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A B S T R A C T

Osteoarthritis (OA) poses a significant burden for countless individuals, inflicting relentless pain and impairing
their quality of life. Although traditional treatments for OA focus on pain management and surgical interventions,
they often fall short of addressing the underlying cause of the disease. Fortunately, emerging biomaterial-based
scaffolds offer hope for OA therapy, providing immense promise for cartilage regeneration in OA. These inno-
vative scaffolds are ingeniously designed to provide support and mimic the intricate structure of the natural
extracellular matrix, thus stimulating the regeneration of damaged cartilage. In this comprehensive review, we
summarize and discuss current landscape of biomaterial-based scaffolds for cartilage regeneration in OA.
Furthermore, we delve into the diverse range of biomaterials employed in their construction and explore the
cutting-edge techniques utilized in their fabrication. By examining both preclinical and clinical studies, we aim to
illuminate the remarkable versatility and untapped potential of biomaterial-based scaffolds in the context of OA.
Thetranslational potential of this article: By thoroughly examining the current state of research and clinical studies,
this review provides valuable insights that bridge the gap between scientific knowledge and practical application.
This knowledge is crucial for clinicians and researchers who strive to develop innovative treatments that go
beyond symptom management and directly target the underlying cause of OA. Through the comprehensive
analysis and multidisciplinary approach, the review paves the way for the translation of scientific knowledge into
practical applications, ultimately improving the lives of individuals suffering from OA and shaping the future of
orthopedic medicine.
1. Introduction

Osteoarthritis (OA) is a prevalent degenerative joint disease charac-
terized by the gradual damage of articular cartilage, along with changes
in bone and soft tissues. It is influenced by various factors, including
aging, obesity, genetic predisposition, and joint injuries [1]. Existing
treatments for OA include non-pharmacological approaches like exercise
and weight loss, as well as pharmacological therapies such as nonste-
roidal anti-inflammatory drugs (NSAIDs) and analgesics [2]. However,
these interventions primarily offer temporary relief from symptoms and
do not directly target the fundamental degeneration of cartilage.
Consequently, there is growing desire surrounding innovative regener-
ative strategies aimed at promoting the repair or replacement of impaired
or diseased cartilage tissue.

Over the past few decades, the field of cartilage regeneration in OA
has witnessed a significant progress with the utilization of biomaterial-
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based scaffolds [3]. These scaffolds possess an extraordinary capability
to create a supportive three-dimensional (3D) environment that nurtures
the growth and differentiation of cells, instilling hope for individuals
suffering from OA [4]. By incorporating bioactive molecules like growth
factors and cytokines into the scaffolds, researchers have unlocked the
potential to enhance the regenerative processes within the body. Acting
as messengers, these bioactive molecules signal the cells to undergo
chondrogenesis, the process of cartilage formation, and drive tissue
regeneration forward. Simultaneously, the scaffold provides necessary
mechanical support for the development of structurally robust and
functional cartilage tissue [4]. With the rapid advances in nano-
biotechnology, biomaterial-based scaffolds hold tremendous promise for
the field of cartilage regeneration in OA (Fig. 1). Their ability to construct
a supportive 3D environment, mimic the native extracellular matrix
(ECM), and enhance the power of bioactive molecules propels them to be
widely used in regenerative medicine. However, there is a increasing
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Fig. 1. Schematic illustration of biomaterial-based scaffolds in promotion of cartilage regeneration. Reproduced with permission [5]. Copyright 2021, Wiley-VCH;
reproduced with permission [6]. Copyright 2023, Wiley-VCH.
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need for further research to unravel the intricate molecular mechanisms
that underlie the impact of biomaterial-based scaffolds on OA therapy.
Moreover, our current knowledge remains inadequate in distinguishing
the various biological activities and therapeutic effectiveness of scaffolds
constructed using different biomaterials. These gaps emphasize the ne-
cessity for extensive investigations to deepen our comprehension of the
biological properties and therapeutic potential of biomaterial-based
scaffolds in the context of OA.

