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Abstract: Osteoarthritis (OA) is the most common degenerative joint disease, affecting more than 595 million people worldwide. 
Nanomaterials possess superior physicochemical properties and can influence pathological processes due to their unique structural 
features, such as size, surface interface, and photoelectromagnetic thermal effects. Unlike traditional OA treatments, which suffer from 
short half-life, low stability, poor bioavailability, and high systemic toxicity, nanotherapeutic strategies for OA offer longer half-life, 
enhanced targeting, improved bioavailability, and reduced systemic toxicity. These advantages effectively address the limitations of 
traditional therapies. This review aims to inspire researchers to develop more multifunctional nanomaterials and promote their 
practical application in OA treatment. 
Keywords: nanostructures, osteoarthritis, drug delivery systems, nanomedicine, precision medicine

Introduction
Osteoarthritis (OA), a chronic degenerative joint disease, involves the progressive degeneration of joint cartilage and the 
sclerotic hyperplasia of subchondral bone.1,2 A new study published in The Lancet Rheumatology reports that OA has 
been increasing globally since 1990 and will likely continue to rise, with 595 million people affected in 2020, or 7.6% of 
the global population. This marks a 132% increase in cases since 1990. By 2050, the number of OA cases is projected to 
grow by 48.6% to 95.1%. The global age-standardized disability rate from OA rose by 9.5% in 2020 compared to 1990, 
making OA the seventh leading cause of motor disability among those aged 70 and older. Notably, a high body mass 
index contributes to approximately 20.4% of OA cases, with the knees being the most commonly affected joints.3 The 
pathophysiology of osteoarthritis (OA) is multifaceted and involves complex interactions between several factors, 
including cartilage degradation, chronic inflammatory responses, changes in subchondral bone structure, and atypical 
joint mechanics.4 The key events in joint pathology during the progression of OA are shown in Figure 1A. In the initial 
phase, the joint space narrows, bony encumbrances appear, and chondrocytes enlarge and progressively break down, 
eventually leading to friction between bone ends. Thereafter, synovial fibrosis and inflammation increase, along with 
cartilage calcification, eventually leading to loss of joint function (Figure 1A).5 Notably, articular cartilage, being 
avascular with weak regenerative capacity, is virtually irreparable once damaged, inevitably leading to degeneration. 
Currently nonsteroidal anti-inflammatory drugs (NSAIDs) and analgesics are the mainstay of treatment for OA, but they 
only provide temporary pain relief and do not completely alter the progression of the disease.6,7 Few options exist for 
subsequent treatment after NSAIDs fail. Moreover, traditional drug delivery methods, including oral administration, 
present issues such as decreased bioavailability, gastrointestinal complications, increased cardiovascular risk, 
osteoporosis.8 Local intra-articular (IA) administration of drugs directly into the joints offers benefits such as improved 
local bioavailability and fewer side effects compared to systemic administration.9,10 However, because synovial capil-
laries and lymphatic vessels in the bone and joint rapidly remove drugs (especially small molecules) from the joint and 
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because the extracellular matrix (ECM) has a dense natural cartilage barrier, patients require frequent injections of 
medications to maintain efficacy. Inevitably, there is an increased risk of further joint damage.10 In more severe cases, 
surgical interventions, such as joint replacement, may seem preferable; however, issues such as allogeneic donor 
rejection and inherent surgical risks limit their suitability for treating OA.11 Moreover, these therapeutic strategies can 
only ameliorate symptoms without stopping disease progression;12 this represents a significant challenge in current 
clinical practice.

Over the past decade, nanomedicine has emerged in research for the treatment of a variety of diseases such as cancer, 
infectious diseases and cardiovascular diseases. Several therapeutic nanoplatforms have been approved for cancer 
treatment, including (Liposomes, albumin nanoparticles (NPs), and polymer vesicles, with more therapeutic modalities 
undergoing clinical trials).14 Emerging research has demonstrated a growing need for precisely targeted therapies for the 
treatment of OA, with nanomaterial-based precision medicine representing a promising strategy.15 Biomaterials currently 
used in arthritis treatment mainly include: hyaluronic acid, stem cell therapy, bioactive factors, liposomal drug delivery 
systems, and biodegradable materials. These biomaterials play an important role in arthritis treatment and can help 
reduce pain, improve joint function, and promote cartilage repair and regeneration. Although other materials have been 
developed in the field of osteoarthritis treatment, the size of the nanomaterial creates her unique properties.16 Our 
literature review indicates that nanomaterials are primarily used in OA therapy for drug delivery. Nanocarrier particles, 
compared to drug molecules, have a large specific surface area, small size, and the potential for surface modification. 
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These features improve drug-loading, extend in vivo circulation time, increase bioavailability, target specific organs or 
tissues, and enhance drug stability. Consequently, they improve therapeutic efficacy while reducing systemic toxicity, 
side effects, and treatment costs. In addition, functionalized nanomaterials can be used as carriers to achieve targeted 
transport and controlled release of drugs to achieve better drug efficacy. Moreover, surface-modified nanomaterials 
loaded with photosensitizers, photothermal agents, chemotherapeutic agents, magnetic materials, and genes can be used 

Figure 1 Pathology of Joint OA. (A) OA is a progressive disease that gradually transitions from a normal phenotype (left image) to an early OA phenotype (center image). In 
the initial stages of the lesion (center panel), the joint space becomes narrower, bony growths develop, chondrocytes multiply, and cartilage starts to deteriorate until the 
ends of the bones rub against each other. As OA advances (right panel), there is noticeable synovial fibrosis and inflammation, along with cartilage calcification and decreased 
joint function. Adapted reprinted with permission from Paesa M, Alejo T, Garcia-Alvarez F, Arruebo M, Mendoza G. New insights in osteoarthritis diagnosis and treatment: 
nano-strategies for an improved disease management. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2023;15(2):e1844. Copyright © 2022, John Wiley and Sons.5 (B) 
Chronic synovial hypertrophy and synovial hypoinflammation are well-known characteristics of OA. Furthermore, inflammatory mediators and receptors can be expressed 
by chondrocytes and osteoblasts in cartilage and subchondral bone. The presence of localized inflammation in all joint tissues contributes to a complicated pathological 
process, leading to increased pain and tissue damage. Reprinted from Osteoarthritis and Cartilage, 31/10, De Roover A, Escribano-Núñez A, Monteagudo S, Lories R. 
Fundamentals of osteoarthritis: inflammatory mediators in osteoarthritis, 1303–1311. Copyright 2023 with permission from Elsevier.13
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in various therapies—such as photodynamic, photothermal, chemotherapy, magnetic, antibacterial, and gene therapies— 
by responding to internal or external stimuli.17,18

Here, we review advanced approaches to nanomaterial-based OA treatment. First, we provide an Introduction to the 
pathophysiology of OA. Secondly, we explored the various types of nanomaterials used in OA therapy, including 
nanogels (NGs), liposomes, NPs, extracellular vesicles, nanozymes, dendritic polymers, and micellar polymers. 
Thirdly, we describe various nanomaterial-based strategies for OA therapy, highlighting their advantages. The modifica-
tion and design of nanomaterials are subsequently described. Finally, we conclude by discussing the current challenges 
and opportunities for the use of nanomaterials in the treatment of OA.

Pathophysiology of OA
OA, a degenerative and progressive inflammatory condition, affects articular cartilage, synovium, and accessory tissues. 
The onset of OA has been linked to several variables, including genes, signaling pathways, matrix metalloproteinases 
(MMPs), and cytokines. In addition, a number of other important factors come into play, including hormone levels, sex, age, 
obesity, endocrine disorders, and aberrant mechanical stresses within the joints. The interplay of these factors establishes 
a complex pathogenesis for OA,19 with cartilage destruction being its main characteristic.20 Cartilage, a non-vascularized 
covering on the surface of joints, reduces the wear and tear of bone tissue by maintaining minimal surface friction during 
joint movement. During the initial phases of OA, the breakdown of articular cartilage occurs because of excessive 
mechanical stress, leading to the release of acute damage-associated pattern molecules. These molecules then trigger the 
activation of immune cells within the synovium, resulting in the release of pro-inflammatory cytokines, such as IL-1β, IL-6, 
and TNF-α, initiating an inflammatory cascade. Chondrocytes respond by secreting catabolic enzymes, such as matrix 
metalloproteinase 3, matrix metalloproteinase 13, and platelet-responsive proteolytic integrin metallopeptidases, causing 
cartilage matrix degradation. Moreover, cartilage releases additional damage-associated pattern molecules, initiating 
a positive feedback loop that creates an inflammatory cascade in the synovium and maintains a chronic inflammatory 
(Figure 1B).13 Furthermore, cartilage tissue is devoid of nerves and blood vessels, consisting only of chondrocytes and 
ECM. Thus, cartilage tissue exhibits extremely low metabolic activity. While chondrocytes can heal minor joint injuries, 
severely injured joints have limited regenerative capacity OA advances when the breakdown of the cartilage’s ECM 
surpasses its ability to repair itself. This leads to the deterioration of cartilage, remodeling of the bone beneath it, the 
generation of bony outgrowths (osteophytes), inflammation of the synovial membrane (synovitis), degeneration of liga-
ments, damage to the meniscus, and enlargement of the joint capsule. In addition, during the development of OA, the levels 
of reactive oxygen species (ROS) within the cartilage as well as chondrocytes of patients with OA are significantly 
increased.21,22 Moreover, when chondrocytes are exposed to pro-oxidants, such as H2O2, menaquinone, 3-morpholinoani-
line (SIN1), and tert-butyl hydroperoxide (TBHP), which can generate excessive free radicals and ROS, the frequency of 
inflammatory reactions and apoptosis is greatly increased. This suggests that ROS can induce inflammatory reactions in 
chondrocytes, further damaging cartilage tissues and accelerating the onset and development of OA.2 Studies suggest 
a strong link between ROS production and cartilage matrix metabolism, with ROS accelerating collagen degradation and 
inhibiting proteoglycan synthesis.23,24 Excessive ROS levels can cause severe cartilage damage, and without treatment, OA 
has a slim chance of self-recovery.25 In addition, mitochondrial dysfunction is related to apoptosis, aging, and a variety of 
pathological states. Mitochondrial dysfunction affects the respiratory chain activity of chondrocytes, increases inflamma-
tion, and promotes apoptosis, making it one of the primary factors leading to OA.26

