International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

Engineered Nanomaterials for Drug Delivery in
Temporomandibular Joint Osteoarthritis:
Translational Insights and Current Advances

Shoufu Sun"?*, Yunan Jiang®*, Jichun Zhang®*, Shanyong Zhang', Yuanjin Xu'

'Department of Oral Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine; College of Stomatology, Shanghai
Jiao Tong University School of Medicine; National Center for Stomatology; National Clinical Research Center for Oral Diseases; Shanghai Key
Laboratory of Stomatology; Shanghai Research Institute of Stomatology, Shanghai, People’s Republic of China; 2Shanghai Tongren Hospital, Shanghai
Jiao Tong University School of Medicine, Shanghai, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Shanyong Zhang; Yuanjin Xu, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, People’s
Republic of China, Email zhangshanyong@ |26.com; drxuyuanjin@ |26.com

Abstract: Temporomandibular joint osteoarthritis (TMJ OA) is a degenerative disorder involving cartilage degeneration, synovial
inflammation, and abnormal bone remodeling. Current clinical treatments are limited by low delivery efficiency and short intra-
articular drug retention. This review summarizes recent advances in nanotechnology-based drug delivery systems for TMJ OA therapy.
Various nanocarriers, including liposomes, polymer nanoparticles, nanomicelles, metal-organic frameworks, and hydrogels, have been
investigated for their ability to improve joint targeting, extend intra-articular residence time, and enable sustained or stimuli-responsive
drug release. In addition, emerging nanomaterials, such as nanozymes, inorganic nanomaterials, and carbon-based materials, show
potential in modulating the inflammatory microenvironment and supporting cartilage repair. However, most current evidence is derived
from non-TMJ OA models or related nanoplatform studies, and direct TMJ-specific validation remains limited, which constrains
translational interpretation. Despite these advances, several challenges remain, including limited penetration across physiological
barriers, insufficient durability of therapeutic effects, and unresolved safety issues in clinical translation. Future studies should place
greater emphasis on TMJ-specific validation, the development of intelligent responsive delivery systems, and the establishment of
standardized evaluation approaches. The integration of patient-specific factors may further support precision treatment and facilitate
the clinical translation of nanotherapeutic strategies for TMJ OA.
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Introduction

Temporomandibular joint osteoarthritis (TMJ OA) is a common degenerative disorder characterized by chronic synovitis,
progressive cartilage degeneration, and abnormal remodeling of subchondral bone.' Clinically, TMJ OA presents with
recurrent joint pain, restricted mouth opening and functional impairment, significantly affecting patients’ quality of
life.>* Despite its high prevalence, effective clinical management of TMJ OA remains challenging. Currently, conven-
tional treatment strategies, such as oral administration or intra-articular (IA) injection of non-steroidal anti-inflammatory
drugs (NSAIDs), are commonly used to alleviate symptoms. However, oral administration is often associated with
systemic side effects and insufficient drug concentration in the joint.* IA injection provides a more direct approach by
improving local bioavailability and reducing systemic exposure.”® Nevertheless, rapid clearance of drugs through
synovial capillaries and lymphatic drainage limits their retention, often necessitating repeated injections. This may
lead to pain, tissue damage, infection risk, and poor patient compliance.” Although some sustained-release systems have
been developed, many are readily captured by synovial tissues, resulting in premature drug release and limited

https://doi.org/10.2147/IJN.S596836 International Journal of Nanomedicine 2026:21 596836 |
Received: 16 January 2026 © 2026 Sun et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at httpx / Iwww.dovepress.com/terms.php
Accepted: 30 May 2026 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati nc/4.0/). By accessing the work

Published: 5 June 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Sun et al

Liposome Polymer particle

Metal-organic

Nanomicelle

framework

~—

= e

o )

Targeted
Intra-articular

Nano-enzyme Hydrogel

/ Delivery Y PRI

Mesoporous Gold Cabon
silica nanoparticle  nanotube

Figure | Schematic overview of emerging nanomaterial-based drug delivery systems for the treatment of TM] OA.

penetration into deeper targets such as cartilage.® These limitations highlight the need for novel delivery systems capable
of prolonging intra-articular drug retention while improving tissue-specific targeting.

At the same time, TMJ OA involves well-defined therapeutic targets, including inflammatory mediators, catabolic
enzymes, and chondrocyte dysfunction.® Recent advances in biomaterials and nanotechnology have enabled the devel-
opment of novel drug delivery systems for TMJ OA (Figure 1). Nanomaterials offer tunable physicochemical properties
and versatile functionalization, making them suitable for improving drug retention, controlled release, and targeting
efficiency.” For instance, metal-organic frameworks (MOFs) have been explored for antioxidant delivery,” while
hydrogels enable sustained release through their three-dimensional networks,” and liposomes can encapsulate both
hydrophilic and hydrophobic agents.'® These systems have gradually evolved from simple carriers into multifunctional
platforms that integrate delivery, regulation, and, in some cases, monitoring capabilities. This review focuses on the
design, advantages, and limitations of nanomaterial-based intra-articular delivery systems, and discusses their potential to
improve therapeutic efficacy and clinical translation. Given the limited number of TMIJ-specific studies, this review
incorporates evidence from other osteoarthritis models where appropriate, while highlighting the need for cautious
interpretation.