In this review, we provide a comprehensive overview of biomaterial-
based scaffolds and their pivotal role in cartilage regeneration. First, we
discuss the fundamental aspects of biomaterial-based scaffolds, shedding
light on their essential features that make them indispensable in regen-
erative medicine. Furthermore, by exploration of the intricate in-
teractions between biomaterials and cells, we highlight the eminent
biocompatibility of these scaffolds, which fosters cellular adhesion,
proliferation, and differentiation. Moreover, we elucidate the intricate
mechanisms by which these scaffolds degrade, paving the way for the
natural remodeling and regeneration of cartilage tissue. In addition, we
shine a spotlight on the innovative techniques and technologies
employed in creating scaffolds with precisely mediated properties.
Finally, we thoroughly analyze the emerging studies to assess the
tremendous potential of these scaffolds in restoring cartilage function-
ality and mitigating the debilitating effects of OA, emphasizing the ur-
gent issues need to be overcome for widespread clinical translation.

2. Characteristics of biomaterial-based multifunctional scaffolds

The excellent advances in nanotechnology have ushered in a new era
of possibilities, particularly in biomaterial-based scaffolds. The
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utilization of multifunctional scaffolds has opened up new horizons, of-
fering a 3D framework that not only supports cell growth but also facil-
itates the regeneration of tissue. These scaffolds closely mimic the
intricate ECM of the joint, fostering an environment that is conducive to
cell growth and tissue regeneration [7]. In this section, we provide an
in-depth exploration of the diverse properties exhibited by
biomaterial-based scaffolds, underscoring their huge potential for carti-
lage regeneration in the context of OA.

Firstly, the success of their application in biomedicine depends on
satisfying and beneficial biocompatibility and biodegradability [8].
Biocompatibility is a crucial property that indicates the scaffold's ability
to interact safely with living tissues, without causing adverse effects such
as toxicity, inflammation, or immune reactions. Additionally, biode-
gradability refers to the scaffold's capacity to slowly degrade and be
metabolized by the body, facilitating the regeneration of new tissue.
Among the wide range of materials used in multifunctional scaffolds,
both natural and synthetic options have emerged as prominent choices
[9].

Collagen and hyaluronic acid (HA) play a significant role in the
development of biomaterial-based scaffolds, particularly due to their
natural composition. These materials, present in the ECM of the joint,
exhibit excellent biocompatibility and biodegradability, which support
the growth of new tissue within the joint [10]. Leveraging their inherent
properties, collagen and HA are ideal choices as they closely integrate
with the surrounding tissues, providing an optimal environment for tis-
sue regeneration.

In contrast, synthetic materials like PCL and poly(lactic-co-glycolic
acid) (PLGA) have attracted accumulative interest in cartilage regener-
ation [11]. These materials can be functionally engineered to possess
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customized mechanical and structural properties, enabling tissue regen-
eration that closely resembles native tissue characteristics. PCL, a
biodegradable polyester, demonstrates noteworthy biocompatibility and
promotes cell adhesion and proliferation, thereby contributing to the
success of tissue regeneration [12]. Similarly, PLGA, a copolymer of lactic
acid and glycolic acid, offers both biodegradability and biocompatibility,
further establishing itself as an exceptional candidate for cartilage
regeneration [13].

The mechanical and structural properties of biomaterial-based scaf-
folds play a crucial role in their ability to restore damaged joint tissues
[14]. These properties can be modulated by functionally adjusting the
scaffold's composition, porosity, and shape [15]. Notably, the composi-
tion of the scaffold can be modulated to manipulate its mechanical and
structural characteristics. For example, increasing the concentration of
collagen or HA within the scaffold can enhance its stiffness and tensile
strength [16]. Furthermore, porosity serves as an effective tool for
modifying the scaffold's mechanical properties [17]. By increasing the
pore size and volume fraction, the scaffold's stiffness can be reduced,
promoting better integration with the surrounding tissue [18]. Addi-
tionally, the shape of the scaffold can be intelligently designed to opti-
mize its mechanical properties, aligning with the unique shape of the
joint to provide optimal support [19]. For instance, a cylindrical scaffold
may offer superior mechanical reinforcement for a joint with a cylin-
drical shape [20].