While OA has traditionally been recognized as a disease caused by the progressive degeneration of cartilage, recent 
studies have highlighted the function of persistent synovial inflammation in the progression of OA.13,27 The synovial 
surface, characterized by a discontinuous layer of synovial cells, lack of a basement membrane, and a capillary network, 
serves as a key entry and exit point for molecules in and out of joints. This specific structure increases the likelihood and 
severity of synovial membrane injury.13 Histological features of synovitis in patients with OA include hyperplasia of the 
inner synovial layer, macrophage and lymphocyte infiltration, angiogenesis, and fibrosis.28 Current clinical treatments 
involve IA injections of corticosteroids or pro-inflammatory cytokine antagonists. However, their efficacy is limited, 
mainly because the drugs are cleared rapidly in the articular cavity and are therefore unable to maintain long-term 
effective therapeutic concentrations to markedly ameliorate the inflammatory processes within the whole joint. Therefore, 
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the development of effective drug delivery vehicles has become a popular research avenue.29 With the gradual deepening 
of multidisciplinary integration, many researchers have found that nanomaterials exhibit excellent physicochemical 
properties. Their popularity as drug delivery carriers is expected to rise, achieving on-demand, controllable drug 
accumulation at lesion sites over an extended period. Moreover, researchers are exploring nanomaterials with ROS 
scavenging abilities and antioxidant effects, and some progress has been made with regard to developing nanomaterials 
for treating OA.30

Nanomaterials
Nanomaterials, defined as materials with at least one dimension ranging from 1–100 nm, exhibit significant variations in 
quality and origin. Choosing nanomaterials from appropriate sources is crucial for OA treatment, and their morphology 
influences drug delivery efficiency and release rate. This section introduces dominant nanomaterials and their properties 
in current OA treatment (Table 1).

NGs
NGs are hydrophilic or amphiphilic polymer hydrogel networks created by physical or chemical cross-linking. These 
structures exhibit water-absorbing and swelling properties, boasting a robust water retention capacity.31,32 Compared with 
other forms of nanomaterials in the biomedical industry, NGs combine the advantages of hydrogels and NPs. NGs offer 
high drug-loading capacity, slow release, improved permeability due to their small particle size, and a large surface area 
for specific modifications. They also have excellent biocompatibility and biodegradability.32 These properties make it 
easier for NGs to reach the damaged site and prolong the residence time of the drug in the joint. Additionally, NGs 
provide better stability, particle size management, and resistance to enzyme stimulation, as well as pH, temperature, light, 
and redox conductivity. NGs achieve sustained release of encapsulated drugs by undergoing structural changes in 
response to stimuli such as temperature, pH, glucose, enzymes and redox potential.33,34

Improvements in NGs synthesis enable the fine control of size and shape, influencing biological distribution. Advanced 
characterization techniques can also be used to anticipate the actions of NGs when they are utilized in vivo.48 Nedunchezian 
et al used HA methacryloyl chloride/gelatin methacryloyl chloride hydrogels coupled with acrylate-functionalized silica 
NPs to fabricate novel photo-crosslinked hybrid hydrogels for loading human fat-derived stems cells and promoting their 
differentiation into cartilage in OA treatment.49 Li developed NGs containing glycol chitosan and fucoidan, loaded with the 
anti-inflammatory peptide KAFAK (referred to as GC/Fu@KAFAK NGs), using a combination of electrostatic interactions 
and dye-wood symbiotic cross-linking. In an experimental rat model of OA, the GC/Fu@KAFAK NGs exhibited significant 
therapeutic effects. These NGs not only suppressed the manifestation of inflammatory mediators, specifically interleukin-6 
(IL-6) and tumor necrosis factor-α (TNF-α), leading to reduced glycosaminoglycan depletion and reduced release of 
inflammatory cytokines, but also demonstrated the capacity to enhance the production of type II collagen and aggregated 
glycans, as well as the chondrogenic marker Sox9 (Figure 2).50 Additionally, Yang et al designed a versatile anti- 
inflammatory drug using a peptide-dendrimer nanohydrogel, encapsulating the carbon monoxide-releasing molecule with 

Table 1 Classification of Advantages and Disadvantages of Nanomaterials

Classification Advantages Disadvantages Reference

Nanogels Hydrophilic, stimuli-responsive, strong drug loading capacity, good 
stability, biocompatibility and degradability

Long-term safety unknown, high 
production costs

[31–34]

Liposomes Some lubrication, biocompatible, suitable for delivery of hydrophobic drugs Sensitive to the outside world, easily 

damaged, still somewhat toxic

[35,36]

NPs Enhances stability and bioavailability of drugs and can be loaded with 

hydrophilic and hydrophobic drugs

Long-term safety unknown [35,37–39]

Plant 
exocysts

Rich in pharmacologically active molecules with high bioavailability, 
enhanced targeted transport capacity and easy accessibility

Lower yields and higher cost of 
engineering modifications

[40–43]

Nanozymes Good stimulus responsiveness and catalytic activity Potential cytotoxicity [39,44–47]

Abbreviation: NPs, nanoparticles.
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folic acid-modified HA. This nano-complex hydrogel effectively targeted synovial macrophages, inhibiting cell prolifera-
tion, reducing reactive oxygen components in osteoarticular joints, and significantly inhibiting the release of IL-6, TNF-α, 
and IL-1β. It also stimulated the activity of hemoglobin oxygenase, decreased the activity of P38 mitogen-activated protein 
kinase, and increased the production of κ-light chain and Toll-like receptor 2 in nuclear factor-activated B cells, leading to 
beneficial therapeutic outcomes.51 All three examples involve the use of nanogels in combination with various functional 
ingredients to achieve therapeutic effects for OA by reducing inflammation, or promoting cartilage regeneration, or 
improving joint function. Each of these approaches represents a current cutting-edge research direction in the field of 
arthritis treatment and demonstrates the potential of hydrogels for medical applications. Despite their promising potential, 
no nanogel-based drugs are currently available for clinical applications, and extensive research and technology are required 
to ensure the efficacy and safety of NGs-based clinical treatments.52

Figure 2 (A) Protocols for NGs preparation and intra-articular injection; (B) NGs IA injection decreases the levels of inflammatory factors in a rat model of OA induced by 
ACLT. Immunohistochemical examination of (i) IL-6 and (ii) TNF-α in sections of the knee tibial plateau. All images are reprinted from International Journal of Biological 
Macromolecules, 170, Li T, Yang J, Weng C, et al. Intra-articular injection of anti-inflammatory peptide-loaded glycol chitosan/fucoidan nanogels to inhibit inflammation and 
attenuate osteoarthritis progression, 469–478. Copyright 2021 with permission from Elsevier.50
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Liposomes
Liposomes are water-nucleated globular shaped vesicles surrounded by a phospholipid bilayer that encapsulate drugs, 
exhibiting high toxicity, poor stability, and rapid degradation. Because of their unique structural properties, liposomes are 
highly suitable for the delivery of fat-soluble drugs. Upon fusion with the cell membrane, liposomes can concentrate 
drugs at the lesion site, improving drug efficacy, reducing toxicity, and enhancing drug stability. In addition, the 
lubricating ability of liposomes can reduce bone wear in OA joints, making them a preferred drug carrier.35 

Depending on the buffering agent and lipid structure, liposome sizes can range from 50–5000 nm, generating miniature 
unilamellar (~100 nm), large unilamellar (200–800 nm), and multi-lamellar (500–5000 nm) vesicles. Enhanced mobility 
of immunoliposomes can be achieved by encapsulating polymers or antibodies or by modifying the surface chemistry. 
Dravid et al designed a nanoliposomal formulation containing Resolvin D1 (RvD1), referred to as Lipo-RvD1. This 
formulation demonstrated controlled release for up to 11 days in vitro, targeted and inhibited osteochondritis dissecans 
formation, and showed analgesic effects by inhibiting synovial macrophage pro-inflammatory activity and recruiting 
more M2 macrophages to the inflammation site.36 OA associated with obesity is characterized by enhanced macrophage 
infiltration of synovial tissue.53–56 Moreover, clodronate liposomes induce the reduction of macrophages levels. Bader 
et al recently demonstrated that the administration of IA injections containing clodronate liposomes decreased synovitis 
and cartilage degradation in a mouse model of obesity-related OA by depleting macrophages and reducing collagen 
X levels. Liposomal formulations provide numerous benefits, including superb biocompatibility, minimal toxicity, and 
the capacity to encapsulate both lipophilic and hydrophilic medicines. The above studies demonstrated about the 
application of nanoliposomal formulations in dealing with the treatment of joint diseases, proving the potential and 
importance of nanoliposomes in the field of OA therapy. Despite these benefits, liposomes have some drawbacks. Firstly, 
they exhibit high sensitivity to external reactions, making them vulnerable to changes in shear pressure, temperature, 
diluent, pH, and diluent concentration. Secondly, liposomal systems possess a degree of toxicity, potentially inducing 
acute hypersensitivity syndromes. Challenges remain with cytotoxicity, leakage rates, synthetic reproducibility, and 
effective sterilization techniques. Despite these issues, liposomal NPs have been highly successful in clinical applica-
tions. They are used in over 20 small molecule drug formulations and play a crucial role in developing RNA vaccines, 
highlighting their significant potential in drug delivery.57