TM)-Specific Structural and Pathological Features Guiding Intra-Articular
Drug Delivery

Anatomical and Biomechanical Characteristics of the TMJ Relevant to Drug Delivery
The TMIJ has distinct anatomical and physiological features that are closely related to intra-articular drug delivery. Unlike
weight-bearing joints covered by hyaline cartilage, the TMJ is lined with fibrocartilage, which is more resistant to shear
stress but differs in permeability and intrinsic repair capacity.' The TMJ is exposed to complex mechanical loading,
including compression, shear, and friction generated during mastication and mandibular movement. In addition, the
presence of an articular disc and a relatively confined joint cavity creates a unique microenvironment that directly affects
drug distribution and retention.'?

TMJ homeostasis depends on continuous remodeling in response to mechanical stimuli. However, excessive or
unbalanced loading disrupts this process and initiates degenerative changes.'® From the perspective of drug delivery,
several structural and functional characteristics present notable challenges. The dense extracellular matrix and
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fibrocartilaginous architecture can limit drug penetration into cartilage. Meanwhile, joint motion and synovial fluid
turnover may accelerate drug clearance, reducing retention time. Furthermore, pathological alterations such as inflam-
mation and oxidative stress may affect drug stability and release kinetics. These characteristics highlight the need for
delivery systems that improve tissue penetration, prolong intra-articular residence, and adapt to the local
microenvironment.

Pathological Characteristics and Molecular Mechanisms of TM] OA

The core pathological changes in TMJ OA include progressive destruction of articular cartilage, subchondral bone
sclerosis, and synovial inflammation.'* Among these, synovial inflammation plays a central role in driving disease
progression. In TMJ OA, synovial tissue shows angiogenesis and inflammatory cell infiltration, accompanied by
increased levels of pro-inflammatory cytokines such as interleukin-1p (IL-1B) and tumor necrosis factor-a (TNF-a) in
the synovial fluid.'> These cytokines activate the NF-kB signaling pathway, leading to upregulation of matrix metallo-
proteinases (MMP-3 and MMP-13), which degrade type II collagen and proteoglycans in the cartilage matrix.'®!”

At the cellular level, cartilage degeneration is largely driven by an imbalance between chondrocyte anabolism and
apoptosis.'® Type II collagen (COL2A1), a major structural component of the extracellular matrix, also regulates
chondrocyte hypertrophy through the integrin f1/SMADI pathway.'® The transcription factor SOX9 is essential for
chondrocyte proliferation, differentiation and phenotype maintenance.”” In TMJ OA, reduced expression of these
molecules, together with increased apoptosis induced by aging, oxidative stress, and inflammation, accelerates cartilage
degeneration.?'

Impaired cartilage repair further contributes to disease progression. Dysfunction of mesenchymal stem cells (MSCs),
particularly their reduced chondrogenic differentiation capacity, limits tissue regeneration. Recent studies show that
Kartogenin (KGN) can promote chondrogenesis and restore the expression of SOX9 and COL2A.*** In the clinical
treatment strategies for TMJ OA, targeted regulation of cartilage and subchondral bone tissues is of great significance.
However, its poor water solubility restricts clinical application. Exosome-mediated delivery has been shown to improve
the bioavailability of KGN and enhance the chondrogenic potential of synovial fluid-derived MSCs (SF-MSCs),
suggesting a promising strategy for TMJ OA treatment.”*

Nanomaterial-Based Intra-Articular Drug Delivery Systems for TM) OA
The treatment of TMJ OA remains challenging, largely due to the limited efficacy of conventional drug delivery
approaches. Systemic administration often fails to achieve sufficient drug concentrations within the joint, while intra-
articular injection, although more direct, is hindered by rapid drug clearance and short retention time. The residence time
of free drugs after injection is typically less than 24 hours®® and the half-life of therapeutic proteins such as TGF-B is
only 2—4 hours within the joint cavity.”” These limitations make it difficult to maintain effective drug levels for sustained
therapeutic action. To address these challenges, a range of nanomaterial-based delivery systems has been developed.
These systems can be broadly categorized based on their material composition and functional properties. Table 1
summarizes the key features of representative nanomaterial-based delivery platforms.