More importantly, biomaterial-based scaffolds can be intelligently
designed to possess targeted bioactive and functional properties [21]. By
incorporating growth factors such as transforming growth factor-beta
(TGF-β) or bone morphogenetic protein-2 (BMP-2) into the scaffold,
the stimulation of chondrogenesis and osteogenesis, respectively, can be
facilitated [22]. Furthermore, the surface topography of the scaffold can
be functionally customized, offering a range of options from nano-
topography to intricate micropatterns, which effectively promote cell
adhesion and proliferation [22,23].

Moreover, the encapsulation of cells within the scaffold enhances its
bioactivity and functionality. Mesenchymal stem cells (MSCs), known for
their capacity to differentiate into chondrocytes and release bioactive
molecules that promote tissue regeneration, offer great potential as a cell
source for cartilage regeneration [24]. By seeding the scaffold withMSCs,
not only can the regenerative capabilities of the scaffold be enhanced, but
the mechanical properties of the regenerated tissue can also be improved.

Taken together, the combination of biocompatibility and biodegrad-
ability, mechanical and structural properties, and bioactivity and func-
tionality collectively determines the success of biomaterial-based
scaffolds in addressing OA. The capability to manipulate these properties
empowers the development of customized biomaterials that foster the
regeneration of tissue closely resembling native characteristics.

3. Recent advances in fabrication of biomaterial-based
multifunctional scaffolds

The effectiveness of scaffolds in facilitating tissue regeneration de-
pends on various critical factors, including structure, porosity, and
fabrication method. In this section, we provide an overview of the most
commonly utilized fabrication methods for scaffold-based biomaterials,
focusing on additive manufacturing techniques, electrospinning, and
decellularization and recellularization.

Additive manufacturing techniques, often known as 3D printing, have
become an effective tool in producing scaffold-based biomaterials
customized for cartilage regeneration [25]. The key advantage of 3D
printing lies in its ability to exert precise control over scaffold structure
and porosity, crucial for promoting tissue regeneration [26]. Addition-
ally, this technique facilitates the fabrication of intricate geometries and
shapes that were previously difficult to achieve using traditional fabri-
cation methods [27].

Currently, a range of 3D printing techniques has been utilized in the
fabrication of scaffold-based biomaterials, including fused deposition
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modeling (FDM), stereolithography (SLA), and selective laser sintering
(SLS) [28]. FDM involves depositing layers of thermoplastic polymer
onto a build platform to create the scaffold. SLA, on the other hand,
employs a laser to cure a liquid resin, while SLS employs a laser to fuse
powdered materials, often ceramics or metals, into the desired shape
[29]. The choice of 3D printing technique depends on several factors,
including the materials used, desired scaffold structure and porosity, and
the intended application of the scaffold [29]. The choice of 3D printing
technique depends on several factors, including the materials used,
desired scaffold structure and porosity, and the intended application of
the scaffold [30]. An important advantage of 3D printing is its ability to
fabricate patient-specific scaffolds that are precisely tailored to the
unique anatomy of the joint, potentially enhancing the effectiveness of
the scaffold in promoting tissue regeneration.

Electrospinning is a valuable technique employed in the fabrication of
nanofibrous scaffolds for cartilage regeneration [31]. This method in-
volves applying a high voltage to a polymer solution, generating an
electrostatic force that draws the polymer into fine, continuous fibers.
These fibers are then collected on a collector, resulting in a scaffold with
high surface area and porosity. Electrospun scaffolds offer numerous
advantages for cartilage regeneration. The scaffold's high surface area
and porosity facilitate efficient exchange of nutrients and oxygen, which
are crucial for promoting tissue regeneration. Moreover, the nanofibrous
structure of the scaffold closely resembles the native ECM of the joint,
providing an ideal environment for cell growth and tissue regeneration
[32]. Various polymers have been utilized in electrospinning, including
PCL, PLGA, and poly(ethylene oxide) (PEO), with the choice depending
on factors such as desired mechanical properties, biocompatibility, and
biodegradability of the scaffold [33].