NPs
Inorganic NPs
Inorganic NPs, made from nanoscale inorganic materials (with at least one dimension under 100 nm), feature large 
specific surface areas, controllable structures, diverse surface chemistry, and unique optical-physical properties, making 
them advantageous for biomedical applications. Researchers have shown that inorganic NPs and their released metal ions 
can act as therapeutic agents in target tissues or treat various diseases without causing acute toxicity.37 Moreover, the use 
of metal NPs in drug delivery systems (DDSs) offers significant advantages such as increased stability and half-life of 
drug carriers in circulation, favorable biodistribution, and passive or active targeting of desired target sites.58 Gold NPs 
(GNPs) possess anti-arthritic effects due to their antioxidative as well as anti-inflammatory characteristics.59 Sarkar et al 
labeled GNPs with fish oil proteins (FPs) possessing anti-inflammatory properties. Subsequently, they encapsulated these 
FP-GNPs in dipalmitoyl phosphatidylcholine (DPPC) liposomes, which were subsequently administered to a rat model of 
OA via IA injection. They observed a constant release of FP-GNPs into the synovial fluid, accompanied by a decrease in 
apoptotic markers including Bax, cysteine 3, and p53, as well as a reduction in cytokines that promote inflammation such 
as TNF-a, IL-6, and NF-kB.59 Copper is an important trace metal with multiple uses.60 Notably, Cu-based antibacterial 
and anticancer NPs have been developed that convert ROS into harmless hydroxyl radicals (-OH).61 Among such NPs, 
CuS NPs have demonstrated great versatility and adaptability for a wide range of biomedical uses.60 It is important to 
mention that the malfunctioning of mitochondria, which is a characteristic feature of aged and damaged cartilage cells in 
OA, triggers the generation of ROS within the cells, resulting in oxidative stress.62 Excess hydrogen peroxide in the 
cartilage of patients with OA can be problematic,63 Copper-based NPs with enzyme-like properties have shown efficacy 
in eliminating senescent chondrocytes. Furthermore, prior research has demonstrated that Cu-based materials facilitate 
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the chondrogenic process and enhance the regeneration of cartilage through mesenchymal stem cells (MSCs).64 

Therefore, Cu-based materials enhance the microenvironment of cartilage in the joints following the elimination of 
aged chondrocytes.

Polymer NPs
Polymer NPs (PNPs) are firm particles in the size range of 10–1000 nm, prepared from natural or synthetic polymers.35 

They are capable of being engineered into smart NPs with various structures and properties, serving as biocompatible and 
biodegradable vehicles for drug delivery.38 Their adaptability allows for precise control over nanomaterial characteristics, 
including surface modifications for delivering drugs, proteins, and genetic materials to target tissues. PNPs are versatile 
for drug delivery, as drugs can be encapsulated within nanomaterials and polymer molecules, chemically bound to 
polymers, or bound to the surface of nanomaterials.65 Thus, compounds, both hydrophobic and hydrophilic in nature, 
together with drugs of varying molecular weights, can be delivered via them.66 Synthetic polymer NPs offer advantages 
such as good biocompatibility, controlled release, and high drug-carrying capacity, but they also face challenges with 
degradation rate, stability, and safety. Therefore, when selecting synthetic polymer NPs for drug delivery, factors such as 
drug properties, in vivo environmental condition, and potential side effects need to be considered. Among natural 
polymers, chitosan, alginate, gelatin, collagen, dextran, heparin, as well as albumin are favored for drug delivery. 
Chitosan-based hydrogels with good biocompatibility, biodegradability and antimicrobial properties are ideal candidates 
for drug delivery and tissue engineering. However, the application of chitosan scaffolds in tissue regeneration is limited 
due to insufficient mechanical strength and degradation rate, so composite scaffolds prepared by mixing chitosan with 
other functional substances tend to exhibit enhanced tissue regeneration capabilities.67 NPs prepared from natural 
polysaccharides such as alginate and gelatin exhibit good biocompatibility and biodegradability, enabling slow and 
targeted drug release, improving efficacy, and reducing side effects. Moreover, they are easy to prepare and, inexpensive 
making them suitable for mass production. However, they exhibit poor stability easily affected by pH and other 
environmental factor.

Plant Exocysts
Extracorporeal-like nanovesicles (ELNVs) are biological nanostructures with diameters between 40–150 nm that are 
secreted in most cells and play an imperative role in transmitting signals among cells and organisms across all three 
living worlds. Plant ELNV (PELNV) is not only naturally enriched with a variety of pharmacologically effective 
monomers, like bioactive lipids, proteins, RNA. It also serves as a natural nano-vehicle due to its peculiar morphologic 
and constitutive features.68 In contrast to animal-derived vesicles, which are morphologically and functionally identical 
to their mammalian analogs, PELNVs express a number of lipid as well as cell attachment factors, like phosphatidic acid, 
enabling targeted delivery through specific receptor cell binding. Specifically, binding of phosphatidic acid to Raf-1 can 
localize Raf-1 to specific cell membranes or membrane regions.40 PELNV-derived nanocarriers also offer customization 
of bioactive molecule surfaces, enhancing application and precision of targeted transport. Most importantly, the primary 
explanation for the immune system’s failure to adjudicate PELNV as a xenobiotic for removal is its natural provenance 
and ingredients, resulting in longer circulation periods and higher bioavailability.41 In addition, they do not carry any 
zoonotic or human pathogens. Thus, PELNV surpass mammalian cell-derived ELNVs as drug delivery vehicles and are 
efficiently absorbed at the target site for efficient drug delivery. These compelling physicochemical characteristics 
underpin the regulatory role of PELNVs in physiological processes, showcasing their potential as next-generation 
biotherapeutic and drug delivery nanoplatforms.42,43 However, OA research is currently focused on animal models. 
They are difficult, time-consuming and expensive, which is a major obstacle to their use. Therefore, more clinical trials 
will be needed in the future to validate these findings.68

Nanozymes
OA-induced inflammation alters the peripheral microenvironment (eg, pH, temperature, and protease levels), leading to 
the loss of activity of natural enzymes. With the gradual advancement of research, researchers have discovered a class of 
bifunctional nanomaterials, such as cerium oxide, manganese dioxide (MnO2), and platinum (Pt), which possess both 
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physical properties (eg, magnetic and photovoltaic properties) and catalytic activity.44,45 Termed Nanozymes, these 
materials exhibit light, sound, and electricity properties while regulating enzyme activity. For example, researchers have 
found that CeO2 and Pt NPs mimic SOD, catalase, and peroxidase activities, whereas MnO2 NPs mimic SOD and 
catalase-like activities. Such nanozymes also serve as effective antioxidants for cellular protection.46,47 Although, many 
forms of nanozymes show cytoprotective effects, conventional synthesis methods still pose environmental and human 
health risks. Therefore, the environmentally sustainable synthesis of nanozymes, utilizing microbial and plant extracts, is 
gaining interest. Green synthesis represents a novel approach for the synthesis of NPs from microbial as well as botanical 
derivatives. To enhance toxicological studies in the context of OA treatments, reliable experimental data is crucial for 
elucidating the toxicity associated with inorganic NPs.39

Dendritic Polymers
Dendritic polymers are repeating chain macromolecules exhibiting a topologic tree-like nanostructure, consisting of 
a core, branches, and a shell. The shell forms the outer surface, enabling the attachment of cargo or targeting ligands. As 
a drug delivery technology, dendritic polymers offer several advantages, including a precisely defined number of surface 
functional groups, manageable dimensions, uniformity, and high cargo-carrying efficiency. The unique composition and 
characteristics of dendrimers have garnered significant interest across various fields.69

Dendritic polymers serve as drug carriers through various routes of administration, including dermal, intravenous, and 
oral routes. Catabolism degrades OA cartilage, surpassing the effects of anabolic processes in cartilage cells. Insulin-like 
growth factor 1 (IGF-1) is an anti-inflammatory factor that stimulates the biogenesis of cartilage matrix. Geiger et al 
developed cationic polyethylene glycolated Polyamide-Amino (PAMAM) that binds to IGF-1, thereby targeting anionic 
cartilage tissue for the treatment of OA.70 In vivo studies using a surgically induced rat model of OA have demonstrated 
that polyethylene glycol dendritic polymer-IGF-1 efficiently penetrates the entire layer of articular cartilage in rats 
through electrostatic interactions and rescues cartilage from degeneration. These findings support clinical trials of new 
OA treatments. Similarly, partially polyethylene-glycolated PAMAM dendrimers have been used as carriers for anti-OA 
drugs. To create the PEG-PAMAM-KGN (PPK) and KGN-PEG-PAMAM (KPP) couplings, Hu et al conjugated KGN to 
the polyethylene glycol (PEG) terminal groups and the PAMAM surface, respectively. PPK and KPP, differently affected 
MSCs’ chondrogenic differentiation in vitro, with KPP more effectively promoting chondrogenic development. PEG- 
PAMAM could thus serve as an effective nanodrug carrier system for OA treatment. Glycerol and sulfate groups 
combine to form the polymer known as dendritic polyglycerol sulfate (dPGS). This polymer demonstrates anti- 
inflammatory action by lowering leukocyte extravasation and complement C3 and C5 levels, However, its use also 
presents challenges associated with the inability to encapsulate hydrophilic drugs and the cytotoxicity of micelles.

