is particularly advantageous in gene therapy, as it ensures a continuous and 
controlled supply of therapeutic agents, enhancing their efficacy and potentially reducing the frequency of 
administration.57,59

The unique combination of encapsulation and protection of nucleic acids, biocompatibility, tunable mechanical 
properties, and sustained release capabilities makes hydrogels an appealing choice for gene therapy applications. Their 
potential in facilitating efficient and controlled delivery of therapeutic genes holds promise for various fields, including 
OA, where hydrogels can contribute to promoting cartilage regeneration and tissue repair.38

Viral Vectors
Viral vectors, which are genetically modified viruses, represent a powerful tool in gene therapy as they possess inherent 
capabilities for efficient gene delivery to target cells.60 However, it is important to recognize both the advantages and 
potential challenges associated with their utilization.

Viral vectors exhibit excellent efficiency in delivering therapeutic genes to target cells, owing to their natural ability 
to infect and enter host cells.61 Their viral structure and genetic modifications allow for the precise insertion and 
expression of therapeutic genes within the host genome. This efficient gene delivery mechanism enhances the potential 
for successful gene therapy outcomes.61

Among the viral vectors utilized in OA gene therapy, adeno-associated virus (AAV) and lentivirus have obtained 
considerable attention.62 AAV, a non-pathogenic virus, has demonstrated notable advantages due to its ability to mediate 
long-term gene expression in both dividing and non-dividing cells.63 This characteristic is particularly advantageous in 
the context of OA, as it allows for sustained therapeutic gene expression within the joint tissues. For instance, Ji et al 
presented compelling evidence establishing the indispensable role of hematopoietic pre-B cell leukemia transcription 
factor-interacting protein (HPIP) in the development of OA.64 Specifically, in vivo experiments involving intra-articular 
administration of AAV containing HPIP-specific short hairpin RNA demonstrated attenuation of histological 
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manifestations associated with OA. Moreover, the in vitro analyses utilizing RNA-sequencing and chromatin immuno
precipitation sequencing profiles have identified HPIP as a crucial modulator of cartilage degeneration in OA, primarily 
through the transcriptional activation of Wnt target genes (Figure 2). These findings collectively suggest that HPIP 
represents a promising target within the regulatory network governing OA.

Figure 2 Representative example of AAV-based gene therapy in OA. (A) Col2a1-CreERT2; HPIPf/f mice exhibit skeletal and cartilage abnormalities. (B) Plain radiographs of 
the whole body (left) and knee (right) were taken for both HPIPf/f and Col2a1-CreERT2; HPIPf/f littermates at 8 weeks of age. And the immunohistochemistry assays were 
conducted using specific antibodies on mouse samples obtained 8 weeks after anterior cruciate ligament transection. (C) The experimental design involved the utilization of 
AAV containing HPIP-specific shRNA for the treatment of OA in mice. Safranin O/fast green staining was performed on the entire tibias of mice. The staining was carried out 
two weeks after surgery, where 8-week-old C57/BL6J mice underwent intra-articular injection of AAV carrying HPIP-specific shRNA. *p<0.05. Reproduced from Ji Q, Xu X, 
Kang L, Xu Y, Xiao J, Goodman SB, et al. Hematopoietic PBX-interacting protein mediates cartilage degeneration during the pathogenesis of osteoarthritis. Nat Commun. 
2019;10(1):313.http://creativecommons.org/licenses/by/4.0/. Copyright © The Author(s) 2019.64
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Lentivirus, another commonly employed viral vector, possesses high gene-carrying capacity and the ability to infect 
a broad range of cell types, including both dividing and non-dividing cells.65 These properties render lentivirus an 
attractive option for gene delivery in OA gene therapy, facilitating effective transduction of target cells.66

Nevertheless, it is important to address potential concerns associated with viral vectors, including immunogenicity and 
adverse reactions.67 Due to their viral origin, viral vectors can elicit an immune response in the host, leading to the 
generation of neutralizing antibodies. In some cases, this immune response can limit the effectiveness of subsequent gene 
therapy treatments.67 Additionally, the immunogenicity of viral vectors can result in unwanted immune reactions, 
potentially impacting patient safety and treatment outcomes.68 Careful consideration of the immune response and strategies 
to mitigate adverse reactions is essential in the development and implementation of viral vector-based gene therapies.

