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Nanoparticle-Mediated Targeting of the Arthritic Joint: A Critical Narrative Review of Drug Delivery and Molecular Therapy

Abstract
Nanoparticle-based delivery is being developed to concentrate anti-inflammatory, disease-modifying and molecular therapeutics within arthritic joints while limiting systemic exposure. Yet “joint targeting” encompasses several distinct problems: vascular access to inflamed synovium, persistence after intra-articular administration, penetration through dense avascular cartilage, cell-selective uptake and release of an active payload at the intended intracellular or extracellular site. This critical narrative review evaluates how these constraints differ between rheumatoid arthritis (RA) and osteoarthritis (OA), and how they shape the performance of lipid, polymeric, inorganic and biomimetic nanocarriers. Literature published from 1 January 2000 to 19 June 2026 was considered, with emphasis on verified peer-reviewed original studies, recent reviews and clinically informative evidence. In RA, long-circulating carriers can exploit inflammation-associated vascular permeability, while folate receptor, CD44 and endothelial ligands can add cellular or tissue selectivity. In OA, direct intra-articular administration bypasses systemic access but creates a more demanding transport problem because rapid joint clearance and the highly charged extracellular matrix of cartilage limit durable chondrocyte exposure. Peptide affinity and reversible electrostatic interactions offer particularly strong mechanistic rationales for cartilage penetration and retention. Small interfering RNA, messenger RNA, cytokines, glucocorticoids and regenerative proteins broaden the therapeutic repertoire, but their success depends on cytosolic delivery, release kinetics and target engagement rather than localisation alone. Human evidence remains sparse. A randomised trial of pegylated liposomal prednisolone in RA provides the clearest clinical signal, whereas most OA systems remain at explant, rodent or rabbit stages. Across both diseases, fluorescence persistence, short-term histology and reductions in inflammatory markers often overstate translational maturity. Progress will require cell-resolved pharmacokinetics, disease-relevant models, intact-carrier measurements, rigorous comparators, long-term safety assessment and manufacturable formulations linked to clinically meaningful endpoints.
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1. Introduction
Rheumatoid arthritis (RA) and osteoarthritis (OA) are both diseases of synovial joints, but the biological routes by which therapeutic molecules must reach their targets differ substantially. RA is a systemic autoimmune inflammatory disorder in which persistent synovitis, immune-cell recruitment, fibroblast-like synoviocyte activation and osteoclast-mediated bone erosion can affect multiple joints and extra-articular tissues. Contemporary treatment can suppress disease activity, yet drug toxicity, incomplete response and loss of response remain clinically relevant limitations (Di Matteo et al., 2023). OA is better understood as a whole-joint disorder than as isolated cartilage wear. Cartilage degeneration interacts with synovial inflammation, subchondral bone remodelling, meniscal pathology and altered biomechanics; current pharmacological management is largely symptomatic, and durable disease modification remains difficult to demonstrate (Hunter & Bierma-Zeinstra, 2019; Katz et al., 2021). These differences make the arthritic joint an attractive but non-uniform target for engineered drug delivery.
Nanoparticles are proposed to improve the therapeutic index by altering where a drug distributes, how long it persists and which cells or matrix compartments encounter it. This proposition is compelling because conventional systemic therapy exposes non-target organs, whereas conventional intra-articular (IA) injection can be followed by rapid lymphatic or vascular clearance. The term “nanoparticle” is used here pragmatically for nanoscale or nano-assembled therapeutic carriers, including liposomes and lipid nanoparticles, polymeric nanoparticles and micelles, dendrimeric or protein-based nanoconstructs, selected inorganic or metal-organic systems, and engineered extracellular vesicles. These platforms can encapsulate or conjugate glucocorticoids, small-molecule antirheumatic agents, cytokines, proteins, small interfering RNA (siRNA), messenger RNA (mRNA) and other molecular payloads. They may also contribute therapeutic activity themselves, as illustrated by redox-active or ion-releasing inorganic systems.