Most dendrimers are non-degradable and inevitably carry the risk of accumulating in the organism, analogous to 
traditional methods of administering medication. In addition, lots of dendritic polymers, such as PAMAM and PPI, are 
densely packed with numerous terminal amino groups on the surface of their three-dimensional spheres. As the number 
of branching generations increases, the cationicity strengthens, leading to potential issues such as cell membrane rupture 
and apoptosis, contributing to the cytotoxicity of dendrimers. Current development strategies for dendrimers involve 
modifications such as glycosylation, acetylation, PEG, or peptide modification to neutralize cations, reduce cytotoxicity, 
or facilitate dendrimer degradation.

Nanotherapeutic Strategies for OA
DDSs
DDSs are complex mechanisms designed to precisely control the spatial, temporal and dosage distribution of drugs 
within an organism. Their aim is to improve the efficiency of drug use, therapeutic efficacy, and cost effectiveness while 
reducing potentially harmful side effects, by delivering the required dose of drug precisely to the target site at the right 
time. Common drug delivery methods for OA treatment include direct IA injection and oral drug delivery, employed in 
clinical treatment.71,72 IA effectively avoids the systemic side effects caused by oral administration, allowing direct drug 
delivery to the joints and improving drug bioavailability while reducing treatment costs.73 Nevertheless, the high 
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efficiency of IA lymphatic drainage results in short drug retention times, necessitating repeated injections, potentially 
increasing the risk of joint infections.74 Nanomaterial-based DDSs offer advantages such as reduced injection frequency, 
prolonged drug residence in joints, and improved patient compliance, ultimately enhancing treatment efficacy.72 Despite 
the progress in nanotechnology-based orthopedic DDS, concerns persist regarding long-term safety and metabolic 
pathways, emphasizing the need for further research.75

Traditional pain relief strategies for OA involve the use of NSAIDs. Lornoxicam (Lnx) is a newly developed NSAID 
capable of reducing inflammation, relieving pain, and promoting the repair of joints.76 Unfortunately, its poor water 
solubility and upper gastrointestinal absorption result in side effects, such as gastrointestinal reactions when administered 
orally or via simple IA injections.77 Zhang et al administered Lnx-encapsulated PLGA microspheres (Lnx-MS) via IA 
injection into the rats’ knee joints of rats. They found that IA injection of Lnx-MS reduced the plasma drug concentration 
and increased drug retention in rat joints, demonstrating good targeting efficiency and reduced systemic toxicity.78 

Meloxicam (Mlx) is an NSAID that is both hydrophobic and lipophilic.79 Unlike other NSAIDs, Mlx is a selective 
inhibitor of COX2,80 which leads to mild gastrointestinal symptoms.81 Additionally, its low solubility in water hinders its 
absorption and decreases its bioavailability. Shohreh et al conducted a comparison between two Mlx delivery systems 
and observed that chondrocytes demonstrated enhanced proliferation and adherence in the NPs system. Furthermore, 
their behavior was impacted by the density of NPs and the concentration of the Mlx solution. The carboxymethyl 
chitosan-methylcellulose-polycellulose hydrogel (CMC-MC-P hydrogel) combined with Mlx NPs demonstrated 
improved biocompatibility, bioadhesion, and cell growth expansion compared with hydrogels containing Mlx 
solution.82 However, Mlx liposomes have drawbacks such as low drug-loading capacity, poor storage stability, and 
potential burst release risks with passive loading. To overcome these problems, Zhong et al proposed a new method to 
fabricate meloxicam liposomes using the active loading method (Figure 3A).83 By adding glucosamine and divalent 
metal solution, they successfully improved the water solubility and encapsulation efficiency of meloxicam, effectively 
solving the main problems of poor water solubility and lipophilicity of the drug (Figure 3B).83 It is expected that MLX- 
Ca(AC)2Lipo not only effectively reduces chondrocyte apoptosis and extracellular matrix degeneration by decreasing 
COX-2 expression, but also increases hydration and lubrication of the joints and inhibits the degeneration of cartilage 
(Figure 3C).83 Etoricoxib is an NSAID that selectively inhibits the COX-2 enzyme. It received its initial approval for use 
in clinical practice in 2002. Due to cardiovascular risks from systemic administration, local methods such as direct intra- 
arterial injection are recommended for etoricoxib.84 Rapamycin (Rap) known to inhibit OA progression, faces challenges 
due to its hydrophobicity, which causes instability after IA administration. Large doses and repeated injections are often 
needed to clear lymph from the joint effectively.74 To address this issue, Ma et al incorporated iRap poly (lactic acid- 
ethanolic acid copolymer) NPs (RNPs). These NPs had high drug encapsulation capacity and provided gradual release. 
RNPs reduced the need for multiple injections, promoted chondrogenic cell differentiation in ATDC5 cells, and 
prevented oxidative stress-induced senescence in articular chondrocytes.65 Sohn et al also showed that RAP lipid NPs 
induce immunomodulation of type II collagen in joints and alleviate OA by suppressing inflammation.85

Oxidative stress is the primary contributor to osteoarthritic chronic inflammation, while glutathione (GSH) attenuates 
oxidative stress.86 GSH is a tri-peptide composed of glutamic acid, cyclamic acid and glycine containing a γ-amide bond 
and mercapto group. It is present in almost every cell in the body and exhibits antioxidant properties.87 However, GSH is 
only synthesized in the cytoplasm, and its quantity may be defective under redox imbalance. Loading GHS in CNPs and 
transporting it to chondrocytes addresses these defects, allowing cells to regulate oxidative state reduction and reduce 
oxidative stress-associated damage in OA.87,88 HA is usually administered via IA injection for viscosupplementation in 
OA; however, it has notable post-treatment limitations. For example, it is rapidly removed from the joint after injection, 
and any biological advantage is lost within hours. Mota et al constructed a replacement DDs on the basis of HA 
hydrogels combined with oleic acid-containing poly (lactic acid) (PLGA) particles. The superiority of the combination of 
HA and PLGA particles lies in the improved steadiness of the HA and a marked reduction in the incidence of in situ 
pneumonia.89 Colchicine reduces the release of inflammatory mediators associated with OA.90 However, orally adminis-
tered colchicine has a number of limitations, including widespread first-pass effects, low bioavailability, as well as 
serious gastrointestinal adverse outcomes. Percutaneous administration can bypass these issues, but colchicine’s high 
aqueous solubility and poor dermal permeability pose challenges. Mohamed et al developed mesoporous silica NPs as 
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colchicine encapsulants within self-healing hydrogels. The resulting patches show significant potential for efficient, safe, 
and patient-friendly formulations for OA management.91 PNPs offer advantages such as binding both hydrophilic and 
hydrophobic substances, controllable drug release, and robustness. However, they face challenges like poor drug-loading 
capacity and toxicity, requiring modifications and further toxicological studies. Jiang et al demonstrated that engineered 
macrophage membrane vesicles loaded with antioxidant NPs effectively scavenged mitochondrial ROS, reprogrammed 
pro-inflammatory macrophages, and suppressed synovial inflammation and early OA.92 The CBFβ-RUNX1 pathway 
activator katoglobulin (KGN) is a prospective active minor pharmaceutical ingredient (API) to regenerate and preserve 

Figure 3 (A) Diagram illustrating the active loading of meloxicam liposomes (MLX-Ca(AC) 2Lipo) and its key benefits over passive loading methods, including efficient drug 
encapsulation, secure drug storage, and controlled drug release. (B) In this diagram, we illustrate the administration of MLX-Ca (AC) 2Lipo via local intra-articular injection 
for treating osteoarthritis in the temporomandibular joint of rats, as well as the meloxicam release profile from the system. (C) Demonstration of MLX-Ca(AC)2 injected 
into the joint of rats and its potential mechanism for producing anti-inflammatory effects. Figure parts reprinted with permission from Zhong Y, Zhou Y, Ding R, et al. Intra- 
articular treatment of temporomandibular joint osteoarthritis by injecting actively-loaded meloxicam liposomes with dual-functions of anti-inflammation and lubrication. 
Mater Today Bio. 2023;19:100573.https://creativecommons.org/licenses/by/4.0/.83
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arthrocartilage in OA.93,94 Maudens et al encapsulated high-payload KGN nanocrystals into polymer particles of poly 
(DL-propylene lactone) (PLA). These polymer particles that are embedded with 320 nm KGN nanocrystals show 
a remarkably high drug-carrying capacity of 31.5% (w/w), with a 62% longer drug release time at 3 months, achieving 
more effective joint protection compared to KGN solutions.95 The examples mentioned above all demonstrate that the 
use of nanomaterials for drug delivery in the treatment of OA ensures that effective therapeutic concentrations of drugs 
are maintained at the site of injury for a long period of time, reduces the systemic side effects of large doses of drugs, and 
solves the inconvenience of repeated injections in the daily life of patients.

