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provide structural support, and enable targeted drug delivery. This review highlights recent
m innovations in nanomaterial-based scaffolds and drug delivery systems for cartilage regeneration.
Nanofibers and nanoscaffolds reproduce the fibrous structure of cartilage, while nanoparticles enable
controlled release of growth factors, anti-inflammatory drugs, and genetic material. Hydrogels
reinforced with nanomaterials offer injectable, bioactive environments, and nanocomposites provide
mechanical stability alongside bioactivity. Advances in scaffold design, including biomimetic
architectures, biofunctionalization, and 3D bioprinting, are enhancing integration and functional
outcomes. Preclinical studies have demonstrated encouraging results in vitro and in vivo, while early
clinical trials indicate translational potential. Future perspectives include the development of
personalized 3D-printed scaffolds, multifunctional smart nanomaterials, and integration with
regenerative medicine approaches. Collectively, nanotechnology represents a transformative platform
for durable and functional cartilage repair.
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fostering  chondrocyte  adhesion, proliferation, and
differentiation [3]. Their high surface area, tunable surface
chemistry, and controllable degradation enable the precise
DOI: https: //doi.org/10.37022 /wicmpr.v6i2.333 local delivery of growth factors and anti-catabolic agents,
which can enhance tissue regeneration while reducing
systemic side effects [4]. Additionally, nanocomposite scaffolds
offer enhanced mechanical strength and flexibility, which are
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Introduction

Cartilage injuries, particularly in osteoarthritis (0OA) and
following trauma, remain a significant clinical challenge due to
the poor self-healing capacity of cartilage, which is avascular
and exhibits limited cellular turnover. Such degenerative
diseases result in chronic pain and disability, affecting
hundreds of millions worldwide, and place significant socio-
economic and healthcare burdens on societies [1].Conventional
treatments, such as pain management, anti-inflammatory
drugs, physical therapy, and surgical approaches like
microfracture or autologous chondrocyte implantation, often
result in reparative cartilage of inferior quality and do not halt
the degenerative process [2].Nanomaterials offer promising
avenues in cartilage repair due to their ability to mimic the
nanoscale architecture of the extracellular matrix (ECM), thus

essential for load-bearing applications commonly encountered
in articular cartilage [5].Recent advances highlight innovative
uses: nanoparticle-enriched hydrogels simulate the native
cartilage microenvironment, thereby improving integration
and bioactivity [6]. Magnetic nanomaterials enable the remote
activation of mechanotransduction pathways and the
alignment of cells within scaffolds, thereby enhancing
functional repair [7]. More broadly, nanomedicine is enabling
integrated regenerative strategies, including diagnostics,
repair, and monitoringthat were previously unattainable [8].

Cartilage Biology and Repair Challenges

Articular cartilage is a specialised connective tissue that lines
the ends of long bones in synovial joints. Its primary functions
are to provide a smooth, low-friction surface for articulation
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and to distribute mechanical loads during movement, thereby
protecting the underlying bone. Structurally, cartilage is
composed of a sparse population of chondrocytes, which are
the only resident cell type, embedded within an abundant
extracellular matrix (ECM). The ECM is rich in type II collagen
that provides tensile strength and a highly hydrated network of
proteoglycans, which impart elasticity and resistance to
compressive forces. This unique structural organisation allows
cartilage to function as a shock absorber and to sustain
repetitive mechanical stresses without significant wear [9].
Despite its essential biomechanical function, articular cartilage
has a very limited ability for self-repair. A significant barrier is
its avascular, aneural, and alymphatic nature, which restricts
nutrient diffusion and impedes cellular recruitment to injured
sites. Consequently, chondrocytes show minimal mitotic
activity, and once the cartilage is damaged, endogenous repair
mechanisms are inadequate. Injuries that only penetrate the
cartilage layer generally fail to heal and tend to progress into
degeneration, often leading to osteoarthritis, one of the most
common musculoskeletal disorders worldwide [10,11].