The field has moved from simple prolongation of circulation or IA residence towards layered designs that combine homing, matrix affinity, cell recognition, stimuli-responsive release and molecular intervention. In RA, early work with long-circulating liposomal glucocorticoids showed that nanoscale carriers could preferentially localise to inflamed synovium and greatly amplify anti-inflammatory activity in experimental disease (Metselaar et al., 2003, 2004). In parallel, activated macrophages and inflamed endothelium became active-targeting candidates: folate receptor beta-directed dendrimers improved methotrexate delivery, whereas an arthritic-joint-homing peptide on liposomes increased the therapeutic index of interleukin-27 in rats (Meka et al., 2018; Thomas et al., 2011). More recent systems add microenvironment-responsive release or immune reprogramming, but increasing architectural complexity does not necessarily increase clinical value (He et al., 2020; Qin et al., 2025).
OA creates a different engineering problem. An IA injection places the formulation in the joint cavity, but does not guarantee access to cartilage. Articular cartilage is avascular and contains a dense collagen-proteoglycan extracellular matrix (ECM) that restricts transport by size and charge. The same matrix can nevertheless become a drug reservoir when appropriately small carriers are coupled to collagen-binding peptides or engineered for weak, reversible cationic interactions with negatively charged glycosaminoglycans (Bajpayee et al., 2014; Rothenfluh et al., 2008). Subsequent work has confirmed that cationic micelles and PEGylated protein constructs can penetrate and persist in cartilage, while disease-responsive conditions may simultaneously accelerate vascular clearance or carrier degradation (Boyer et al., 2025; He et al., 2023; Zhu et al., 2023). Thus, performance measured in healthy cartilage cannot be assumed to persist in the inflammatory, proteolytic environment of OA.
Recent reviews have separately surveyed arthritis nanomedicine, RA immune-microenvironment engineering, OA synovial-macrophage targeting and RNA delivery (He et al., 2026; Sawan et al., 2025; Song et al., 2026; Zha et al., 2026; Zhang et al., 2026). These publications document a rapidly expanding technical repertoire, but their breadth also highlights a persistent conceptual problem: “targeting” is often treated as a single property even when the supporting experiment measures only whole-joint fluorescence, tissue retention, receptor-mediated uptake or therapeutic response. A carrier may accumulate in a joint without penetrating its intended tissue, penetrate cartilage without delivering an intact molecular payload, or enter a cell without releasing that payload into the cytosol. Conversely, a formulation can provide useful local pharmacology through retention and controlled release without possessing a specific targeting ligand. Critical comparison therefore requires separation of these mechanistic layers.
1.1 Scope, Research Gap and Objectives
This review focuses on nanoparticle-mediated targeting of the arthritic joint in RA and OA, the two settings in which distinct systemic and intra-articular delivery barriers are most clearly exposed. The analysis covers carrier architecture, route-dependent targeting, matrix and cellular ligands, microenvironment-responsive release, small-molecule and molecular payloads, and the evidence needed to connect biodistribution with disease modification. Gout, septic arthritis and primarily implant- or scaffold-based therapies are outside the principal scope unless they illuminate a delivery mechanism directly relevant to RA or OA. The central research gap is the absence of an integrated critical framework that distinguishes anatomical localisation, tissue penetration and retention, cell selectivity, intracellular delivery and pharmacological target engagement, while simultaneously comparing the evidence base with the requirements for clinical translation. The objectives are to identify which targeting mechanisms are best supported, explain why apparently successful preclinical systems may fail to translate, evaluate the maturity of molecular-therapy delivery, and propose research priorities that can reduce the gap between sophisticated nanocarrier design and clinically meaningful joint therapy.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative review design was selected because the principal question is mechanistic and translational rather than a narrowly defined comparison of one intervention and one outcome. The literature includes heterogeneous materials, routes, payloads, arthritis models, biodistribution methods and therapeutic endpoints, making pooled quantitative synthesis inappropriate. Narrative methodology does not remove the need for transparent source selection or critical appraisal. The review was structured to address the quality domains emphasised by the Scale for the Assessment of Narrative Review Articles (SANRA), particularly justification of importance, statement of aims, description of literature searching, appropriate referencing, scientific reasoning and presentation of relevant endpoint information (Baethge et al., 2019).
2.2 Information Sources
Literature was identified through PubMed, Europe PMC, OpenAlex, Crossref, CORE, Google Scholar, the Directory of Open Access Journals and Semantic Scholar. Searches were supplemented by backward reference checking from recent high-quality reviews, forward and related-article searching where accessible, and verification against PubMed records, DOI landing metadata or stable journal records. Recent reviews were used as maps of the field rather than as substitutes for appraisal of primary studies. Citation checking also sought corrections, retractions or bibliographic inconsistencies before a source was retained.