Gene Therapy
Gene therapy is a cutting-edge medical breakthrough that involves the introduction of exogenous, targeted genes into 
reactive target cells via vectors. This technique aims to correct overactivation or compensate for defective genes, marking 
a significant advance in medicine by controlling the disease at its root, rather than merely alleviating the symptoms of the 
disease, distinguishing it from other therapeutic strategies. MicroRNAs (miRNAs) are key elements in gene delivery.96 It 
has recently been demonstrated that miRNAs play a role in the maturation of osteoblasts and the osteogenic differentia-
tion of cells that precede them such as MSCs.97 The miR-200 gene family, specifically miR-200c-3p,98 has garnered 
interest because of its low expression levels observed in OA tissue samples. Despite this, the specific function of miR- 
200c-3p in OA has not yet fully elucidated.99,100 Investigations into its role have identified potential targets involved in 
OA’s pathological processes his suggests that miRNAs hold promise for addressing orthopedic illnesses by controlling 
gene expression related to epigenetics, transcription, and various activities such as cellular self-renewal, proliferation, 
differentiation, and apoptosis. Despite their promise, miRNAs face limitations in clinical applications because of their 
negative charge, limited cell membrane permeation, and stability.101 Moreover, chondrocytes possess a compact ECM 
and proteoglycans that are strongly negatively charged, posing additional challenges for OA-related drug penetration.102 

To Address these issues, researchers have focused on enhancing gene drug concentration, transfection efficiency, and 
gene vector permeability in miRNA gene therapy for OA.59 Nevertheless, the potential of miRNAs is hindered by their 
limited effectiveness in specifically targeting desired cells, their brief duration in circulation, and their tendency to affect 
unintended targets. Consequently, miRNA-loaded NPs have emerged as a solution, providing protection against inactiva-
tion or degradation, increasing circulation time, and promoting target accumulation.103 Utilizing miRNAs for therapeutic 
applications presents distinct benefits compared to conventional gene therapy methods that rely on delivering larger 
molecules like mRNA or DNA. Since a single miRNA can regulate multiple mRNAs concurrently, they have a broader 
range of therapeutic targets. Additionally, unlike siRNAs and mRNAs, which are limited to repressing or overexpressing 
a single gene, miRNAs, in the form of miRNA inhibitors and miRNA mimics, can regulate the expression and repression 
of numerous genes. Finally, due to their small size, miRNAs can be efficiently delivered to cells via NPs and operate at 
the cytoplasmic level.104

Despite the ongoing challenges in delivering miRNAs using nanocarriers, such as low encapsulation efficiency and the 
necessity for cellular targeting, progress is being made.105 When nanoprecipitation or emulsion-based preparation methods 
are utilized, the rapid diffusion of miRNAs into the aqueous phase due to their high affinity for water results in low 
encapsulation efficiency.105 While NPs can enhance the tissue distribution and site-specific localization of miRNAs, the 
degree of improvement is generally inadequate. As a result, many studies have focused on modifying the NP surface with 
ligands that target specific receptors on the cells of interest, thereby facilitating receptor-mediated endocytosis for NP 
uptake and reducing the required treatment dose and side effects. It is crucial to recognize that the disease environment 
plays a critical role in determining the physical and biological barriers that NPs must overcome, as well as the underlying 
obstacles that hinder miRNA delivery.106 Consequently, various strategies have been developed to prepare NPs capable of 
efficiently delivering miRNAs to target cells, with a particular emphasis on ensuring the colloidal stability of NPs in 
complex physiological media for cell-targeted delivery of miRNAs.107 Upon administration, NPs should ideally remain in 
circulation until they reach the intended location and achieve endosomal escape, facilitating effective interactions between 
miRNAs and their intracellular targets (eg, leveraging the proton sponge effect). Nevertheless, the duration of cycling is 
contingent upon the interaction between NPs and the biological microenvironment, potentially resulting in their prompt 
elimination. Upon exposure to bodily fluids, the surface of NPs becomes coated with plasma proteins.108 This leads to the 
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concealment, indiscriminate uptake, and decrease in the stability, of surface ligands. The NP cycle half-life, MPS separation 
and biodistribution are affected by various variables, such as size, surface charge, shape, and hydrophobicity.103 Neutral 
particles exhibit lower susceptibility to conditioning compared to strongly charged particles, especially those with a positive 
charge (ie, cationic particles).109 Water repellency can lead to faster clearance from the body, but this can be countered by 
surface modifications such as PEGylation, which improves particle circulation time in the bloodstream.110 Lipids are 
a major component of cell membranes, enabling lipid-based NPs (LNPs) to interact with membranes and facilitate uptake of 
their contents by cells. LNPs are structured with lipid bilayers that enclose miRNAs within aqueous cores, or, in the case of 
multilamellar liposomes, between the lipid bilayers. These LNPs typically comprise cationic lipids, neutral lipids, and 
PEGylation.111 The natural electrostatic attraction between cationic lipids and negatively charged miRNAs facilitates the 
effective condensation of miRNAs, offering protection against enzymatic degradation. In addition, positive charges 
contribute to interactions with oppositely charged cell membranes.111 Nevertheless, the utilization of cationic lipids is 
commonly linked to cytotoxicity due to their ability to disturb the integrity of cell membranes, stimulate the formation of 
cytoplasmic vacuoles, and decrease cellular activity.112 Furthermore, cationic lipids have the ability to interact with serum 
proteins that have a negative charge, leading to the creation of aggregates that are later cleared by the liver and spleen. 
Proposed methods to decrease the positive charge, such as incorporation with neutral lipids like cholesterol (Chol), 
dioleoylphosphatidylethanolamine (DOPE), and phosphatidylcholine (PC) (co-lipids), have been suggested to improve 
stability and minimize toxicity.113 Furthermore, PEGylation has been employed to enhance the half-life of LNPs, as 
evidenced by the application of polyethylene glycolated cationic/neutral LNPs for delivering the liver-specific tumor 
suppressor miR-122 in the treatment of hepatocellular carcinoma (HCC). Leading to a reduction in tumor growth of 
approximately 50% within a 30-day period.114 Multiple studies have shown the increasing benefits of miRNAs in treating 
OA. Thus, the integration of innovative nanotechnology with miRNAs exhibits potential for attaining optimal therapeutic 
outcomes in the imminent future.

Nanomolecular Drugs
Agents used for nanomedicine are mainly categorized into nanomolecular drugs and nanocarrier drugs. Nanomolecular 
drugs directly processing raw materials into NPs, such as aprepitant capsules used for anti-nausea treatment.115 Dai et al 
utilized the autofluorescence of curcumin (Cur) to design a novel carrier-free self-assembled nanodrug comprising Cur 
and icariin (ICA) NPs. These Cur/ICA NPs exhibited low cytotoxicity, superior cellular absorption, and sustained drug 
release. They effectively inhibited inflammatory cytokine secretion and reduced chondrogenic deterioration. Furthermore, 
in vitro and in vivo trials demonstrated that NPs exhibited improved synergistic anti-inflammatory as well as chondro-
protective effects compared with those exerted by Cur or ICA individually.116 Polydopamine (PDA), a naturally 
occurring biopolymer with active surface functionality, was utilized by Wu et al to synthesize polydopamine NPs (PDA- 
PEG NPs) from methoxy polyethylene glycol amine (mPEG-NH2). These NPs slowed down the degradation of cartilage 
in OA mice by inhibiting subchondral bone resorption and angiogenesis, showcasing their potential for treating OA.117 

Overall, nanomolecular drugs show great promise in OA therapy.

Modification of Nanomaterials
Effective loading of therapeutic OA biomolecules can be achieved by selecting different forms of nanomaterials, which, 
to some extent, fulfills the functional requirements for carriers designed to restore and rejuvenate cartilage and control 
inflammatory responses. Numerous investigations have demonstrated that “the structure of nanomaterials, including 
factors such as size and apparent surface charge significantly influences the loading efficiency of drugs”. Recently, there 
has been increased attention on activating nanomaterials by incorporating corresponding stimulating components, leading 
to targeted delivery and controlled drug release, thereby enhancing therapeutic effects.118 In the subsequent sections, we 
delve into specific aspects of nanomaterial design to offer fresh insights to researchers.