To overcome these biological limitations, researchers have
focused on tissue engineering approaches, particularly the
development of scaffolds to support cartilage repair. An ideal
scaffold closely mimic the cartilage
microenvironment both structurally and functionally. This
includes being biocompatible to avoid adverse immune
responses, mechanically stable to withstand the compressive
and shear stresses of the joint, and porous to facilitate nutrient
exchange, vascular infiltration from surrounding tissue, and
cellular migration [12]. Furthermore, scaffolds should be
bioactive, promoting chondrocyte adhesion, proliferation,
differentiation, and matrix production. In addition, they should
be biodegradable, breaking down at a controlled rate so that
the newly synthesised tissue gradually replaces the scaffold
[13-16]. A scaffold that meets these biological and mechanical
requirements would not only restore cartilage structure but

also re-establish long-term joint function.
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Figure 1: Structure and function of articular cartilage

Nanomaterials in Cartilage Tissue Engineering
Nanofibers and Nanoscaffolds

Nanofibers created through electrospinning or 3D printing
closely imitate the fibrous structure of the native extracellular
matrix (ECM). They provide physical cues that promote
chondrocyte growth and extracellular matrix deposition,
thereby supporting the regeneration of cartilage. Electrospun
PLGA nanofibers, for example, have been shown to facilitate
the multilineage differentiation of mesenchymal stem cells
within a 3D environment [17]. Likewise, collagen-chitosan

(2]

nanofibers enhanced ECM mimicry and offered improved
mechanical strength for cartilage scaffolding [18].
Nanoparticles
Nanoparticles act as targeted carriers for growth factors, anti-
inflammatory drugs, or genetic material. For example, chitosan
nanoparticles encapsulating TGF-f1 achieved sustained release
and  significantly chondrogenesis  of
mesenchymal stem cells [19]. Lipid nanoparticles delivering
non-steroidal anti-inflammatory drugs (NSAIDs) have also
demonstrated the ability to reduce cartilage degradation in
osteoarthritis models.Metallic nanoparticles, including silver
and gold, are further explored for their intrinsic anti-
inflammatory and antioxidant properties, as well as their
potential as theranostic agents [20].
Hydrogels with Nanomaterials
Hydrogels provide a hydrated, injectable, and bioactive
environment for cartilage regeneration. When reinforced with
nanoparticles, they combine structural support with controlled
drug release. For instance, PEG-based hydrogels with silica
nanoparticles have been shown to improve stiffness while
maintaining chondrocyte viability [21]. Likewise, hyaluronic
acid hydrogels with PLGA nanoparticles enabled localised
release of insulin-like growth factor-1 (IGF-1), promoting
matrix synthesis and improved repair outcomes in cartilage
defects [22].
Nanocomposites
Nanocomposites integrate polymers with nanoparticles to
yield scaffolds that balance mechanical strength, bioactivity,
and biodegradability. A chitosan-hydroxyapatite
nanocomposite demonstrated enhanced compressive strength
and superior cell adhesion, making it suitable for load-bearing
cartilage [23]. Collagen-silica nanocomposites
similarly provided a synergistic improvement in both
mechanical support and biological recognition cues, which are
critical for long-term integration with host tissue [24].

Table 01: Examples of Nanomaterials in Cartilage Repair
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Scaffold Design Innovations

Scaffold design has evolved from providing only structural
support to acting as an active participant in cartilage
regeneration. Modern scaffolds are increasingly developed to
mimic the native extracellular matrix (ECM), facilitate cell-
matrix interactions, and regulate biochemical signalling.

A significant innovation is the development of biomimetic
scaffold architectures that replicate the nano-topography,
porosity, and stiffness of native cartilage. The nanoscale
arrangement of collagen fibres and proteoglycans in articular
cartilage is crucial for directing chondrocyte activity. By
reproducing these microstructural features, scaffolds can
enhance cell adhesion, proliferation, and matrix synthesis.
Furthermore, interconnected porosity enables the transport of
nutrients and oxygen, which is essential for maintaining cell
viability in avascular tissues such as cartilage [25].

Scaffold functionalization has further enhanced regenerative
potential. By incorporating bioactive peptides (e.g., RGD),
growth factors (such as TGF- and BMPs), or gene delivery
systems (plasmids, siRNA), scaffolds act as therapeutic delivery
platforms in addition to structural frameworks. This dual role
transforms scaffolds into bioactive matrices capable of
activating signalling pathways, enhancing chondrogenesis, and
directing tissue-specific responses [26].

Emerging fabrication methods such as 3D bioprinting and
electrospinning have revolutionized precision scaffold
engineering. 3D printing enables patient-specific scaffolds that
match defect geometry, while electrospinning generates
nanofibrous matrices that resemble the fibrillar ECM of
cartilage. Both approaches offer precise control over pore size,
fiber alignment, and spatial distribution of bioactive cues,
improving integration and functional outcomes [27].