Non-Viral Vectors
Non-viral vectors, which encompass a diverse range of biomaterials, represent an alternative approach to gene delivery in 
comparison to viral vectors.69 They offer distinct advantages, including enhanced safety profiles, ease of production, and 
reduced immunogenicity, although their gene delivery efficiency may be comparatively lower than that of viral vectors.70

One commonly used non-viral vector is naked plasmid DNA, which involves the direct delivery of DNA without the use of 
a carrier system.71 Naked plasmid DNA possesses the advantage of simplicity in design and production, making it a convenient 
option for gene delivery.72 In a recent study, Cai et al developed biomimetic cupper sulfide@phosphatidylcholine (CuS@PC) NPs 
loaded with plasmid DNA encoding TGF-β1 to enhance cartilage regeneration.13 Notably, CTP-MSCs demonstrated the ability to 
inhibit extracellular matrix degradation in chondrocytes induced by IL-1β.Furthermore, through intra-articular administration, 
CTP-MSCs significantly enhanced the repair of damaged cartilage in a mouse model (Figure 3). These findings highlight the 
potential of our novel non-viral vectors as a strategy to overcome the limitations of current stem cell therapies for treating OA.

NPs, another category of non-viral vectors, comprise a diverse array of materials such as polymers, lipids, and 
metals.73–76 These nanoparticles can encapsulate and protect the therapeutic genes, facilitating their delivery to target 
cells. The surface properties of nanoparticles can be modified to enhance their stability, target specific cell types or 
tissues, and facilitate cellular uptake.74 While non-viral nanoparticles may exhibit lower gene delivery efficiency 
compared to viral vectors, they offer advantages such as ease of production, tunability, and lower immunogenicity.73,75 

Researchers continue to refine nanoparticle design and formulation to optimize their gene delivery capabilities.
In cartilage regeneration, the choice between viral and non-viral vectors for gene delivery is a critical decision, influenced 

by a multitude of factors and inherent challenges. Viral vectors offer the distinct advantage of high transduction efficiency, 
which can be vital for introducing therapeutic genes into the relatively avascular and dense cartilage tissue. However, their use 
comes with significant limitations.77–79 One prominent concern is immunogenicity; many viral vectors, particularly adenoviral 
and lentiviral vectors, can provoke an immune response when introduced into the body. This immune response may lead to 
inflammation and hinder the healing process, a particularly sensitive issue when dealing with the delicate cartilage.80 Another 
concern is the risk of insertional mutagenesis, which is primarily associated with retroviral vectors. This feature, while 
valuable in certain applications, raises concerns in the context of cartilage regeneration, as it could result in uncontrolled cell 
growth or other undesirable genetic changes.80 Moreover, the duration of transgene expression in cartilage can be limited by 
the immune response, resulting in the clearance of transduced cells over time.80 Additionally, many viral vectors have limited 
packaging capacities, which can be a significant obstacle when attempting to deliver larger therapeutic genes or multiple genes 
simultaneously, often required for complex cartilage regeneration.80

On the other hand, non-viral vectors are generally considered safer in terms of immunogenicity and insertional mutagenesis, as 
they lack viral components. While this enhanced safety is advantageous in cartilage regeneration to avoid complications, non-viral 
vectors tend to exhibit lower transfection efficiency, making it more challenging to deliver therapeutic genes to target cells within 
the dense and avascular cartilage tissue.79 Achieving sufficient transfection levels may require optimization. Customizability is 
another key advantage of non-viral vectors; they can be tailored for specific applications, including cartilage regeneration, 
allowing for improved targeting and controlled release of therapeutic genes.79 Taken together, the choice of vector for cartilage 
regeneration should be a carefully considered decision, taking into account the specific requirements of the application, the desired 
level of control over transgene expression, and potential safety concerns, striking a balance between efficiency and safety by 
optimizing the vector system for the specific needs of cartilage repair.
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Delivery Administration
The efficacy of gene therapy in OA critically depends on the precise and efficient delivery of therapeutic genes to the 
affected tissues. To achieve this objective, investigators have undertaken extensive investigations into various delivery 
methods and routes for biomaterial-based gene therapy in OA. These strategies are designed to enhance gene delivery 