Nanocarriers

Nanocarriers represent a major class of delivery systems for TMJ OA. Their nanoscale size enables penetration across the
synovial barrier, with particles in the range of 50-200 nm showing favorable transport properties.** Common nanocar-
riers include liposomes, polymeric nanoparticles, nanomicelles, and metal-organic frameworks (MOFs). In addition,
surface modification strategies allow these carriers to interact more effectively with target tissues, such as cartilage or
chondrocytes, thereby improving local drug retention.*®>°

Liposomes

Liposomes are spherical vesicles composed of phospholipid bilayers, with structures similar to cell membranes, which
confer excellent biocompatibility.’" Their ability to encapsulate both hydrophilic and hydrophobic agents makes them
versatile carriers for TMJ OA therapy. In addition, surface modification enables improved interaction with target cells or
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Table | Overview of Drug Delivery Systems Developed for Intra-Articular Treatment of TM] OA

siRNA

Nanoenzymes

property

cartilage degeneration

Carrier Type Carried Drugs/ Modification | Target Particle Size Characteristics of the Function Disease | Ref.
Small Molecules Carrier Model
Nanocarriers
Liposomes
miR-330-3p@FA-LNP | miR-330-3p/ FA, WYRGRL Macrophages / | 122.4+2.9 nm Improved transfection Anti-inflammatory, cartilage repair TMJ OA | [I0]
and KGN@W-LNP kartogenin (KGN) Chondrocytes | 180.8+5.3 nm efficiency, bioavailability,
reduced drug side effects
MLX-Ca(AC)2Lipo Meloxicam Ca2+, Prostaglandin 110-125 nm High encapsulation rate, Anti-inflammatory, lubricating TMJ OA | [27]
meglumine E2 excellent storage stability,
sustained-release properties
Polymer nanoparticles
RNPs Rapamycin / ATDCS cells 250470 nm Non-toxic, high encapsulation Inhibit the aging of chondrocytes and | OA [28]
efficiency, continuous release maintain the dynamic balance
between anabolic and catabolic
processes.
FA-Y8 NP Conjugated Y8 FA Macrophages 138 nm Good photothermal conversion | Effectively modulate M1 polarization, | TMJ OA [29]
efficiency and active targeting alleviate synovitis, preserve cartilage
capability toward M| integrity
macrophages.
Fmoc-DDT@Fos Fostamatinib Fmoc-FF Macrophages 158.13+£16.30 nm Good biocompatibility, Modulate ferroptosis pathways, TM] OA [30]
peptides macrophage targeting, and Fos maintain condylar cartilage
slow-release properties homeostasis
CH-CS NPs siRNA / Chondrocytes | 86%22 nm High encapsulation efficiency, Gene therapy, high silencing rate of | OA [31]
low toxicity, targeting the MMP13 gene
chondrocytes
Nanomicelles
IL-1Ra mRNA mRNA / Chondrocytes | / Excellent tissue penetration mRNA delivery for anti- TMJ OA | [32]
with few immunogenic inflammatory protein expression
responses and TMJ OA alleviation
MOFs
NBIF@ZIF-8/PHG Neobavaisoflavone Polydopamine, | Macrophages 300 nm Excellent cell/tissue affinity, Modulate the immune response and | OA [33]
HA strong mechanical properties, assist in cartilage defect repair
high loading capacity, and local
release with responsiveness
MIL-101-NH2@CCM- | Curcumin/siHIF-2a HIF-2a mRNA | 200 nm pH-responsive, targeting Anti-inflammatory, alleviating OA [34]
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Mn30O4@PDA@Pd- Mn304, Pd-SS31 PDA Mitochondrial | 2.3 nm Photodynamic property, Remove reactive oxygen and protect | OA [35]
SS31 mitochondrial targeting cartilage
Hydrogel systems
Natural polymer
hydrogels
3-aminophenylboronic- | Luteolin APBA Macrophages 2.4 um Excellent injectability, Enhanced lubrication properties, TMJ OA | [36]
HP lubrication properties, radical antioxidant activities, and anti-
scavenging efficiency, and inflammatory effects
antibacterial activity
HA-aKG NPs Alpha ketoglutarate | HA Chondrocytes | 148.4 nm Controlled, prolonged, and pH- | Reduce endoplasmic reticulum OA [37]
responsive release stress, promote cartilage matrix
synthesis
CMCS-Sr Sr / Chondrocytes | 100-200 nm Injectable, sustained-release Inhibit chondrocytes apoptosis and OA [38]
type alleviate inflammatory reactions
Que-Mg@SA Quercetin, Mg2+ / Macrophages / | 35.27%£2.99 nm High entrapment, efficiency, Antioxidant, anti-inflammatory, and OA [39]
Chondrocytes loading efficiency, pronounced promoting cartilage formation
hygroscopic properties,
sustained drug-release capability
OSPPB Protocatechuic acid/ | Aldehyde- exRNA / 424 nm Injectability, self-healing, and Accelerate the healing process of TMJ OA | [40]
bevacizumab phenylboronic Neurovascular pH-reactive oxygen species dual | condyles and alleviate chronic pain
responsiveness
Synthetic polymer
hydrogels
PLCL-PEG-PLCL/Nell-1 | Nell-1 / Chondrocytes | / A wider gelation temperature Promote chondrogenic expression, TM] OA | [41]
range and better hydrolytic inhibit inflammatory expression in
stability MCCs and reverse osteochondral
damage caused by TM] OA
Composite hydrogels
FGFI8/THG FGFI8 GA Macrophages / | 2.7-3 nm A ROS-responsive, Reverses ECM degradation, TMJ OA | [42]
Chondrocytes biodegradable anti-inflammatory | promotes cartilage matrix synthesis,
hydrogel alleviates the inflammatory
environment
HABP+Laponite gel Laponite/ HA Surface of 25-30 nm Enhanced mechanical Realize bone induction at a greatly OA [43]
bisphosphonate bone properties, maintaining protein reduced effective dose of BMP-2.
binding ability
(Continued)
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Table | (Continued).