Another exciting frontier is the development of “smart” or

responsive  scaffolds. These scaffolds adapt to local
microenvironmental changes, such as pH shifts, enzymatic
activity, or temperature fluctuations, and can release

therapeutic molecules on demand. This enables spatiotemporal
control of growth factor or drug release, ensuring that
bioactive signals are delivered at the most effective time and
[28]. Collectively,
transforming scaffolds into dynamic, multifunctional platforms
that combine mechanical support with biological regulation,
holding immense promise for durable and functional cartilage

concentration these innovations are

regeneration.
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Figure 02: 3D printing of scaffolds for articular
cartilage/osteochondral regeneration
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Nanomaterial-Based Drug Delivery
Repair

Controlled Release of Growth Factors
Growth factors such as transforming growth factor-f3 (TGF-f),
insulin-like growth factor-1 (IGF-1), and bone morphogenetic
proteins (BMPs) play crucial roles in promoting chondrocyte
proliferation, differentiation, and extracellular matrix (ECM)
synthesis. However, their clinical application is limited due to
rapid degradation, short half-life, and the need for high
systemic doses to achieve therapeutic concentrations.
Nanomaterials overcome these barriers by enabling sustained,
localised, and bioactive delivery of growth factors directly to
cartilage defects. For example, nanoparticles,
scaffolds, and hydrogel carriers have been utilised to
encapsulate TGF-f or BMPs, thereby ensuring controlled
release over extended periods and maintaining their
bioactivity. This targeted delivery reduces systemic side effects
while maximising regenerative outcomes, making nanocarrier-
mediated growth factor release a powerful tool in cartilage
tissue engineering [29].

Delivery of Anti-Inflammatory Drugs for Osteoarthritis
Osteoarthritis is characterized by low-grade
inflammation, with elevated levels of cytokines such as TNF-q,
IL-1B, and IL-6, along with increased COX-2 expression. These
inflammatory mediators accelerate cartilage breakdown and
impair repair processes. Conventional oral or systemic
administration of anti-inflammatory drugs such as NSAIDs and
corticosteroids is often associated with poor joint specificity
and adverse systemic effects. Nanocarrier-based delivery
systems—including PLGA nanoparticles, chitosan nanocarriers,
liposomes, and solid lipid nanoparticles—have been developed
to directly deliver anti-inflammatory agents to the cartilage
microenvironment. Such systems prolong drug residence time
within the joint cavity, improve penetration into dense
cartilage tissue, and provide long-term suppression of
inflammation. For example, curcumin-loaded liposomes
demonstrated significant reduction of chondrocyte apoptosis
and oxidative stress, while indomethacin-loaded -chitosan
nanoparticles reduced pro-inflammatory cytokine levels in
preclinical models. [30, 31]

Gene Delivery Systems

Genetic strategies provide long-lasting therapeutic effects by
directly altering the expression of key genes involved in
cartilage degeneration and regeneration. Nanomaterial-based
carriers such as cationic lipids, polymeric nanoparticles,
dendrimers, and lipid-polymer hybrids have been utilised to
deliver plasmid DNA, siRNA, and miRNA to chondrocytes and
siRNA-loaded
nanoparticles can silence pro-inflammatory genes, such as NF-
kB and MMP-13, thereby reducing cartilage degradation.
Conversely, plasmid DNA encoding TGF-f or SOX9 can
chondrogenic Importantly,
nanocarriers protect nucleic acids from enzymatic degradation,
enhance cellular uptake, and enable targeted release within the
cartilage matrix. This makes nanomaterial-based gene delivery
a promising approach for disease-modifying osteoarthritis
therapy [32].

in Cartilage

nanofiber
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mesenchymal stem cells. For instance,

stimulate differentiation.
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Cell-based Therapies with Nano-carriers

Cell transplantation, particularly with mesenchymal stem cells
(MSCs), has emerged as a promising approach for cartilage
regeneration due to their ability to differentiate
chondrocytes and secrete trophic factors that modulate the
repair environment. However, challenges such as poor survival,
low retention, and limited differentiation efficiency reduce
their therapeutic impact. The integration of nanomaterials into
cell-based therapies has provided solutions to these
limitations. Nanofiber scaffolds (e.g, PLGA, PCL electrospun
fibers) mimic the structure of the native ECM, improving MSC
adhesion and guiding chondrogenic differentiation.” Hydrogels
functionalized with nanoparticles further enhance MSC
survival by providing a 3D microenvironment and enabling
controlled release of growth factors alongside cell delivery.? In
addition, approaches such as magnetic
nanoparticles combined with scaffolds have enabled remote
control of MSC distribution and retention at defect sites.
Exosome-loaded nanoparticles derived from MSCs have also
shown the ability to deliver regenerative signals without direct
cell transplantation, offering reduced immune rejection while
maintaining bioactivity [33,34].