Figure 3 A representative example of non-viral vector-based gene delivery for OA therapy. (A) CTP-MSCs were intra-articularly injected into the knee and beneficially 
enhanced cartilage regeneration. (B) Schematic illustration of the preparation and characterizations of the NPs. The white arrows indicate the presence of a thin layer, 
approximately 2 nanometers thick, of phosphatidylcholine (PC) on the nanoparticles, signifying the successful surface modification of PC. (C) Safranin-O/Fast green staining 
staining of the knee joints after receiving different treatments. The black arrows point to the cartilage lesions. Reproduced from Cai Y, Wu C, Ou Q, et al. Enhanced 
osteoarthritis therapy by nanoengineered mesenchymal stem cells using biomimetic CuS nanoparticles loaded with plasmid DNA encoding TGF-beta1. Bioact Mater. 
2023;19:444–457.Creative Commons Attribution 4.0 International License creativecommons.org/licenses/by-nc-nd/4.0/.13 © 2022 The Authors. Publishing services by 
Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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efficiency, mitigate off-target effects, and ensure the targeted deposition of therapeutic genes at the intended sites of 
action.

Intra-Articular Injection
Intra-articular injection stands out as a notable and extensively explored delivery method for biomaterial-based gene 
therapy in OA.81 This approach entails the direct administration of the gene therapy into the joint space, offering several 
distinct advantages. By delivering the therapeutic genes locally, intra-articular injection enables targeted delivery, 
ensuring a concentrated and immediate effect within the affected joint tissues.

Studies conducted in animal models of OA have demonstrated the efficacy of intra-articular injection in promoting 
therapeutic outcomes.16,82 This approach has shown promise in ameliorating disease progression, reducing cartilage 
degradation, and alleviating OA symptoms. Furthermore, the localized delivery provided by intra-articular injection 
contributes to minimizing potential systemic side effects, enhancing the safety profile of the treatment.83 For instance, Di 
Francesco et al. Introduced a treatment of OA using intra-articular injections of shape-defined poly(d,l-lactide-co- 
glycolide) acid microPlates (μPLs) loaded with dexamethasone (DEX).84 The researchers evaluated the therapeutic 
effects of DEX-loaded μPLs compared to free DEX. They found that a single intra-articular injection of DEX-μPLs 
reduced the expression of inflammatory mediators. This suggests that the sustained release of DEX from μPLs had 
a more prolonged and effective anti-inflammatory effect. Furthermore, the DEX-μPLs treatment was found to reduce 
load-induced histological changes in the articular cartilage and synovial tissues when compared to saline or free DEX 
treatments (Figure 4). This indicates that the μPLs not only provided sustained drug release but also had a mechanical 
benefit in protecting the joint tissues from damage caused by overload.

By employing intra-articular injection, researchers strive to capitalize on its localized delivery capabilities, promoting 
efficient gene uptake by the target cells within the joint environment.83,85 The ability to accurately position the gene 
therapy biomaterials within the joint space under imaging guidance further enhances the potential for successful 
outcomes in OA gene therapy. Continued advancements in this delivery method hold promise for optimizing treatment 
efficacy and advancing the translation of biomaterial-based gene therapies from preclinical studies to clinical applications 
for OA patients.

Systemic Delivery
Systemic delivery, encompassing intravenous administration or other systemic routes, represents a strategy for achieving 
widespread distribution of gene therapy throughout the body.86 This approach holds promise for delivering therapeutic 
genes to multiple affected joints in cases of OA or targeting systemic factors contributing to disease progression. 
However, the inherent challenges associated with systemic delivery necessitate careful consideration and ongoing 
research to ensure both the safety and efficacy of this approach.

By delivering the gene therapy systemically, therapeutic genes can reach not only the target joint but also other 
affected sites, allowing for a broader impact on disease pathology.87 This approach offers the potential to address 
systemic factors contributing to OA and offers a convenient non-invasive administration route.88 Moreover, systemic 
delivery can facilitate the treatment of bilateral OA or patients with multiple affected joints simultaneously.88

However, it is essential to notice that systemic delivery may be accompanied by potential drawbacks, including off- 
target effects and potential toxicity.87,89 The widespread distribution of the gene therapy throughout the body increases 
the likelihood of unintended gene expression in non-target tissues, which can lead to undesired effects. Additionally, the 
potential for systemic toxicity arises due to the exposure of various organs and tissues to the therapeutic genes or delivery 
vectors.