Carrier Type Carried Drugs/ Modification | Target Particle Size Characteristics of the Function Disease | Ref.
Small Molecules Carrier Model
Mn-NC SAzymes+ Mn-NC / Chondrocytes | / The synergistic dual enzyme-like | ROS scavenging, inflammation TM] OA | [44]
chitosan gel activities of the Mn-NC inhibition, and bone/cartilage repair
SAzyme, the active repair
properties of chitosan
Inorganic
nanomaterials
HA/Wntl 6@MSN Whntlé HA Chondrocytes | 86.53%+23.74 nm A novel, multi-functional, Promote cartilage matrix TM] OA [45]
controllable two-stage delivery restoration and inhibit
system osteoclastogenesis
AG@MSNs-PAA AG PAA Macrophages / | 120 nm pH-responsive, high drug Anti-inflammatory, protecting OA [46]
Chondrocytes loading rate cartilage
TA-GNPs Triamcinolone / Macrophages 20 nm Anti-inflammatory and Inhibit the degeneration of joint OA [47]

hexacetonide

antioxidant functions

cartilage
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tissues within the joint. Recent studies have explored functionalized liposomes for combined anti-inflammatory and
cartilage-protective effects. Yang et al'® developed a dual-targeted lipid nanoparticle system co-delivering miR-330-3p
and kartogenin (KGN), which was shown to regulate macrophage polarization and support chondrocyte homeostasis,
thereby alleviating synovial inflammation and cartilage degeneration (Figure 2A). Liposomes have also been used to
improve the delivery of clinically relevant drugs. Meloxicam (MLX), a commonly used anti-inflammatory agent for TMJ

OA, suffers from poor solubility and limited intra-articular retention. To address this, Zhong et al*’

developed
a liposomal formulation that enhances drug loading and stability. Both in vitro and in vivo results demonstrated that
this system can reduce chondrocyte apoptosis and extracellular matrix degradation while providing additional lubrication
within the joint (Figure 2B). While these findings highlight the potential of liposome-based systems, most evidence is
derived from general OA, and their long-term stability, drug leakage, and in vivo reproducibility in TMJ-specific settings

remain to be further validated.

Polymeric Nanoparticles

Polymeric nanoparticles are widely used drug delivery platforms, with materials such as poly (lactic-co-glycolic acid)
(PLGA), chitosan (CS), and poly (lactic acid) (PLA) being commonly employed.’’ These materials offer good
biocompatibility and biodegradability, and are particularly suitable for sustained drug release. Moreover, polymeric
systems can be designed to respond to specific microenvironmental cues, such as pH or enzymatic activity, which may

further enhance their performance in joint diseases.”

Several studies have demonstrated the therapeutic potential of polymeric nanoparticles in TMJ OA. Ma et al*®
developed PLGA-based nanoparticles for rapamycin delivery, which promoted chondrogenic differentiation and reduced
oxidative stress—induced chondrocyte senescence. In vivo, this system alleviated cartilage damage, synovial inflamma-
tion, and pain. Similarly, Guo et al®* reported poly(p-coumaric acid)-based nanoparticles with antioxidant and anti-
inflammatory properties, which showed protective effects on cartilage and subchondral bone in TMJ models (Figure 2C).

Polymeric nanoparticles have also been engineered for targeted or externally regulated therapies. Wang et al®’
developed a folic acid-conjugated Y8 nanocomposite capable of modulating synovial macrophage polarization through
photothermal effects, thereby reducing inflammation and cartilage degeneration. Zhang et al*® designed a composite
delivery system enabling sustained release of anti-inflammatory agents and promoting macrophage reprogramming,
which contributed to maintaining cartilage homeostasis.