Decellularization and recellularization are widely used techniques
that involve removing cellular components from tissues or organs, leav-
ing behind the ECM as a scaffold. This ECM scaffold retains the native
biochemical and mechanical properties of the tissue, making it invalu-
able for tissue regeneration [34]. Currently, these techniques have been
successfully applied to promote the regeneration of various tissues,
including cartilage, bone, and skin [35]. In the context of cartilage
regeneration for OA, decellularized cartilage ECM serves as a scaffold for
chondrocyte seeding and differentiation. The decellularization process
typically involves the use of enzymes and detergents to eliminate cellular
components while preserving the ECM. The resulting decellularized ECM
scaffold can then be seeded with cells, either through direct injection or
using a bioreactor, to promote tissue regeneration [36]. One significant
advantage of decellularized ECM scaffolds is their ability to retain the
native biochemical and mechanical properties of the tissue, which is
crucial for promoting tissue regeneration [37]. Additionally, using
autologous cells derived from the patient's own tissue holds the potential
to enhance the scaffold's effectiveness in promoting tissue regeneration
while reducing the risk of rejection [38]. However, the use of decellu-
larized ECM scaffolds also has limitations. Achieving complete decellu-
larization remains challenging, as residual cellular components may
trigger immune responses and hinder tissue regeneration. Moreover,
reliance on a reliable source of donor tissue can be limiting, as the
availability of such tissue may be restricted in certain cases.

4. Emerging applications of biomaterial-based scaffolds in OA
treatments

The utilization of biomaterials as delivery vehicles represents a
promising strategy for enhancing the efficacy of therapeutic agents in the
treatment of OA. This approach enables the sustained release of thera-
peutic agents, mitigates systemic toxicity, and improves local concen-
trations precisely at the site of injury [39]. In this section, we introduce
various approaches employed for the delivery of therapeutic agents using
biomaterial-based scaffolds in OA therapy.

Growth factors serve as vital signaling molecules that orchestrate
tissue regeneration by stimulating cell proliferation, migration, and
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differentiation. The delivery of growth factors in conjunction with
biomaterial-based scaffolds holds the potential to augment their local
concentrations, facilitating the sustained release of therapeutic agents
precisely at the site of injury (Fig. 2) [40]. Numerous growth factors have
been extensively investigated for their role in cartilage regeneration,
including TGF-β, BMP-2, and insulin-like growth factor-1 (IGF-1) [41].
One approach employed for growth factor delivery involves the use of
growth factor-loaded microspheres or nanoparticles that are incorpo-
rated into the scaffold. These particles act as reservoirs, ensuring the
Fig. 2. (A) Schematic illustration of the use of growth factor-encapsulated scaffolds fo
of different groups. (C) Representative images of the repaired tissues at 12 months po
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sustained release of the growth factor, thus enhancing its local concen-
trations at the site of injury [42]. Another approach entails the covalent
immobilization of the growth factor onto the scaffold surface. This
method enables the sustained release of the therapeutic agent over an
extended period, providing a continuous supply of the growth factor at
the site of injury [43].

The incorporation of growth factor-loaded microspheres or nano-
particles within the scaffold offers considerable advantages. Firstly, it
facilitates a controlled and sustained release of the growth factor,
r treating cartilage defects in adult sheep. (B) Representative T2 mapping images
stsurgery. Reproduced with permission from Ref. [40]. Copyright 2022, Elsevier.
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ensuring a prolonged presence at the site of injury. This sustained de-
livery promotes optimal cell responses and tissue regeneration over an
extended period [6,44,45]. Furthermore, it allows for precise control
over the release kinetics, mediating the delivery to meet the specific
requirements of the regenerative process. Moreover, the incorporation of
microspheres or nanoparticles within the scaffold offers protection to the
growth factor, shielding it from degradation and enhancing its stability
[46,47]. This protective effect ensures the bioactivity of the growth
factor during the release process, thereby maximizing its therapeutic
potential.

Alternatively, the covalent immobilization of growth factors onto the
scaffold surface presents its own set of advantages [48]. By attaching the
growth factor directly to the scaffold, a sustained release of the thera-
peutic agent can be achieved over a more prolonged duration [48]. The
covalent bonding ensures the stability of the growth factor and prevents
its premature release. Moreover, this approach allows for greater control
over the release kinetics by modifying the nature and density of the co-
valent attachment [49]. This versatility enables the tailoring of the
release profile to meet the specific needs of the regenerative process.