To ensure the safe and effective implementation of systemic delivery for OA gene therapy, further comprehensive 
studies are needed. Ongoing research aims to elucidate the optimal gene therapy formulations, dosing regimens, and 
delivery vectors to minimize off-target effects and maximize therapeutic efficacy. Rigorous evaluation of the safety 
profile, potential immune responses, and long-term effects of systemic delivery is essential for its successful translation 
into clinical practice.
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Figure 4 A representative example of gene therapy in OA through Intra-articular injection. (A) The schematic illustration of intra-articular injection of DEX-μPLs for treating OA. 
(B) The geometrical characterization of μPLs. (a) Utilizing confocal microscopy and (b) scanning electron microscopy (SEM), an examination was conducted on an unoccupied 
polyvinyl alcohol (PVA) template. Subsequently, (c) confocal microscopy was employed to scrutinize a PVA template, delineated in red, that had been imbued with a paste composed 
of poly(lactic-co-glycolic acid) (PLGA) and curcumin (CURC), resulting in the formation of CURC-loaded microscale particles (CURC-μPLs) displayed in green and yellow. Finally, 
(d) SEM was used to capture images of individual μPLs that had been liberated from the PVA template. The inset on the side displays an enlarged and angled perspective of the μPLs. 
(C) Confocal microscopy imaging of Cy5-μPLs within the mouse knee joint. TD = Transmission detector. The yellow arrows denote the names of the tissues. (D) Safranin-O 
staining of joint sections in a mouse model of OA. Safranin-O staining revealed several significant findings: cartilage erosion, indicated by arrows; cartilage fissures, marked with “#” 
(with “###” indicating a higher degree of fissures); and regions of reduced safranin-O staining, represented by “*”. (E) Hematoxylin and eosin (H&E) staining of joint sections in 
a mouse model of OA. Histological analysis unveiled several noteworthy features, including mineralization, designated by “#” (with “###” indicating a greater extent of 
mineralization); cellular infiltration, represented by “*”. Reproduced with permission from Di Francesco M, Bedingfield SK, Di Francesco V, Colazo JM, Yu F, Ceseracciu L, et al. 
Shape-Defined microPlates for the Sustained Intra-articular Release of Dexamethasone in the Management of Overload-Induced Osteoarthritis. ACS Appl Mater Interfaces. 
2021;13(27):31379–92. Copyright © 2021 The Authors. Published by American Chemical Society. This publication is licensed under CC-BY 4.0.84
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Implantable Devices
Implantable devices have emerged as a promising approach for gene therapy in OA by enabling localized and sustained 
delivery of therapeutic genes within the affected joint.90 These devices, including hydrogels and nanoparticles, offer 
distinct advantages in terms of controlled release kinetics and targeted delivery, but their utility may be hindered by the 
invasiveness of the implantation procedure.12

Hydrogels, three-dimensional networks of crosslinked hydrophilic polymers, can be designed as implantable devices 
to encapsulate and protect the gene therapy within the joint.91 These hydrogel-based implants offer a localized depot for 
sustained release, allowing for a continuous and controlled delivery of therapeutic genes over an extended period. By 
modulating the properties of the hydrogel, such as its composition, degradation rate, and porosity, the release kinetics of 
the gene therapy can be tailored to match the desired therapeutic needs.91 Hydrogel implants hold great potential in 
promoting cartilage regeneration, reducing inflammation, and improving joint function.

Similarly, nanoparticles can be utilized as implantable devices for localized gene delivery within the joint. These 
small particles, typically composed of polymers or lipids, can be loaded with therapeutic genes and implanted directly 
into the affected joint.90 Once implanted, the nanoparticles release the therapeutic genes in a sustained manner, providing 
a localized and controlled delivery over an extended period. The surface properties of nanoparticles can be engineered to 
enhance their stability, cellular uptake, and target-specific interactions, enabling precise and efficient gene delivery to the 
desired cells within the joint tissues.

Despite their potential advantages, the use of implantable devices in gene therapy for OA may face limitations due to 
the invasiveness of the implantation procedure. Implanting these devices requires a surgical intervention, which adds 
complexity and potential risks associated with the procedure.92 Moreover, the implantation process may cause tissue 
damage, inflammation, or infection, thus necessitating careful consideration of the balance between therapeutic benefits 
and the invasiveness of the approach.