Natural polymer-based systems further expand the application scope of polymeric nanoparticles. Chitosan-based
carriers, for instance, have been explored for gene delivery due to their favorable biocompatibility and functional
versatility.*>® Moghadam et al’' developed a chitosan—chondroitin sulfate nanoparticle system that enhanced cellular
uptake and enabled efficient delivery of nucleic acids, including siRNA targeting MMP13, providing a potential strategy
for gene-based therapy in TMJ OA (Figure 2D).

Nanomicelles

Nanomicelles are nanoscale structures formed by the self-assembly of amphiphilic polymers.>” These polymers contain
both hydrophilic and hydrophobic segments, enabling the formation of a core—shell architecture in aqueous environ-
ments: the hydrophobic core facilitates the encapsulation of poorly soluble drugs, while the hydrophilic shell enhances
stability and biocompatibility.”® Recent studies have explored nanomicelles as carriers for advanced therapeutic mod-
alities. Deng et al’” developed a polymeric nanomicelle system with excellent tissue penetration and minimal immuno-
genicity for mRNA delivery. This platform enabled efficient protein expression in cartilage tissues and alleviated TMJ
OA progression by suppressing pro-inflammatory cytokines such as IL-6 and TNF-o, highlighting its potential in nucleic
acid—based therapies. In addition, surface modification strategies can further improve the targeting capability of
nanomicelles, thereby enhancing therapeutic precision and minimizing off-target effects.>*°

Emerging Nanocarriers: MOFs and Nanoenzymes

In addition to the nanocarriers discussed above, several emerging nanomaterials, including MOFs and nanoenzymes,
have attracted increasing attention for their unique physicochemical properties and potential applications in osteoarthritis
treatment.®'** However, studies specifically focusing on TMJ OA remain limited, and current evidence is largely
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Figure 2 Targeted nanocarrier strategies for TM] OA therapy. (A) Schematic representation of two ligand-modified lipid nanoparticle systems (FA-LNP and W-LNP)
designed to target macrophages and chondrocytes, respectively, enabling combined anti-inflammatory and tissue repair effects through molecular and gene regulation
(Reproduced with permission from Ref.'® Copyright 2024, Elsevier B.V). (B) Actively loaded meloxicam liposome system (MLX Ca(AC)2Lipo) for TMJ OA therapy, designed
for local meloxicam release to exert anti-inflammatory and cartilage-protective effects (Reproduced with permission from Ref.?” Copyright 2023, Yinggian Zhong et al). (C)
Poly(p-coumaric acid) nanoparticles alleviate TMJ OA by inhibiting chondrocyte ferroptosis while exerting antioxidant and anti-inflammatory effects to promote joint repair
(Reproduced with permission from Ref.*? Copyright 2024, Jiaxin Guo et al). (D) Chitosan—chondroitin sulfate nanoparticle platform for gene delivery applications in joint
disease treatment (Reproduced with permission from Ref.>' Copyright 2022, Elsevier B.V).
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derived from other OA models. MOFs are characterized by high surface area, tunable pore structures, and versatile
functionalization capabilities, enabling efficient drug loading and controlled release. In OA-related studies, MOF-based
systems have been explored for delivering anti-inflammatory agents and nucleic acids with stimulus-responsive release
profiles, contributing to improved regulation of the joint microenvironment.**** Similarly, nanoenzymes exhibit enzyme-
like catalytic activities that can modulate oxidative stress and inflammation. By mimicking antioxidant enzymes, they can
reduce reactive oxygen species and regulate immune responses, thereby alleviating OA progression.®®

Recent advances further highlight the potential of these materials in more sophisticated therapeutic strategies. For
instance, mitochondria-targeted or externally responsive nanozyme systems have been developed to enhance subcellular
regulation and improve therapeutic precision.>> These approaches, although not yet validated in TMJ-specific models,
provide important insights into the design of multifunctional and microenvironment-responsive delivery systems. Taken
together, while direct evidence in TMJ OA is still lacking, these emerging nanomaterials offer valuable conceptual and
technical frameworks that may inform future developments in targeted and combinatorial therapies for TMJ disorders.

Hydrogel Drug Delivery System

Hydrogels are three-dimensional network materials widely used in drug delivery due to their favorable biocompatibility,
tunable degradability, and capacity for encapsulating diverse therapeutic agents.®®” Their crosslinked structures can be
readily engineered to achieve specific physicochemical properties, enabling applications in tissue repair and controlled
drug delivery.®® For intra-articular applications, hydrogels offer distinct advantages. Injectable precursors allow mini-
mally invasive administration and conform to irregular joint spaces, while in situ gelation enables localized retention and
sustained release of encapsulated drugs, proteins, or cells.””® These features make hydrogels particularly suitable for
improving drug residence time and therapeutic efficacy in OA treatment. Based on their material origin and design
strategies, hydrogels can be broadly classified into natural polymer hydrogels, synthetic polymer hydrogels, and
composite hydrogels (Figure 3).”"’? Nevertheless, most studies primarily focus on drug release behavior and short-
term efficacy, while systematic evaluation of long-term performance and comparative effectiveness across different
hydrogel systems remains limited.