Size of Nanomaterials
Particle size emerges as a critical factor determining the depth of tissue penetration for nanocarriers. Interaction between 
injected NPs and synovial fluid is influenced by NP size. For instance, PLGA NPs undergo dimensional and surface 
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charge changes upon interaction with synovial fluid, affecting cellular phagocytosis. Protein crowns formed by synovial 
fluid on the particle surface can obscure surface modifications or targeting ligands, impacting their interaction with cells 
or tissues.119 Singh et al prepared polymer NPs that were 500–900 nm in size utilizing a polyhydroxymethacrylate 
backbone as well as hydrophobic pyridine side chains. They revealed that the 900-nm NPs have a half-life of 2.5 d, 
whereas that of the 500-nm NPs was only 1.9 d.120 In patients with OA, damaged areas are primarily concentrated in the 
cartilage and synovium, each requiring nanocarriers of different sizes. NPs 55–60-nm can penetrate entire cartilage, even 
though the cartilage matrix has an average pore diameter of approximately 6 nm. even in healthy individuals.121,122 

However, as OA progresses, cartilage tissue damage leads to fewer chondrocytes, decreased proteoglycan content, and 
increased pore size,123 facilitating easier penetration of drug nanocarriers Simultaneously, a dilemma arises as composite 
nanocarriers become more difficult to retain in the ECM, resulting in an impossibility to sustain an efficacious drug 
concentration in the damaged cartilage for a long period of time. In an ex vivo experiment, researchers observed that NPs 
with a particle size of 138 nm failed to penetrate the injured cartilage, indicating that the size threshold of the NPs for 
penetrating OA cartilage was between 55 and 140 nm.124 The synovium is another major site of damage in patients with 
OA. The surface of the synovium consists of a discrete layer of synoviocytes with cellular gaps ranging from 0.1 to 5.5 
μm and without a basement membrane. In addition, because of the abundant network of perforated or continuous 
capillaries on the superficial surface, the synovium is facilitates the entry and exit of various particles from the joint. The 
synovium is composed of two main types of cells.125 Encompassing type A synoviocytes or macrophages, which 
proliferate rapidly in an inflammatory environment as well as generate numerous pro-inflammatory factors; and type 
B synoviocytes, which are similar to fibroblasts and comprise the majority of synoviocytes (approximately 70%). These 
cells are capable of synthesizing HA, which is the main lubricant in synovial fluid. The histological features of synovitis 
in patients with OA include synovial lining proliferation, macrophage and lymphocyte infiltration, angiogenesis, and 
fibrosis.126 Although IA injections of corticosteroids or pro-inflammatory cytokine antagonists are being used to treat 
OA, their rapid removal from the joints and inability to markedly ameliorate the inflammatory milieu throughout the 
joints is a major challenge associated with their clinical application.127 Hence, the development of more effective drug 
delivery vehicles for synovitis is urgently needed. Lipid-soluble molecules diffuse through the synovial tissue and into 
synovial cells more readily than hydrophilic molecules. In isolated porcine synovium, researchers found that only 5 nm 
gold NPs could penetrate the entire synovial tissue,128 while NPs with a particle diameter over 250 nm did not readily 
leak from synovial cells to synovial cells.125 Consequently, most large particles tended to accumulate in synovial 
membranes, leading to passive accumulation and prolonged retention time of nanomedicine in the synovium, maintaining 
effective concentration levels to some extent. In addition, macrophages in the synovium are targeted for OA treatment 
due to inherent phagocytosis and their crucial role in the disease Champion et al found that medium-sized particles (2–3 
μm) were most readily phagocytosed and adhered to by macrophages,129 whereas particles with a size of 26.5 μm were 
not phagocytosed by macrophages. In contrast, submicron-sized NPs not only translocate into deep synovial tissue but 
are also phagocytosed by macrophages.

In conclusion, the size of a nanocarrier affects its penetration ability. Researchers have long noted that cartilage 
degeneration occurs earliest in the superficial region.130 Consequently, for patients with early stage of OA, it is possible 
to consider increasing the carrier particle size at the expense of the depth of tissue penetration to increase drug-loading for 
improved therapeutic results. However, this proposition needs to be confirmed through further in-depth studies. 
Additionally, small animal models are now the dominant choice for animal investigations, neglecting differences in the 
thicknesses of cartilage and joint spaces among different species. For example, the thickness of cartilage is about 50.0 μm in 
mice, 604.0 μm in mini-pigs, 1.0 mm in crab-eating monkeys, 1.5–2.0 mm in human beings, and 1.1 mm in sheep.131–133 

Therefore, it is likely that NPs that penetrate the cartilage in mice are rapidly removed from human joints. With the goal of 
accurately modeling the potential effectiveness that NPs may have in human joints and fostering clinical translation, larger 
animals must be selected for further in vivo experiments. Another important factor to consider when developing IA 
nanotherapies to treat arthritis is the potential impact of nanotherapies on the subchondral bone. The majority of current 
in vivo investigations have concentrated on the effects that particles have on synovial and cartilaginous tissues, ignoring the 
fact that supracartilaginous bone is similarly susceptible to articular disorders and therapies. Furthermore, limited informa-
tion regarding this aspect is currently available, emphasizing the need for further studies.
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Surface Charge of Nanomaterials
Healthy adult cartilage matrix is characterized by sulfated glycosaminoglycans, carrying numerous anions and creating 
a negatively charged environment ranging from −182 to −158 mm.134 A large body of literature suggests that the surface 
charge of nanomaterials strongly influences drug delivery efficiency. Zeta potential, as a passive targeting strategy, plays 
a crucial role in tissues like cartilage and synovium through electrostatic interactions. Simultaneously, weak and 
reversible non-specific electrostatic interactions enhance drug penetration and residence in cartilage. Therefore, the 
effect of the surface charge should be emphasized when designing nanomaterials for drug delivery. Researchers have 
synthesized NPs with different surface charges using ammonium (cationic), phosphonate (neutral), and carboxylate 
(anionic) as terminal functional group modifications. Notably, ammonium-modified NPs at +7.6 mV could effectively 
enter the cartilage of mice, while phosphonate and carboxylate NPs accumulated solely in the superficial region of the 
cartilage, exhibiting slower absorption.135 This suggests that cations are suitable as composite nanocarriers. Both the tiny 
dimension of manganese dioxide NPs (less than 20 nm in size) and their cationic nature are structural features that 
facilitate their access to cartilage, demonstrating a chondroprotective effect. Their retention and biodistribution properties 
post IA injection suggest a promising approach to protecting arthritic chondrocytes.136 Furthermore, research indicates 
that using positively charged NPs in damaged joints of patients with OA accelerates drug transport, shortens the time to 
reach therapeutic concentrations, as well as successfully prolongs the half-life of drug within the body.137 In vitro 
experiments, avidin, a positively charged drug delivery particle with a diameter of 10 nm, penetrated the entire thickness 
of a cartilage explant and remained in the cartilage for more than 15 d.138 Moreover, multivalent cationic nanostructured 
avidin showed favorable results in rapidly penetrating cartilage throughout its full thickness in elevated concentrations 
and extended IA preservation time.139 When PLGA NPs were surface-modified using quaternary ammonium-cationized 
dodecylammonium bromide, the particles could be passively localized to cartilage. In in vitro experiments, the retention 
rate of modified PLGA NPs was discovered to be four times greater than that of negatively charged NPs.119

Yao et al used mercapto polyhedral oligosilsesquioxane as a nanoconstructive platform,140 connecting PEG, 
2-([1,1-biphenyl]-4-yl carbamoyl), benzoic acid, hydrogenated soybean phosphatidylcholine, and fluorescein to construct 
cartilage repair nanomaterials with fluorescence visualization. They then used microfluidic technology to prepare 
microfluidic HA methacrylate microspheres loaded with these nanomaterials. The resultant nanocomposite hydrogel 
was then injected in situ into the joint cavity, creating a cushioning lubrication layer in the joint space, reducing friction 
between the articular cartilage. Simultaneously, it released positively charged mercapto polyhedral oligosilsesquioxane/ 
polyethylene glycol/benzoic acid/hydrogenated soya phosphatidylcholine NPs into the deep cartilage through electro-
magnetic force. This facilitated the promotion of bone marrow mesenchymal stem cell differentiation into chondrocytes. 
Fluorescence visualization aided in determining the drug’s location and understanding the progress of cartilage repair. 
However, as OA progresses and sulfated proteoglycans are lost, the negative surface charge of the cartilage decreases, 
which is not conducive to a targeting strategy that relies solely on electrostatic action. In addition, nanomedicines may 
adsorb anions in the synovial fluid, thereby altering or even reversing the cationic charge.119 In conclusion, the benefit of 
zeta potential varies in various phases of OA, and requires careful consideration when designing nanomedicine carriers.

Composite Nanomaterials
Several studies have reported the efficacy of delivering chondroprotectants with NPs and microparticles.141 In vivo 
experiments showed statistically indistinguishable histological scores for the two drugs, emphasizing the importance of 
considering the mechanism and site of drug action when designing carriers. Chondrocytes, the sole resident cells in 
cartilage organization, oversee the maintenance and production of cartilage ECM and serve as delivery targets for 
enhanced drug efficacy. Numerous drugs have been developed for chondrocytes, including nucleic acids, phages, growth 
factors, chondroprotectors, and matrix metalloproteinase inhibitors.75,142 For these therapeutic strategies to be effective, 
the drug must reach the chondrocytes and remain there for a certain period of time at a sufficient concentration. 
Nanomaterials targeting cartilage facilitate the clinical translation of these emerging therapies. The uptake of nanome-
dicines by chondrocytes can be enhanced using cell-penetrating peptide surface modifications.124 The binding of cell- 
penetrating peptide-modified nanocarriers to chondrocytes is significantly higher than that of unmodified nanocarriers. 
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Furthermore, HA modification can improve the affinity of nanocarriers for chondrocytes.143 Cell uptake experiments 
have shown that this affinity is mainly derived from the fact that HA can bind to the CD44 receptor on the surface of 
chondrocytes and participate in the NP endocytosis process. Research on cartilage-targeted vectors is in its infancy, and 
the specific efficacy of this strategy lacks definition due to limited large animal samples or clinical studies, necessitating 
further exploratory studies.