Drugs such as NSAIDs and corticosteroids have long been employed in
the treatment of OA. However, recent studies have shed light on the
promising potential of scaffold-based drug delivery systems to enhance
the therapeutic efficacy for OA. These emerging findings have provided
new avenues for more effective treatments. One noteworthy study
explored the use of a silk fibroin scaffold incorporated with tanshinone
IIA (TAN) for promoting cartilage regeneration. This innovative
approach demonstrated beneficial outcomes, as the TAN10 delivery silk
fibroin scaffolds exhibited a significant enhancement in the generation of
cartilage-specific ECM by chondrocytes compared to conventional silk
fibroin scaffolds. This eminent discovery offers a promising strategy for
future treatment of cartilage defects (Fig. 3) [50].

Generally, two primary methods have been employed in the fabri-
cation of drug-delivery scaffolds. The first involves incorporating drug-
loaded microspheres or nanoparticles into the scaffold, allowing for
controlled and sustained release of the therapeutic drug over the course
of treatment. The second method entails the covalent immobilization of
the drug onto the surface of the scaffold. Both approaches aim to ensure a
sustained release pattern of the therapeutic drug during the treatment
period, maximizing its effectiveness [51].

These advances in drug-delivery scaffolds represent a significant step
forward in the field of OA treatment. By providing a sustained and
Fig. 3. Schematic illustration of TAN10 delivery silk fibroin scaffolds in treating c
American Chemical Society.
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targeted release of therapeutic drugs, these scaffolds hold great promise
for improving patient outcomes and addressing the unmet needs in the
management of cartilage defects.

Gene therapy holds tremendous promise as a cutting-edge approach
in the treatment of OA. By enabling sustained expression of therapeutic
genes, such as growth factors, anti-inflammatory agents, and chondro-
genic factors, it offers the potential for long-lasting and targeted in-
terventions. To enhance the delivery of genes to specific cells,
biomaterial-based scaffolds have emerged as a valuable tool, facili-
tating efficient gene delivery and promoting the proliferation and
migration of chondrocytes. This, in turn, can significantly improve the
therapeutic efficacy of OA [52].

An encouraging study conducted by Yang et al. exemplifies the po-
tential of combining gene therapy with tissue engineering methods to
enhance cartilage repair. Their research demonstrated promising results
both in vitro and in vivo, showing the effectiveness of gene-modified
biomaterial-based scaffolds as a strategy for treating cartilage lesions
[53]. This innovative approach represents a significant advance in
cartilage regeneration, offering new possibilities for more targeted and
effective treatments.

Furthermore, Capito et al. reported a novel strategy by developing a
type II collagen-glycosaminoglycan (CG) scaffold specifically designed to
induce chondrogenesis and enhance cartilage regeneration [43]. By
acting as a vehicle for gene delivery, this scaffold facilitates enhanced,
prolonged, and localized expression of IGF-1, a key regulator in pro-
moting cartilage regeneration [43]. This pioneering research demon-
strates the potential of biomaterial-based scaffolds not only as carriers for
therapeutic genes but also as agents that actively contribute to the
regenerative process.

Moreover, non-coding RNAs, including microRNAs and long non-
coding RNAs, have emerged as highly promising therapeutic targets for
OA. These RNAs possess the excellent ability to regulate gene expression
and modulate crucial cellular processes [54]. Another potent therapeutic
agent, small interfering RNA (siRNA), holds great potential for OA
treatment as well, as it can precisely target specific genes implicated in
the pathogenesis of the disease. The delivery of non-coding RNAs and
siRNA utilizing biomaterial-based scaffolds offers a safe and effective
means to transport the active molecules to target cells, playing a signif-
icant role in enhancing cartilage regeneration. For instance, Chen et al.
devised and utilized a nanoparticle-encapsulated hydrogel scaffold for
the delivery of siRNA, effectively inhibiting the infiltration of the local
artilage defects. Reproduced with permission from Ref. [50]. Copyright 2020,
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vascular system and bolstering cartilage regeneration. The in vitro and in
vivo findings demonstrated that this scaffold achieved superior cartilage
regeneration through sustained release of siRNA, resulting in the upre-
gulation of essential factors such as SOX9, COL-II, and ACAN [55]. This
study indicates the potential of biomaterial-based scaffolds in delivering
siRNA, thereby enabling targeted gene regulation and promoting the
restoration of healthy cartilage.