Natural Polymer Hydrogels

Natural polymer hydrogels, including gelatin, hyaluronic acid (HA), chitosan, and sodium alginate, are widely explored
in drug delivery due to their favorable biocompatibility, low immunogenicity, and intrinsic bioactivity. These materials

Hydrogel Materials
| | |

Natural Polymer Synthetic Polymer Composite
Hydrogel Hydrogel Hydrogel

() Gelatin -eot  PAAmM (O Gel-PEG

n_ Hyaluronic cH HA-Nanocla

S . -+~ PEG y
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§} Chitosan »s® PLGA

& Sodium | ... e e S

by 4 Alginate

Figure 3 Classification of hydrogels based on material origin and composition.
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can provide a supportive microenvironment for cell survival and tissue repair, making them particularly suitable for intra-
articular applications. However, their relatively weak mechanical strength and susceptibility to rapid enzymatic degrada-
tion often limit their long-term performance.”” To overcome these limitations, strategies such as chemical modification,
cross-linking, or incorporation of functional nanomaterials have been employed to enhance their stability and
functionality.”

Among these materials, HA-based hydrogels have attracted considerable attention due to their natural presence in
joint tissues and their lubrication and anti-inflammatory properties.”*’> Similarly, Liu et al*® designed HA-based
microparticles capable of dynamically binding diol-containing drugs, demonstrating antioxidant and anti-inflammatory
effects and promoting cartilage regeneration in TMJ OA (Figure 4A). In addition, a composite HA hydrogel incorporat-
ing mesoporous silica nanoparticles achieved dual-layer sustained release of Wntl6, effectively modulating the Wnt/B-
catenin signaling pathway and enhancing cartilage matrix restoration in TMJ OA (Figure 4B).** Although not specific to
TMJ OA, HA-based delivery systems have also shown therapeutic potential in other OA models, such as HA-aKG
nanoparticles that improve cartilage anabolism and alleviate endoplasmic reticulum stress,?” highlighting their broader
applicability.

Chitosan-based hydrogels are another important class of natural polymers with favorable biodegradability and
bioadhesive properties.”® Owing to these characteristics, they have been widely applied in drug delivery and tissue
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engineering.””’® Recent studies have expanded their functionality beyond passive delivery. Besides, chitosan derivatives
such as carboxymethyl chitosan strontium (CMCS-Sr) have been shown to enhance chondrocyte proliferation and matrix
synthesis while reducing inflammatory responses in OA models.*® Dual-drug delivery systems based on chitosan
nanoparticles have also demonstrated synergistic anti-inflammatory and pro-regenerative effects, supporting their role
in cartilage protection and regeneration.”®

Sodium alginate-based hydrogels have also been widely investigated for controlled drug delivery due to their mild
gelation properties and good biocompatibility.**** Composite systems incorporating bioactive nanoparticles, such as
quercetin-Mg>" complexes, have demonstrated the ability to reduce oxidative stress, suppress inflammatory cytokine
production, and maintain cartilage metabolic balance in OA models.>® In addition, alginate-based multifunctional
hydrogels capable of scavenging extracellular RNA and continuously releasing therapeutic agents have shown potential
in modulating neurovascularization and alleviating TMJ OA-associated pain (Figure 4C).*°

Overall, natural polymer hydrogels provide a versatile platform for integrating multiple therapeutic functions,
including drug delivery, microenvironment modulation, and tissue regeneration. Nevertheless, their inherent mechanical
limitations and variability in degradation behavior still necessitate further optimization for long-term and site-specific
applications in TMJ OA.

Synthetic Polymer Hydrogels

Synthetic polymer hydrogels are three-dimensional hydrophilic networks capable of retaining large amounts of water
while maintaining structural stability. Their mechanical properties and degradation behavior can be tuned by adjusting
polymer molecular weight, cross-linking density, or chemical composition, enabling controlled drug release.®>"
However, many synthetic polymers lack intrinsic bioactivity or cell-recognition sites, which may limit their interaction
with cartilage tissue.

Commonly used materials include polyacrylamide (PAAm), polyethylene glycol (PEG), and PLGA.®” PAAm-based
hydrogels are easy to prepare and allow flexible structural design. Dual-responsive PNIPAm-co-PAAm hydrogels can
achieve temperature- and pH-sensitive drug release with high loading efficiency, although most studies are limited to
in vitro experiments.*® *° PEG-based hydrogels are highly biocompatible and water-soluble, and their molecular weight
and properties are readily adjustable.®® Functionalized PEG systems, such as cartilage-targeted PEG (PCFMN), have
shown the ability to upregulate anabolic genes and downregulate catabolic genes in chondrocytes, delaying OA
progression in vivo.”' Notably, TMJ OA evidence shows that a PLCL-PEG-PLCL injectable hydrogel combined with
Nell-1 can achieve sustained release and promote cartilage repair while improving subchondral bone structure in vivo.*!
However, this evidence is still limited to preclinical models, and further validation is needed to assess long-term efficacy,
reproducibility, and safety in clinically relevant TMJ settings. PLGA-based polymer nanoparticles have been described in
previous sections. Generally, synthetic polymer hydrogels for TMJ OA are still in an early exploratory stage, and their
combination with bioactive modifications or hybridization with natural polymers may enhance therapeutic efficacy in the
unique TMJ environment.