Various Strategies Utilized in Gene Delivery for OA Therapy
LNPs-Enhanced Gene Delivery
Numerous studies have demonstrated the effectiveness of LNPs in delivering therapeutic genes to chondrocytes, the 
primary cells responsible for maintaining cartilage integrity in joints.93 In a prior study, Jain et al prepared diacerein- 
loaded solid LNPs (SLNs) using stearic acid, a long-chain fatty acid, as the lipid component.94 Pluronic F68 and soya 
lecithin were used as surfactants, and citric acid was added to create an acidic environment for the drug. In vitro release 
studies showed a controlled and extended release profile of diacerein from the SLNs for up to 12 hours. The in vivo 
pharmacokinetic study revealed an enhanced oral bioavailability of approximately compared to free diacerein. 
Additionally, the study found that the use of diacerein-loaded SLNs reduced the diarrheal side effects of diacerein by 
up to 37% compared to free diacerein. These findings demonstrate that diacerein-loaded SLNs can efficiently provide 
controlled and prolonged drug release. The formulation enhances the oral bioavailability of diacerein, reduces its side 
effects, and potentially improves patient compliance for OA treatment.

To enhance targeting capabilities within OA, LNPs have been modified with ligands to selectively recognize and 
deliver genes to specific cells or tissues. For instance, Jain et al focused on the targeted delivery of the antiosteoarthritic 
drug diacerein to articular tissue using SLNs modified with soluble polysaccharide chondroitin sulfate (ChS), called ChS- 
DC-SLN.95 The in vitro and in vivo results suggest that ChS-DC-SLN has the potential to enhance the overall efficacy of 
OA treatment. The targeted delivery of diacerein to articular tissue using ChS-DC-SLN may provide a promising 
approach for improving the therapeutic outcomes in OA.

These studies underscore the potential of LNPs as a versatile and efficient tool for gene delivery in OA therapy. LNPs 
demonstrate the ability to safely and effectively deliver therapeutic genes to chondrocytes, promoting crucial cellular 
activities and providing promising outcomes for cartilage regeneration. Furthermore, the engineering of LNPs to achieve 
specific targeting enhances their utility in facilitating precise gene delivery to the desired cells or tissues in the context of 
OA treatment.
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PNPs
PNPs are extensively employed for gene delivery, with polyethyleneimine (PEI) being a widely used polymer due to its 
cationic nature that facilitates condensation and protection of negatively charged nucleic acids.25 PEI, characterized by 
a high positive charge density, establishes strong electrostatic interactions with nucleic acids, resulting in the formation of 
stable complexes known as polyplexes.25 However, the toxicity associated with high molecular weight PEI restricts its 
clinical applications. Consequently, investigations have focused on exploring low molecular weight PEI and other 
biocompatible and biodegradable polymers, such as poly(lactic-co-glycolic acid) (PLGA), chitosan, and poly(beta- 
amino ester) (PBAE), for gene delivery purposes.96–98

To enhance targeting and cellular uptake, PNPs can be engineered with surface modifications. The functionalization 
of PNPs with ligands, including peptides or antibodies, improves their binding affinity to cell surface receptors, 
facilitating endocytosis and enhancing intracellular delivery of the gene therapy.24 In the context of OA treatment, 
PNPs have been functionalized with various ligands, such as hyaluronic acid, which exhibits binding affinity towards 
CD44 receptors expressed on chondrocytes and synovial cells.99 Additionally, integrin-targeting peptides have been 
employed, which can bind to αvβ3 integrin receptors expressed on the surface of inflamed cells within the joint.100

In addition to their targeting capabilities, PNPs can be engineered to enable controlled release of the gene therapy.98 

This can be achieved through the degradation of the polymer matrix or by surface modification with stimuli-responsive 
moieties, such as pH or temperature-sensitive polymers. Such design strategies afford the ability to achieve sustained 
gene expression over an extended duration, reducing the frequency of repeated administrations.