2.3 Search Strategy and Search Period
The main publication window was 1 January 2000 to 19 June 2026. The starting year captures the transition from early human liposomal synovial targeting to contemporary nanoscale joint-delivery strategies while allowing inclusion of the major experimental lineages that followed. Representative search combinations paired disease terms (“rheumatoid arthritis” OR osteoarthritis OR “post-traumatic osteoarthritis”) with carrier terms (nanoparticle* OR nanocarrier* OR liposome* OR “lipid nanoparticle*” OR micelle* OR dendrimer* OR nanozyme* OR exosome*) and targeting terms (target* OR homing OR cartilage OR synov* OR macrophage* OR chondrocyte*), together with payload or function terms (“drug delivery” OR glucocorticoid* OR methotrexate OR cytokine* OR siRNA OR mRNA OR “gene therapy” OR “controlled release”). Separate searches emphasised folate receptor, CD44, collagen type II, glycosaminoglycan charge, matrix metalloproteinase responsiveness, pH/oxidative responsiveness and clinical translation. Seminal and mechanistically necessary sources within the selected period were retained even when newer formulations were available.
2.4 Eligibility Criteria
Priority was given to peer-reviewed original research evaluating nanoscale delivery or nanomaterial-mediated therapeutic targeting in RA or OA, including studies of biodistribution, tissue penetration, cell uptake, pharmacokinetics, molecular target engagement, therapeutic efficacy or safety. High-quality reviews were included when they defined recent developments or unresolved controversies, and authoritative disease reviews were used for clinical context. Both systemic and IA routes were eligible. Studies using animal models or human tissue were included when they tested a delivery mechanism that could not yet be evaluated clinically. Exclusion criteria were non-scholarly commentary, promotional material, unverifiable citations, patents used as efficacy evidence, conference abstracts without sufficient methods and results, and formulations whose relevance to joint targeting was incidental. English-language full bibliographic information was required for final inclusion.
2.5 Screening, Duplicate Handling and Study Selection
Titles and abstracts were first assessed for direct relevance to joint targeting, nanoscale delivery and RA or OA. Full records were then checked for the carrier, route, target compartment, payload, model and outcome actually studied. Duplicate records identified across indexes were consolidated by DOI, PubMed identifier, title and author metadata. Selection was deliberately purposive rather than exhaustive: studies were retained for methodological quality, conceptual influence, clinical relevance, independent support or contradiction of a targeting principle, and representation of newer molecular-delivery strategies. No PRISMA-style flow count is presented because a prospectively enumerated systematic screening process was not undertaken. Inaccessible or bibliographically unresolved sources were not used as evidence.
2.6 Critical Appraisal and Evidence Synthesis
Evidence was appraised according to the appropriateness of the disease model, presence of relevant controls, carrier and payload characterisation, distinction between free and formulated drug, route and dosing realism, measurement of intact carrier versus fluorescent label, tissue and cell specificity, target engagement, duration of follow-up, toxicity assessment and translational relevance. Particular attention was paid to whether active targeting was tested against a physicochemically matched non-targeted carrier, whether retention was measured in diseased rather than only healthy tissue, and whether therapeutic improvement could be attributed to delivery rather than intrinsic activity of the material. Human randomised evidence was weighted more strongly than animal efficacy, and animal efficacy more strongly than explant or cell-only findings. Themes were developed around biological barriers, carrier architecture, targeting mechanism, payload class and translational evidence; inconsistencies were interpreted in relation to disease state, dose, surface chemistry, model scale and measurement method.
3. The Arthritic Joint as a Delivery Target
3.1 Rheumatoid Arthritis: Systemic Access to Inflamed Synovium
RA offers a paradoxical delivery environment. The joint is pathologically accessible because inflamed synovium is hypervascular and its endothelium is activated, yet the disease is systemic and polyarticular, so a locally injected formulation addresses only selected joints. Long-circulating systemic nanoparticles can exploit inflammation-associated vascular permeability and phagocyte-rich synovium. This behaviour is often described as an enhanced permeability and retention-like effect, but the analogy with solid tumours should not be overstated: permeability, perfusion and inflammatory-cell sequestration vary with disease activity and treatment. The experimental liposomal prednisolone studies are persuasive because altered liposome distribution and therapeutic activity were linked in the same disease context, and unaffected joints showed substantially less uptake (Metselaar et al., 2003, 2004). Nevertheless, preferential accumulation is not equivalent to cell-specific delivery, and systemic carriers still encounter liver, spleen and circulating phagocytes.