Composite Hydrogels

Composite hydrogels combine the biocompatibility of natural polymers with the tunability of synthetic polymers,
offering both improved mechanical properties and biological activity.”? Interactions among components can support
cell adhesion, signaling, and growth factor delivery, which may facilitate cartilage regeneration.”® Typical designs
include gelatin—PEG complexes and hyaluronic acid—nanoclay systems. In TMJ OA, a ROS-responsive HA-GA-based
hydrogel has been developed to deliver FGF18, enabling simultaneous ROS scavenging and sustained release of pro-
regenerative factors, thereby overcoming the inhibitory effects of inflammation on cartilage repair and effectively
delaying disease progression.*” Kim YH et al** developed a self-assembled hydrogel with functionalized clay nanopar-
ticles was constructed by crosslinking hyaluronic acid modified with bisphosphonate side chains using low-concentration
nanoclay. This hydrogel showed enhanced mechanical properties, maintained protein-binding capacity, and preserved
BMP-2 activity in vivo for over six weeks. A nanozyme-functionalized chitosan hydrogel integrating Mn—N-C single-
atom catalysts demonstrated efficient ROS scavenging and suppression of MAPK signaling, thereby inhibiting
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chondrocyte apoptosis and extracellular matrix degradation while promoting osteochondral repair in TMJ OA
(Figure 4D).** Future studies may focus on tailoring composite hydrogels specifically for TMJ cartilage, optimizing
mechanical resilience, growth factor delivery, and stem cell support to match the joint’s unique microenvironment.

Inorganic Nanomaterials

Inorganic nanomaterials have unique physicochemical properties, including stability, biocompatibility, and high drug-
loading capacity, making them attractive carriers for drug delivery and potential therapeutic applications.”* They can
efficiently transport drugs, proteins, or genes to target sites, enhancing efficacy while reducing side effects. Common
inorganic nanomaterials in drug delivery include mesoporous silica nanoparticles (MSNs), gold nanoparticles (GNPs),
and quantum dots (QDs).”> Nevertheless, direct evidence in TMJ OA remains limited, and most current understanding is
extrapolated from other OA models or related biomedical applications. This highlights the need for more TMJ-specific
preclinical validation.

Mesoporous Silica Nanoparticles
MSNs are characterized by tunable mesoporous structures, high surface area, and facile surface functionalization.’®"’
These features allow efficient drug loading and the development of multifunctional theranostic systems. To date, only
limited TMJ OA-specific studies are available. Zhu et al*’

MSNs encapsulated in a hyaluronic acid hydrogel. This HA/Wntl6@MSN hydrogel promoted pre-cartilage matrix

designed a double-layer Wntl16 delivery system based on

repair, inhibited osteoclastogenesis, and suppressed over-activation of the Wnt/B-catenin pathway in TMJ OA models.
Other MSN-based systems, though not specific to TMJ OA, provide useful mechanistic insights. He et al reported that
AG@MSNs-PAA carrying silver ions reduced inflammation and protected cartilage in IL-1B-stimulated chondrocytes
and ACLT-induced OA rat models.*® These studies highlight MSNs’ versatile delivery capacity and suggest potential
applications for TMJ-targeted therapy.

Gold Nanoparticle Carriers

GNPs are valued for their optical, electronic, and surface-modifiable properties.”® "% They can achieve targeted drug
delivery and stable release, with photophysical properties enabling precise spatiotemporal control. In general OA models,
TA-GNPs (triamcinolone acetonide conjugated with gold nanoparticles) reduced pro-inflammatory factors, alleviated
oxidative stress, and improved cartilage structure.*” While TMJ OA-specific studies are lacking, these findings from
other OA models suggest that GNP-based carriers could be adapted for targeted TMJ applications.

Quantum Dots

QDs offer size-tunable luminescence, high surface area, and versatile surface functionalization, making them suitable for
both drug delivery and in vivo tracking.'”'* Although research on QDs in OA is limited, recent studies provide
promising references for TMJ tissue engineering. Jeong et al'® used QD-labeled bioactive scaffolds for TMJ disc
regeneration in mini-pigs, achieving anatomically correct tissue with region-specific mechanical properties and enabling
non-invasive monitoring of scaffold degradation. This work, although not an OA model, illustrates the potential of QDs
not only for delivery but also for real-time tracking in TMJ-related applications.