Hydrogel-Based Delivery Systems
Hydrogels offer versatile options for gene delivery in OA, which can be administered through direct injection into the 
affected joint or via implantable devices, such as hydrogel scaffolds, that provide sustained release of the gene 
therapy.38,101 The selection of an appropriate hydrogel system depends on several crucial factors, including biocompat
ibility, biodegradability, mechanical properties, and the ability to encapsulate and release the therapeutic genes 
effectively.38

One noteworthy example of a hydrogel-based gene delivery system in OA involves the utilization of chitosan 
hydrogels. Chitosan, a biodegradable polysaccharide derived from chitin found in crustacean exoskeletons, has demon
strated biocompatible and biodegradable characteristics, making it an attractive candidate for gene delivery 
applications.102 Chitosan hydrogels have exhibited the ability to effectively protect and deliver nucleic acids.103 

Moreover, their properties can be tailored through modifications with various chemical groups to enhance targeting 
capabilities towards specific tissues. Man et al constructed a hybrid scaffold consisting of chitosan hydrogel (CS) and 
demineralized bone matrix (DBM) for the repair of rabbit cartilage injuries.104 The in vitro and in vivo results 
demonstrated that the transplantation of allogenic chondrocytes using the CS/DBM scaffold successfully repaired rabbit 
cartilage injuries with a one-step procedure. This approach provides valuable insights into the field of cartilage tissue 
engineering and offers potential for clinical applications in cartilage repair and regeneration (Figure 5).

Additionally, several other hydrogel systems have been explored for gene therapy in OA, including hyaluronic acid- 
based hydrogels, alginate-based hydrogels, and fibrin-based hydrogels.39,105,106 These hydrogel platforms have shown 
promising results in preclinical studies, exhibiting the ability to encapsulate and deliver therapeutic genes effectively. 
However, further research is necessary to comprehensively evaluate the safety, efficacy, and long-term effects of these 
hydrogel systems in clinical settings.

Viral Vectors for Cartilage Regeneration
Viral vectors represent an effective tool for delivering therapeutic genes to cells, exhibiting high efficiency in gene 
transfer and finding widespread application in OA gene therapy.80 AAV, a small non-enveloped virus, is capable of 
infecting both dividing and non-dividing cells, with low immunogenicity and a favorable safety profile.39 Importantly, 
AAV can integrate into the host genome at a precise location on chromosome 19, enabling stable and long-term 
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expression of the therapeutic gene. Numerous studies have successfully utilized AAV-mediated gene therapy for OA, 
particularly in delivering genes encoding anti-inflammatory cytokines and growth factors.39,80,107

Lentiviruses, enveloped viruses with the ability to infect both dividing and non-dividing cells, similarly provide an 
advantageous platform for OA gene therapy.108 Like AAV, lentiviral vectors possess the ability to integrate into the host 
genome, ensuring sustained and long-term gene expression. Consequently, lentiviral vectors have been employed for 

Figure 5 Chitosan hydrogel-based delivery systems for OA gene therapy. (A–F) Structural characterization of the different scaffolds. The red asterisk (*) designates the 
DBM component within the CS/DBM scaffold, whereas the red hash symbol (#) signifies the presence of the CS component within the same CS/DBM scaffold. (G). MRI 
examination of specimens after receiving the surgery of cartilage repair. (a-l) Te various lateral slices of the MRI examination. In the upper-right corner of each image, the 
inset displays an enlarged view of the corresponding zoomed region, enclosed by a red circle. Reproduced with permission from Man Z, Hu X, Liu Z, Huang H, Meng Q, 
Zhang X, et al. Transplantation of allogenic chondrocytes with chitosan hydrogel-demineralized bone matrix hybrid scaffold to repair rabbit cartilage injury. Biomaterials. 
2016;108:157–67. © 2016 Elsevier Ltd. All rights reserved.104
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gene therapy in OA to deliver genes encoding anti-inflammatory cytokines and chondrogenic factors, among others.80 It 
is worth noting that the use of lentiviral vectors can be constrained by potential immunogenicity and the risk of 
insertional mutagenesis. Insertional mutagenesis entails the activation of oncogenes or inactivation of tumor suppressor 
genes due to viral vector integration.

Despite the efficacy of viral vectors in gene delivery, concerns regarding immunogenicity and adverse reactions in 
some patients have prompted exploration of non-viral vectors as an alternative approach for gene therapy in OA. The 
development of non-viral vectors aims to overcome the limitations associated with viral vectors, offering potential 
advantages such as improved safety profiles and reduced immunogenic responses.