In addition to RNA-based therapies, cell therapy has emerged as a
highly promising approach for OA treatment, with biomaterial-based
scaffolds serving as key facilitators in enhancing the efficacy of cell-
based therapies [56]. Cells can be delivered to the affected site either
through direct seeding onto the scaffold or by incorporating cells into the
Fig. 4. (A) Group design, macroscopic evaluation and micro-CT analysis of the expe
defect area at 6 months potsurgery. Reproduced with permission from Ref. [12]. Co
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scaffold during the fabrication process. The use of scaffold-based bio-
materials provides a conducive 3D microenvironment for optimal cell
growth and differentiation, thereby promoting the formation of func-
tional tissue [57].

One of the challenges faced in cell-based therapies is the limited
survival and retention of transplanted cells. However, biomaterial-based
scaffolds play a crucial role in improving cell survival and retention by
providing a supportive microenvironment for cell growth and prolifera-
tion [58]. Moreover, these scaffolds can facilitate cell differentiation by
offering mechanical and biochemical cues that closely mimic the native
tissue environment [59]. Numerous studies have explored the potential
of scaffold-based biomaterials for cell delivery in cartilage regeneration
rimental rabbits. (B) Histological and immunohistochemical examination of the
pyright 2021, Elsevier.
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[60]. For example, Li et al. developed a 3D-printed polycaprolactone
(PCL) scaffold that was seeded with MSCs for the treatment of OA. Their
results demonstrated that the scaffold-based biomaterials significantly
enhanced the chondrogenic differentiation of MSCs and promoted the
formation of cartilage tissue both in vitro and in vivo (Fig. 4) [12].

These advances in utilizing biomaterial-based scaffolds in conjunc-
tion with non-coding RNAs, siRNA, and cell therapies represent signifi-
cant advances in OA treatment. By harnessing the potential of these
innovative approaches, researchers are paving avenue for more targeted
and effective treatments that hold great promise in combating this
debilitating condition and improving patients’ quality of life.

Of note, exosomes, small extracellular vesicles secreted by cells, play
a crucial role in facilitating cell-to-cell communication [6]. These
remarkable vesicles carry a cargo of proteins, lipids, and nucleic acids,
including miRNAs and other non-coding RNAs, which possess the ability
to regulate gene expression in recipient cells [61]. Recently, exosomes
have emerged as a promising avenue for delivering therapeutic mole-
cules, such as growth factors and miRNAs, for the treatment of OA [62].

The integration of biomaterial-based scaffolds has proven instru-
mental in enhancing the delivery and retention of exosomes within joint
tissues. Exosomes can be incorporated into the scaffold during fabrica-
tion or loaded onto the scaffold after its construction. The utilization of
biomaterial-based scaffolds serves to shield exosomes from degradation
and improve their retention in the joint tissue, thereby maximizing their
therapeutic efficacy [63].

In a notable study conducted by Zhang et al., an injectable, highly
adhesive hydrogel inspired by mussel proteins was developed in com-
bination with exosomes to investigate their potential for endogenous cell
recruitment and cartilage defect regeneration [64]. The findings
demonstrated that the biomaterial-based scaffolds greatly enhanced the
retention and therapeutic efficacy of exosomes in the joint tissue. This
innovative approach not only promoted the regeneration of cartilage
tissue but also contributed to a reduction in inflammation, showing the
transformative potential of biomaterial-based scaffolds in utilizing the
therapeutic capabilities of exosomes. By leveraging the unique properties
of exosomes and incorporating them into scaffolds, researchers are
unlocking new possibilities for targeted and efficient delivery of thera-
peutic molecules.

5. Challenges and future directions

The fabrication of biomaterial-based scaffolds for cartilage regener-
ation poses a significant challenge in creating a microenvironment that
can beneficially mimic the natural ECM of cartilage tissue. The scaffold
should fulfill multiple functions, including providing mechanical sup-
port, facilitating cell adhesion, proliferation, and differentiation, as well
as promoting chondrogenesis [65,66]. Furthermore, it is crucial for the
scaffold to exhibit good biocompatibility and biodegradability, and
appropriate mechanical and degradation properties. Striking a balance
between these diverse requirements can be a complex task that necessi-
tates meticulous material selection and optimization.