Carbon-Based Nanomaterials

Carbon-based nanomaterials, including carbon nanotubes (CNTs), nanographene, and fullerenes, exhibit high mechanical
strength, conductivity, and surface area.'%1% CNTs can deliver drugs, DNA, or siRNA, and enhance composite
materials’ mechanical properties, while nanographene offers large surface area and stability for biomedical
applications.'®” However, current studies directly addressing TMJ OA are scarce, indicating that translational work is
still at an early stage.

Trend Outlook: Personalized and Precision Approaches for TM) OA
The management of TMJ OA is increasingly moving toward personalized treatment and precision medicine, driven by
the heterogeneity of disease progression and inter-individual variability. Effective therapy requires tailoring strategies to
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patient-specific pathological features, including gene expression profiles, metabolic status, and local joint microenviron-
ment. For instance, some patients may benefit more from immunomodulatory approaches, while others require inter-
ventions targeting cartilage degeneration or specific inflammatory pathways. Emerging evidence also suggests that
certain immune cell subsets can protect TMJ cartilage by modulating synovium—cartilage interactions, highlighting
opportunities for targeted immunotherapy.

Intelligent biomaterial-based drug delivery systems, such as responsive hydrogels and exosome carriers, offer
spatially and temporally controlled release, potentially enhancing therapeutic efficacy while minimizing systemic side
effects. These platforms could be engineered to match the TMJ’s complex biomechanical environment, including limited
joint space, irregular cartilage geometry, and heterogeneous loading patterns, thereby improving retention and therapeutic
precision.

RNA-based therapies, including siRNA and mRNA approaches, expand the possibilities for precision intervention by
enabling selective regulation of key genes. Advances in genome-wide association studies and transcriptomic analyses
provide a foundation for identifying discase-relevant targets, paving the way for personalized RNA therapeutics that
modulate molecular pathways in vivo.'”® For TMJ OA, these strategies may allow patient-specific modulation of
inflammatory and regenerative pathways, offering a targeted approach that complements conventional biomaterial-
based delivery systems.

Artificial intelligence (Al) offers additional potential to accelerate the rational design of TMJ OA therapies. Machine
learning and deep learning can assist in optimizing drug formulations, predicting pharmacokinetics, and guiding
individualized treatment strategies.'” Integration of AI with nanomaterial carriers, hydrogel systems, and RNA ther-
apeutics could enable dynamic, adaptive treatment plans that respond to temporal changes in the joint microenvironment,
ultimately enhancing efficacy while reducing off-target effects.

Taken together, the integration of personalized medicine, intelligent drug delivery, RNA therapeutics, and Al-driven
optimization represents a promising frontier for TMJ OA management. Despite the current progress, the available
evidence remains heterogeneous and is often still at a preliminary stage. Direct comparisons between different delivery
systems are uncommon, and negative or inconclusive findings are seldom discussed, which may introduce potential bias
in evaluating overall efficacy. At the same time, key issues such as long-term biosafety, reproducibility, manufacturing
scale-up, and regulatory feasibility have yet to be fully examined in most preclinical studies. These factors make it
necessary to interpret the reported therapeutic potential with appropriate caution in the context of TMJ OA. Future
research should focus on developing integrative platforms that combine these approaches, validated in TMJ-specific
preclinical models, to achieve precise, durable, and patient-tailored therapies. Such efforts may also inform guidelines for
combinatorial strategies that address the multifactorial nature of TMJ OA, including inflammation, cartilage degenera-
tion, and subchondral bone remodeling.

Conclusions

Recent advances in drug delivery systems have significantly improved strategies for TMJ OA therapy. Recent advances
include targeted nanocarriers, responsive hydrogels for sustained intra-articular release, and gene-based approaches for
modulating inflammatory and catabolic pathways. These systems improve drug retention and tissue-specific delivery
while potentially reducing systemic exposure.

Despite these advances, clinical translation remains challenging. Physiological barriers, including the synovial
membrane and dense cartilage matrix, limit effective penetration, while insufficient retention and potential immunogeni-
city or off-target effects pose additional hurdles. In addition, concerns related to long-term biosafety, batch-to-batch
reproducibility, and the feasibility of large-scale manufacturing remain insufficiently addressed in current studies.
Importantly, the lack of TMJ-specific evidence remains a central limitation in the field.

Future research should prioritize the design of intelligent, TMJ-specific delivery platforms with improved targeting,
immune evasion, and stability, coupled with standardized preclinical evaluation frameworks. Incorporating patient-
specific molecular profiles will further enable personalized and precision therapies.

Overall, novel drug delivery systems provide promising strategies for improving TMJ OA management, but their
clinical translation will require further validation in TMJ-specific models and closer alignment with clinical needs.
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