Non-Viral Vectors Delivery for OA
Non-viral vectors represent a class of biomaterials devoid of viral components and are generally considered safer 
alternatives to viral vectors in gene therapy applications.77 Naked plasmid DNA, nanoparticles, and liposomes are 
prominent examples of non-viral vectors. While these biomaterials are typically less efficient than viral vectors in terms 
of gene delivery, they offer advantages such as ease of production and reduced immunogenicity.78

Naked plasmid DNA stands out as a widely utilized non-viral vector in OA gene therapy.79 Delivery of naked plasmid 
DNA to the target tissue can be achieved through various techniques, including direct injection, electroporation, or gene 
gun-mediated delivery.109 It is important to note that naked plasmid DNA may trigger an immune response, which can 
hamper its efficacy in certain cases.

Nanoparticles, another type of non-viral vector, have garnered significant attention for their potential in gene delivery 
for OA.77 Notably, surface modifications can be employed to enhance their targeting abilities towards specific tissues. 
Liposomes, spherical lipid vesicles, have emerged as an appealing option for encapsulating and delivering nucleic acids 
to target cells.77,110 They possess desirable traits such as biodegradability and biocompatibility, and their surfaces can be 
modified with ligands to facilitate targeting of specific cells or tissues. Liposomes have been explored as potential gene 
delivery vehicles for OA treatment, although their utility has been somewhat limited by their relatively low transfection 
efficiency.

Biomaterial-based gene therapy for cartilage regeneration is a promising avenue in regenerative medicine. Various 
ongoing clinical trials and case studies have explored the practical applicability of this approach, with the goal of 
enhancing cartilage repair and regeneration. One notable study involved the integration of gene therapy with autologous 
chondrocyte implantation (ACI), where a biodegradable biomaterial scaffold loaded with plasmid DNA encoding for 
bone morphogenetic protein-2 (BMP-2) was employed to stimulate cartilage formation, showing promising results in 
a rabbit model.111 In addition, a study explored the safety and efficacy of a biomaterial-based gene therapy for OA, 
employing a gene-activated matrix (GAM) to deliver therapeutic genes to the affected joint.112 Moreover, researchers 
have been investigating the use of AAV vectors in combination with biomaterials to deliver therapeutic genes, modifying 
the local cellular environment to promote cartilage regeneration.61 As the field rapidly advances, ongoing clinical trials 
and emerging case studies continue to shape the practical landscape of biomaterial-based gene therapy for cartilage 
repair.

Challenges and Perspectives
One of the significant challenges in biomaterial-based gene therapy for OA lies in obtaining efficient and targeted 
delivery of therapeutic genes to the affected joint.23 Non-specific gene delivery can elicit undesired immune responses or 
toxic effects, impeding therapeutic efficacy. Moreover, the complex structure of the joint and the lack of blood vessels in 
cartilage present substantial obstacles to achieving effective gene delivery.81

Another significant challenge is the careful selection of suitable gene targets and the development of effective gene 
therapy strategies.83 A comprehensive understanding of OA’s pathogenesis and the identification of specific molecular 
targets are imperative for the successful development of gene therapy approaches.

Furthermore, gene therapy entails unique safety challenges, including the potential for insertional mutagenesis and 
immune reactions triggered by viral vectors employed for gene delivery.113 Thorough evaluation of the safety of gene 
therapy through preclinical studies is essential prior to initiating clinical trials.
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To address technical challenges and limitations, researchers are exploring various approaches to enhance gene 
delivery and targeting. For instance, the use of viral vectors with improved specificity and reduced immunogenicity 
holds promise for enhancing the efficiency and safety of gene therapy.80 Additionally, the development of non-viral gene 
delivery systems, such as nanoparticles or liposomes, offers a potentially safer alternative for gene delivery.77 Another 
promising avenue entails the development of gene editing technologies, such as CRISPR-Cas9, which could rectify 
specific genetic mutations underlying OA.114 Gene editing holds the potential to provide a more targeted and precise 
therapy for OA compared to traditional gene therapy approaches.115

Addressing safety and regulatory considerations, continuous collaboration among researchers, regulatory bodies, and 
the pharmaceutical industry is crucial to guarantee the secure and efficient development and application of gene therapy 
products. Additionally, further research is imperative to gain a comprehensive understanding of the long-term safety and 
effectiveness of gene therapy for treating osteoarthritis.
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