Table 2: Nanomaterial-Based Delivery of Anti-inflammatory
Drugs in Cartilage Repair
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Table 3: Nanomaterial-Assisted Cell-Based Therapies in
Cartilage Repair
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[4]

Preclinical and Clinical Studies

In vitro Studies

In vitro investigations are the first step in evaluating the
potential of nanomaterials for cartilage regeneration.
These studies typically involve culturing primary
chondrocytes or mesenchymal stem cells (MSCs) on
nanofiber scaffolds, nanoparticle-modified hydrogels, or
nanocomposites to assess cell adhesion, proliferation,
viability, and differentiation. For example, electrospun
PLGA nanofibers have been shown to enhance MSC
chondrogenic differentiation, nanocomposite
hydrogels incorporating hydroxyapatite
nanoparticles improve mechanical strength and matrix
deposition. In vitro assays also help determine the
biocompatibility and cytotoxicity of nanomaterials
before animal or clinical testing [35-37].

while
silica or

In vivo Animal Models

Preclinical animal models are essential for evaluating the
regenerative efficacy and safety of nanomaterial-based
scaffolds and drug delivery systems. Small animal
models, such as mice and rats, are frequently used for
mechanistic studies, while rabbit and goat osteochondral
defect models provide valuable insights into load-
bearing cartilage repair. For example, PLGA/chitosan

nanoscaffolds implanted in rabbit knee defects
promoted hyaline-like cartilage formation, and
hydrogel-nanoparticle composites demonstrated

improved integration with host cartilage in rat models.
Large animal studies, such as those in sheep or pigs,
further validate the biomechanical functionality and
durability under physiological joint loading [38-40].

Clinical Trials and Translational Potential

Although still in the early stages, several clinical studies
are beginning to explore nanomaterial-based strategies
for cartilage repair. Most are pilot or Phase I/II studies
focusing on safety, feasibility, and preliminary efficacy.
For example, injectable hyaluronic acid hydrogels with
nanoparticles have been investigated for osteoarthritis
treatment, showing improvements in pain reduction and
joint function. Similarly, nanofiber scaffolds seeded with
autologous chondrocytes or MSCs are under evaluation
for focal cartilage defects. progress
remains cautious, but preclinical success and favorable

Translational

early clinical outcomes underscore the potential of
nanotechnology to bridge the gap between laboratory
research and clinical application [41-43].
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Table 4: Examples of Preclinical and Clinical Studies in
Nanomaterial-Based Cartilage Repair
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Future Perspectives

The future of nanomaterial-based cartilage repair is
moving toward more personalized and multifunctional
strategies. Personalized 3D-printed nanoscaffolds hold
the potential to create patient-specific implants that
precisely match defect geometry and mechanical
requirements, while smart nanomaterials capable of dual
functions-such as promoting regeneration and
simultaneously delivering anti-inflammatory signals—
could enhance therapeutic outcomes. The integration of
artificial intelligence and computational modeling in
scaffold design will enable predictive optimization of
material properties and drug release Kkinetics,
accelerating  translational success. Furthermore,
combining nanomedicine with regenerative medicine
approaches,
therapies, is expected to generate synergistic platforms
that address both structural restoration and biological
modulation, paving the way for durable and functional

cartilage regeneration.

including stem cell and gene-based

Conclusion

Nanomaterial-based strategies have opened new
avenues for cartilage repair by combining structural
mimicry with targeted therapeutic delivery. Preclinical
evidence that nanofibers, nanoparticles,
hydrogels, nanocomposites can significantly
enhance chondrocyte function, extracellular matrix

deposition, and overall tissue regeneration. Clinical

shows
and

(5]

studies, though limited, are beginning to validate safety
and efficacy, important step toward
translation. The integration of 3D printing, smart

marking an

responsive systems, and stem cell therapies with
nanomaterials further strengthens their potential. While
challenges related to long-term safety, scalability, and
regulatory approval remain, nanotechnology offers a
durable,
patient-specific solutions for cartilage regeneration.

promising pathway toward effective, and
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