Another noteworthy hurdle lies in the development of strategies to
enhance the integration of the scaffold with the surrounding tissue.
Insufficient integration can lead to implant failure, inflammation, and
immune responses [67]. Various techniques have been proposed to
address this challenge, including surface modification, incorporation of
adhesion peptides, and the utilization of growth factors and cytokines
[68]. Furthermore, the absence of an ideal cell source for cartilage
regeneration poses a significant limitation in the context of
biomaterial-based scaffolds for OA therapy. Although multiple cell types,
such as chondrocytes, mesenchymal MSCs, and induced pluripotent stem
cells (iPSCs), have been explored for cartilage regeneration, each has its
own limitations, ranging from low cell viability and dedifferentiation to
ethical concerns [69]. The safety and regulatory aspects associated with
biomaterial-based scaffolds for cartilage regeneration parallel those of
other biomaterials. Additionally, potential risks linked to scaffold
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implantation, including infection, inflammation, and tissue damage,
should be thoroughly evaluated.

Although biomaterial-based scaffolds hold significant promise for
cartilage regeneration in the treatment of OA, they are not without po-
tential drawbacks and challenges. Three important aspects to consider
are immunological responses, mechanical properties, and long-term
durability [70,71]. When using biomaterial-based scaffolds, one
concern is the potential for immunological responses in the body [3]. The
presence of foreign materials can trigger an immune reaction, leading to
inflammation and potential rejection of the scaffold. The immune
response can hinder the effectiveness of the scaffold and impede tissue
regeneration. Furthermore, the mechanical properties of
biomaterial-based scaffolds play a crucial role in their ability to support
and restore joint function. The scaffold should possess adequate strength,
stiffness, and resilience to withstand physiological forces and maintain
structural integrity [63]. Insufficient mechanical properties can result in
poor load-bearing capacity and may compromise the long-term success of
the scaffold. Another consideration is the long-term durability and sta-
bility of the scaffold [71]. Over time, the scaffold may experience
degradation, loss of structural integrity, or changes in its mechanical
properties. The degradation process should align with the rate of tissue
regeneration to maintain the scaffold's support and functionality
throughout the healing process. Achieving the right balance between
scaffold degradation and tissue regeneration is critical to ensure
long-term durability and effectiveness [72]. To expedite the translation
of these biomaterials from laboratory research to practical applications,
several recommendations can be proposed.

(i) Advancement of new and improved biomaterials that possess
enhanced mechanical, degradation, and biocompatibility
properties.

(ii) Identification of suitable cell sources and optimization of pro-
tocols for cell-based cartilage regeneration.

(iii) Integration of advanced technologies, such as 3D printing and
bioprinting, to fabricate intricate and patient-specific scaffolds.

(iv) Development of strategies to bolster scaffold integration and tis-
sue regeneration, such as the utilization of growth factors, cyto-
kines, and exosomes.

(v) Implementation of well-designed preclinical and clinical studies
to rigorously evaluate the safety and efficacy of scaffold-based
biomaterials for OA therapy.

(vi) Collaboration among academia, industry, and regulatory agencies
to foster the seamless translation of scaffold-based biomaterials
from the research bench to clinical implementation.

By addressing these recommendations and overcoming the existing
challenges, the field of biomaterial-based scaffolds for OA therapy can
realize its full potential in revolutionizing the treatment of this debili-
tating condition and improving the lives of OA patients.

6. Conclusions

In summary, the field of biomaterial-based scaffolds for cartilage
regeneration is rapidly advancing, which has the potential to revolu-
tionize the treatment of OA and significantly impact the lives of millions
of patients worldwide. Future efforts should focus on developing scaf-
folds with enhanced biocompatibility and biodegradability to ensure
compatibility with the physiological environment. Optimizing delivery
methods for growth factors and other bioactive molecules is another
crucial area for exploration, as it can significantly enhance the thera-
peutic efficacy of these scaffolds. Additionally, integrating novel cell-
based and tissue engineering strategies will further enhance the regen-
erative potential of these scaffolds. While challenges persist, sustained
research and development efforts in this field provide considerable po-
tential for the future of OA therapy. With continued advancements,
biomaterial-based scaffolds may become a fundamental aspect of
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effective and transformative treatments for OA, ultimately improving the
quality of life for individuals grappling with this degenerative joint
disease.
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