Active targeting attempts to add a second level of selectivity after vascular access. Folate receptor beta on activated macrophages is a particularly well-developed RA target. Folate-decorated dendrimers showed receptor-dependent uptake and therapeutic activity when carrying methotrexate in collagen-induced arthritis, supporting macrophage-directed delivery rather than mere joint accumulation (Thomas et al., 2011). Folic acid-coated human serum albumin nanoparticles have since been used to increase joint delivery of betulin in arthritic rats, showing that the ligand concept can be transferred across carrier classes (Yang et al., 2026). Hyaluronic acid (HA), which can interact with CD44, has likewise been used to coat solid lipid nanoparticles and metal-organic formulations, with enhanced uptake by inflammatory cells and improved experimental efficacy (Qin et al., 2025; Zhou et al., 2018). These studies are mechanistically coherent, but most do not establish how much incremental benefit arises from receptor recognition after controlling for circulation time, particle size, charge and inflammation-driven extravasation.
Inflamed endothelium offers another targeting layer before entry into synovial tissue. ART-1 peptide-functionalised liposomes carrying interleukin-27 showed increased joint homing and a better therapeutic index than non-targeted liposomes or free cytokine in adjuvant arthritis (Meka et al., 2018). This is important because a vascular ligand can act on an accessible luminal target, avoiding the need for a carrier to diffuse deeply before recognising its receptor. Yet endothelial phenotypes are model- and disease-state dependent. A ligand selected in one inflammatory model may not recognise human synovial endothelium with comparable abundance or accessibility. Translation therefore requires quantitative receptor occupancy and cross-species validation rather than reliance on imaging contrast alone.
3.2 Osteoarthritis: Joint Residence and Cartilage Transport
In OA, IA administration removes the need to cross systemic vascular barriers but does not solve the delivery problem. Synovial fluid turnover and lymphatic drainage can rapidly remove unbound material, whereas cartilage is avascular and has no convective blood supply to replenish drug concentration. Its ECM contains a collagen fibril network interwoven with highly negatively charged aggrecan glycosaminoglycans. This architecture creates steric exclusion for large constructs and electrostatic exclusion for anionic molecules, while providing opportunities for appropriately sized affinity ligands and cationic carriers. Rothenfluh et al. (2008) established a foundational matrix-targeting concept by coupling the collagen II alpha1-binding peptide WYRGRL to small polymer nanoparticles; targeting increased cartilage association dramatically relative to scrambled-peptide controls after mouse IA injection. The result demonstrated that matrix affinity can convert a barrier into a local depot, but it did not by itself establish disease modification.
Charge-based delivery provides a complementary mechanism. Bajpayee et al. (2014) showed that small cationic avidin could penetrate full-thickness cartilage and be retained through weak reversible electrostatic interactions with anionic matrix sites, whereas larger or neutral comparators were disadvantaged. The significance of weak binding is often underappreciated. Extremely strong electrostatic attraction can trap a carrier near the articular surface, while insufficient charge permits rapid escape; optimal transport requires a balance between partitioning, diffusion and reversible binding. Cationic polymeric micelles later reproduced deep cartilage penetration and prolonged retention in porcine explants, and a multi-arm PEGylated avidin construct demonstrated persistence and distribution across several rat joint tissues after IA administration (He et al., 2023; Zhu et al., 2023). The latter study also detected a dose-dependent immune response, illustrating that a transport advantage can introduce a new biological liability.
Disease state changes this balance. Boyer et al. (2025) evaluated cationic peptide carriers in a rabbit post-traumatic OA model and found deep penetration in glycosaminoglycan-rich tissues, but joint retention was lower after anterior cruciate ligament transection than in sham-operated knees. Increased vascular clearance and proteolytic fragmentation contributed to the difference. This finding challenges a common preclinical assumption that retention measured in healthy explants or uninflamed joints can be transferred directly to OA. Matrix depletion, synovitis, protease abundance and vascular changes evolve with disease stage, so the “target” is moving biologically as well as spatially. Carrier design should therefore be matched to early, inflammatory or structurally advanced OA rather than described as generically cartilage-targeting.