Active targeting of the synovial membrane is mainly directed at macrophages. The utilization of macrophage surface 
receptors can enhance the uptake of drugs by macrophages, thereby improving the efficacy of nanomedicines modified by 
targeting ligands. For instance, prophagocytic peptides can promote macrophage phagocytosis by binding to Fc receptors 
or neurofibrillary protein 1 receptors on macrophages. Jain et al encapsulated DNA from plasmids encoding the 
inflammation-fighting cytokine IL-10 into alginate NPs and achieved the targeting of active macrophages through pro- 
phagocytin peptide surface modification.144 This showed that pro-phagocytin-modified NPs successfully increased the 
percentage of M2 type macrophages in OA from 46% to 66% compared to untargeted NPs, this led to a significant 
decrease in pro-inflammatory cytokine expression (IL-1β, IL-6, and TNF-α) both systemically and in the joints. 
Moreover, Li et al produced a macrophage-derived microvesicle (MMV) inspired by the ability of macrophages to 
target inflammatory infiltrates to treat rheumatoid arthritis.145 Proteomic analyses indicated that MMV could be targeting 
intercellular adhesion molecule 1 or P-selectin. PLGA NPs loaded with tacrolimus, an immunomodulatory agent that 
inhibits T cell activation, were encapsulated with MMVs. Results of in vivo experiments performed using mice showed 
that MMV-targeted NPs significantly alleviated paw swelling and subchondral bone erosion compared with non-targeted 
controls. In conclusion, many studies designing actively targeted nanocarriers have demonstrate their enhanced efficacy 
compared to non-targeted nanocarriers, indicating promising developments in this field.

Design of Stimulus-Responsive Nanomaterials
The treatment of OA presents a multifaceted and dynamically evolving process. While nanomaterials are generally 
perceived as inert because of their unalterable structural characteristics, such as their size, the dynamic demands of OA 
treatment have led researchers to propose the integration of stimulus-responsive components into nanomaterials, creating 
responsive nanocarriers. These nanocarriers, categorized as being internal stimulus-responsive (pH-responsive, ROS- 
responsive, etc) or external stimulus-responsive (infrared light-responsive, magnetic-responsive, and ultrasound- 
responsive) based on the type of stimulation, hold great promise for the treatment of OA.146 The microenvironment of 
OA joint sites exhibits pathological alterations related to pH and ROS, prompting the development of current DDSs 
responsive to endogenous stimuli to achieve optimum and targeted drug delivery in the joint. The acidic microenvironment 
of osteoarthritic joints, attributed to increased metabolic activity and inadequate vascular supply, supports the use of pH- 
responsive drug release nanomaterials. Zhou et al devised a system wherein MnO2-encapsulated hydrogel NPs, crosslinked 
by the Schiff base reaction using bovine serum albumin (BSA)-MnO dispersed in a HA/platelet-rich plasma gel network, 
were developed. This system demonstrated responsiveness to the acidic microenvironment, enabling the delivery of BM 
NPS and growth factors.147 Wang et al also engineered a pH-responsive nanofibrous membrane composed of polycapro-
lactone and poly (ethylene glycol)-naringenin (PCL/PEG-Nar), that sustains the release of the anti-inflammatory agent Nar 
in weakly acidic OA microenvironments.148 Qin et al designed inflammatory microenvironmentally dual-responsive 
deformable NPs (DKPNPs) consisting of the amyloid β-derived peptide KLVFF and polysialic acid (PSA) coupled to 
the anti-inflammatory drug dexamethasone (Dex). In normal physiological environments, these NPs remain stable, with the 
PSA shell conferring long-term circulation and inflammatory macrophage-targeting abilities to the DKPNPs. Upon reaching 
inflammatory articulation, acidic pH-triggered Dex dissociation or inflammatory macrophage-induced PSA ligand-receptor- 
specific binding induces the conversion of DKPNPs from NPs to nanofibers, which inhibits the clearance of the drug from 
the lymphatic vessels, ultimately enhancing the effectiveness of medications.149

Because more severe ROS are present in the pathologic microscopic environment associated with OA than in healthy 
joints,150 a number of ROS-responsive drug delivery platforms for OA therapeutics have been developed. For instance, 
a nanoprobe with reduced toxicity and ROS-responsive properties was successfully developed by Wu et al. The 
nanoprobe was prepared from ROS-sensitive thione linker (TK) and cartilage-targeting peptide (TKCP)-modified PEG 
micelles. It is able to specifically target articular cartilage via CAP and respond to high levels of ROS (Figure 4A).151 In 
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inflamed tissues, the thioaldehyde bond is cleaved as a result of abundant ROS, leading to progressive degradation of the 
polymer and release of Cy5.5 and drug (Figure 4B).151 Wu et al also prepared an ROS scavenging and drug release 
platform by encapsulating ROS-erasable poly(ethylene glycol)-b-poly(thioacetal)-b-poly(ethylene glycol) (PEG-PTK- 
PEG) micelles (PDM) loaded with dexamethasone acetate into an injectable hydrogel. The multifunctional injectable 
hydrogel effectively reduced joint inflammation via the increased consumption of ROS, suppression of the production of 
inflammatory cytokines, and promotion of macrophage polarization from the M1 to the M2 state.152

In contrast to endogenous stimulus-responsive drug delivery platforms, exogenous stimulus-responsive stimulation 
platforms allow external stimuli application, enabling precise control over the amount and rate of drug delivery by adjusting 
exogenous signal power and stimulation time. This offers a promising strategy for controlled drug delivery in OA therapy. 
Among the light-responsive drug delivery protocols at different wavelengths, near-infrared (NIR) light-responsive drug 
release platforms are receiving growing attention. Xu et al developed NIR-sensitive multifunctional nanozymes (E@Au- 
Ag) with the potential to restore mitochondrial dysfunction, preserve cartilage, and rejuvenate cartilage. Serving as 
a versatile nanoplatform for OA treatment, E@Au-Ag exerts a cooperative effect in repairing mitochondrial injury, 
promoting cartilage migration, and reducing chondrocyte apoptosis during OA treatment. Moreover, it exhibits intrinsic 
antioxidative stress properties and can reduce chondrocyte apoptosis by 83.3% in vitro. In rats, the IA injection of E@Au- 
Ag resulted in the heating of the joint cavity to 46.6 °C under near-infrared conditions, facilitating the additional release of 

Figure 4 (A) Illustration of the self-assembly process of targeted NPs for treating osteoarthritis. The findings indicate that the nanoprobes can be effectively activated in the 
presence of high levels of ROS. (B) TKCP@DEX is engineered to target cartilage directly, responding effectively to ROS and gradually releasing DEX. This advanced 
nanoprobe, activated by the body’s own processes, shows potential for both treating and diagnosing osteoarthritis. Figure parts reprinted with permission from Shen C, Gao 
M, Chen H, et al. Reactive oxygen species (ROS)-responsive nanoprobe for bioimaging and targeting therapy of osteoarthritis. J Nanobiotechnol. 2021;19:1–6. https:// 
creativecommons.org/licenses/by/4.0/.151
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EGCG and stimulating cartilage regeneration. Moreover, this treatment significantly improved cartilage wear and tear in 
arthritic rats, leading to a considerable thickening of the cartilage layer. Moreover, the excellent antimicrobial ability of 
E@Au-Ag effectively prevented infections caused by IA injections.153 Additionally, owing to the advantages of magnetic 
materials, numerous magnetically induced drug delivery nanoplatforms have been successfully designed for OA therapy. 
For example, Chen et al synthesized a hyaluronic acid-polyacrylic acid (HA-pAA) hydrogel using polyacrylic acid- 
ferrocene (pAA-Fc) and hyaluronic acid-cyclodextrin (HA-CD) and designed porous polylactic acid-hydroxyglycolic acid 
(PLGA) magnetic microcapsules (PPMMs) containing glutathione (GSH) and iron oxide NPs. This approach demonstrated 
potential in enhancing the regeneration of degenerated cartilage by enhancing chondrocyte transportation to the injured 
region through CD44 receptors on the HA polymer chains of layer-by-layer (LbL)-PPMMs via endomagnetism.154 Su et al 
labeled chondrocytes with magnetic NPs which were cultured on type II collagen chitosan/polylactoglycolic acid scaffolds. 
These magnetic NPs had no significant effect on the chondrocyte phenotype. After culturing on scaffolds, better chondro-
genic and osteogenic characteristics were observed in labeled cells.155 Orthopedic issues such as fracture healing and 
cartilage lesion detection have been resolved using pressure wave ultrasound at 20 kHz or higher.156 Ultrasound can also be 
used to design therapeutic DDSs for osteoarthritis, such as ultrasound-responsive microbubbles (MBs) that can remotely 
activate and modulate drug release as well as increase cell permeability.17 For instance, Yu et al developed KGN loaded 
with poly (propyleneglycolide-hydroxyglycolic acid) MBs (MBs@KGN), which were then embedded in carboxymethyl 
chitosan-oxidized chondroitin sulfate (CMC-OCS) hydrogel to produce ultrasound-responsive scaffolds (CMC-OCS 
/MBs@KGN). The results indicated that the ultrasound-responsive scaffold CMC-OCS/MBs@KGN sustained the release 
of KGN and enhanced the expression and differentiation of rabbit bone marrow mesenchymal stem cells.157 Specifically, 
ultrasound is used as a stimulus for the release of calcium ions from liposomes, which activates the enzymatic activity of 
transglutaminase (Figure 5A).158 The activated enzyme promotes the formation of fibrinogen hydrogels by catalyzing 
covalent intermolecular cross-linking (Figure 5B).158

Regarding the choice of stimulus response, it has been proposed that exogenous stimulus-responsive nanomedicine 
release platforms offer advantages such as the possibility for precise remote regulation and multifunctional integration 
compared to endogenous stimulus-responsive platforms.17 This is because stimuli can be externally applied rather than 
being confined to pre-existing pathological factors at the focal site. Many endogenous triggers are not specific to OA, 
which can lead to unintended release of the drug at non-focal sites. Therefore, exogenous stimulus responses are superior 
to endogenous stimuli, allowing precise control of on/off switching and drug release rates by controlling the on/off 
switching and power of the external stimulus source. However, some scholars argue that while exogenous stimulus- 
responsive nanocarriers can enable precise control of drug release behavior, this ability tends to be limited by the depth of 
tissue penetration of the stimulus source,17 whereas endogenous stimulus-responsive platforms are not similarly affected.

As research progresses, dual- or multiple-stimulus-responsive/functional controlled drug release platforms have 
become viable options to further enhance therapeutic efficacy. Jiang et al prepared dual-responsive nanomedicines 
with active targeting functions by loading glucocorticoids with pH/ROS dual-responsive carriers, modifying and the 
surface of the NPs with PEG as well as RGD peptides. In vitro cellular experiments suggested that the nanomedicines 
were readily phagocytosed by macrophages and synoviocytes and significantly promoted the conversion of M1-type 
macrophages to the M2 phenotype. In vivo imaging results demonstrated that the nanomedicines significantly aggregated 
at RA inflammation sites compared to unencapsulated drugs. Results of in vivo animal trials revealed that the 
nanomedicine reduced the expression of inflammatory factors, such as TNF-α, IL-1β, and IL-6, and blocked the NF- 
KB modeling channel. This, in turn, markedly alleviated the inflammatory swelling response and joint destruction in 
mice. By addressing challenges such as the low effective concentration of glucocorticoid drugs in the inflammatory area 
and high incidence of systemic side effects, this nanomedicine offers a novel targeted therapy for rheumatoid arthritis.159 

Additionally, Xue et al reported a novel nanomaterial platform RB@MPMW. This nano-sized sphere, consisting of 
a metal-organic framework shell layer and a mesoporous polydopamine (MPDA) core layer, with the shell layer loaded 
with bilirubin (Br) and the core layer loaded with rapamycin (Rap), was surface-modified with a type II collagen- 
targeting peptide (WYRGRL). This structure guided accurate drug delivery to the articular cartilage and facilitated Br 
and Rap release in response to photothermal and pH stimulation. Br demonstrated significant antioxidative effects by 
neutralizing oxygen free radicals (ROS) and converting them to bilirubin, while Rap, a potent autophagy activator, 
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enhanced autophagy activation and chondrocyte protection. In an anterior cruciate ligament transection-induced rat OA 
model, this nanomaterial effectively delayed disease progression and promoted cartilage repair through these dual 
mechanisms, achieving positive therapeutic results.160

Challenges Associated with, and Prospects for, the Use of Nanomaterials in 
OA Treatment
Nanomaterials demonstrate a wide range of potential applications and research value in OA applications.161 The main 
applications include the following. 1. Nanometer drug-carrying system: These systems can increase the concentration of 
drugs in OA lesion tissues by controlling the release rate and targeting of drugs, thus effectively reducing pain, 
alleviating inflammatory response, and promoting tissue repair. This customized treatment plan improves therapeutic 
efficacy and reduces side effects.162 2. Nanometer immunotherapy: Nanomaterials can also be used for immunotherapy, 
by regulating immune cell activity through suitable nanocarriers, reducing inflammatory response and pain.3. 
Nanomaterials delivery of genes. Nanomaterials effectively encapsulate and protect gene drugs, enabling targeted 
delivery through surface modification or functionalization to address underlying factors of OA. Several nanomaterials 

Figure 5 Ultrasound-responsive hydrogels work through the following mechanisms: (A) Ultrasound activates enzyme-catalyzed protein binding; (B) Ultrasound initiates fibrinogen 
cross-linking. Figure parts reprinted with permission from Nele V, Schutt CE, Wojciechowski JP, et al. Ultrasound-triggered enzymatic gelation. Adv Mater. 2020;32(7):e1905914. WILEY- 
VCH Verlag GmbH & Co. KGaA, Weinheim. https://creativecommons.org/licenses/by/4.0/.158
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have successfully entered clinical trials for the treatment of OA (Table 2). For example, Leite et al conducted 
a randomized controlled trial of patients with knee cartilage using a nanoemulsion containing glucosamine and 
chondroitin sulfate (NANO-CG). They observed pain relief and full articular cartilage recovery in some patients treated 
with NANO-CG;163 Additionally, Hashemzadeh et al conducted a subgroup trial of two groups of patients taking placebo 
and nanocurcumin and found that nanocurcumin significantly improved the symptoms of osteoarthritis patients with 
OA;164 Furthermore, Shakouri et al used leech saliva extract (LSE) in liposomal gel as a complementary treatment for the 
relief of signs and symptoms of OA. They found that after 1 month of a LSE liposomal gel administration, patients 
experienced pain relief and enhanced quality of life.165 Although significant progress has been made in nanotechnology, 
its development and translation face a number of challenges and limitations that need to be addressed to achieve 
successful clinical translation.166,167 Firstly, there are significant differences in cartilage composition and thickness 
between animals and humans. For example, mouse cartilage, is 30–40 times thinner than human cartilage, and 
nanomaterials may be rapidly removed before they reach the human joint cavity, resulting in lower-than-expected 
efficacy.168 Current research on nanomaterials relies on animal models, which poses a great challenge for further clinical 
applications of nanomaterials. Therefore, establishing natural models for IA administration in OA is crucial to improve 
clinical relevance.169 Secondly, the safety and biocompatibility of NPs are important factors for clinical translation.170 

The long-term effects of many materials in vivo are not fully understood; therefore, it is critical that the safety of 
nanomaterials be thoroughly evaluated before they are used in the clinical treatment of OA. In addition to safety issues, 
complex joint structures and dynamic joint environments complicate the clinical application of nanomaterials in the 
treatment of OA.171 Therefore, to maximize the therapeutic potential of nanomaterials, researchers must carefully and 
comprehensively consider the structural and environmental characteristics of the joints when designing nanomaterials for 
the treatment of OA.69

Despite these challenges, the potential of nanomaterials in OA treatment remains promising several future research 
directions, including advanced DDSs, individualized nanomedicine, clinical trials, translational research, biomimetic nano-
materials, and combination therapies, could further enhance the application of nanotechnology in the management of OA. 
Monitoring these prospective research avenues could lead to the development of nanotechnology-enhanced biomaterials for 
OA therapy, potentially revolutionizing treatments and offering effective and safe approaches for managing OA.30

Abbreviations
OA, Osteoarthritis; NSAIDs, Nonsteroid anti-inflammatory drugs; IA, intra-articular; ECM, extracellular matrix; HA, 
hyaluronic acid; MMPs, matrix metalloproteinases; ROS, reactive oxygen species; SIN1, 3-morpholinoaniline; TBHP, 
tert-butyl hydroperoxide; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; RvD1, Resolvin D1; GNPs, Gold NPs; 
FPs, fish oil proteins; DPPC, dipalmitoyl phosphatidyl choline; GSH, glutathione reductase; SOD, superoxide dismutase; 
SPIONs, superparamagnetic iron oxide NPs; MRI, magnetic resonance imaging; MSCs, mesenchymal stem cells; PNPs, 
Polymer NPs; PGA, polyglycolic acid; PLA, polylactic acid; PLGA, polylactic acid-glycolic acid; PCL, poly-ε- 
caprolactone; PMMA, polymethyl methacrylate; ELNVs, Extracorporeal-like nanovesicles; PELNVs, Plant exosome- 
like nanovesicles; SOD, superoxide dismutase; IGF-1, Insulin-like growth factor 1; PPK, PEG-PAMAM-KGN; KPP, 
KGN-PEG-PAMAM; PEG, polyethylene glycol; DDS, Drug delivery systems; Lnx-MS, Lnx-encapsulated PLGA 
microspheres; GSH, glutathione; KGN, katoglobulin; API, active minor pharmaceutical ingredient; miRNAs, 

Table 2 Nanomaterials Entering Clinical Trials for OA

Drug Participant Curative Effect References

NANO-CG Knee chondromalacia patients Pain relief 
Full recovery of articular cartilage.

[163]

Nanomicelle curcumin Knee osteoarthritis patients Symptom improvement [164]

LSE nano scaled liposomal Knee osteoarthritis patients Pain Relief 
Joint inflammation stiffness relief

[165]

Abbreviations: NANO-CG, nanoemulsions combining glucosamine and chondroitin sulfate; LSE, Leech saliva extract.
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MicroRNAs; NPs, nanoparticles; Chol, cholesterol; DOPE, dioleoyl phosphatidylethanolamine; PC, phosphatidylcholine; 
LNPs, lipid NPs; HCC, hepatocellular carcinoma; Cur, curcumin; ICA, Icariin; PDA, Polydopamine; MMV, macrophage 
derived microvesicle; PSA, Polysialic acid; DKPNPs, dual-responsive deformable NPs; Dex, dexamethasone; NIR, near- 
infrared; PPMMs, porous polylactic magnetic microcapsules; LBL, layer-by-layer; MB, microbubbles; MPDA, meso-
porous polydopamine; Br, bilirubin; Rap, rapamycin; WYRGRL, type II collagen-targeting peptide; NANO-CG, 
nanoemulsions combining glucosamine and chondroitin sulfate; LSE, Leech saliva extract.
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