3.3 Reconceptualising What Counts as Targeting
Across RA and OA, targeting is best separated into five levels: anatomical localisation to the diseased joint, retention or penetration within the relevant tissue, selective interaction with a cell or matrix component, intracellular delivery when required, and pharmacological target engagement. These levels can diverge. A fluorescent nanoparticle may remain visible in a joint after its drug has been released or degraded. A carrier that binds cartilage may never reach chondrocytes. A macrophage-targeted particle may be internalised but fail to escape the endosome, a decisive limitation for siRNA or mRNA. Conversely, a long-circulating liposome can be clinically useful without a receptor ligand if inflammation-driven accumulation delivers sufficient active drug. The evidence is therefore strongest when matched controls demonstrate both delivery and mechanistic consequence, rather than when “targeting” is inferred from brighter whole-joint imaging.
Table 1 summarises how the dominant biological barrier changes with disease and route. The comparison shows why RA systemically delivered nanomedicine is primarily an access-and-cell-selectivity problem, whereas OA IA therapy is primarily a residence-and-matrix-transport problem. It also shows that the same design feature can have opposite consequences: long circulation is valuable for systemic RA targeting, while persistent cationic binding is more relevant to cartilage after IA dosing. These distinctions should guide both formulation choice and the experiments used to claim targeting.
Table 1. Biological barriers and design consequences for nanoparticle targeting of arthritic joints
	Disease/route or compartment
	Dominant delivery barrier or opportunity
	Design consequence and critical caveat
	Supporting references

	RA, systemic
	Inflamed synovial vasculature permits preferential extravasation, but liver/spleen clearance competes with joint delivery.
	Long circulation can improve joint exposure; whole-joint accumulation does not prove cell selectivity.
	(Metselaar et al., 2003, 2004; Wang et al., 2016)

	RA, synovial macrophages
	Activated macrophages are abundant and express exploitable receptors such as folate receptor beta and CD44.
	Ligands can improve uptake, but their incremental benefit must be separated from passive inflammatory accumulation and surface-charge effects.
	(Qin et al., 2025; Thomas et al., 2011; Zhou et al., 2018)

	RA, IA dosing
	Direct local delivery increases joint concentration but addresses selected joints in a systemic polyarticular disease.
	Useful for mechanistic or refractory-joint applications; repeated injections and local clearance limit scalability.
	(Barrera et al., 2000; Jansen et al., 2019)

	OA, synovial cavity
	IA administration bypasses systemic access, yet synovial turnover and vascular/lymphatic clearance shorten exposure.
	Depot formation or tissue binding is needed; dye residence can overestimate intact-payload residence.
	(Boyer et al., 2025; He et al., 2023)

	OA, cartilage ECM
	Avascular, dense collagen-proteoglycan matrix restricts large or anionic constructs.
	Small affinity ligands or optimally cationic carriers can turn ECM into a reservoir; excessive binding can impair depth of penetration.
	(Bajpayee et al., 2014; Rothenfluh et al., 2008; Zhu et al., 2023)

	OA, diseased cartilage
	Matrix loss, synovitis, proteases and increased vascular clearance change transport with disease stage.
	Healthy explant or healthy-joint kinetics require confirmation in disease-relevant and larger-joint models.
	(Boyer et al., 2025; Zhang et al., 2024)


Note. ECM = extracellular matrix; IA = intra-articular; OA = osteoarthritis; RA = rheumatoid arthritis.
4. Nanocarrier Architectures and Route-Dependent Design
4.1 Liposomes and Lipid Nanoparticles
Lipid-based carriers have the longest translational lineage in arthritis. Their core advantages are clinically familiar excipients, capacity for hydrophilic or lipophilic payloads, surface PEGylation and adaptable ligand conjugation. In RA, long-circulating pegylated liposomes can shift glucocorticoid exposure towards inflamed joints and away from repeated free-drug peaks. The progression from rodent experiments to a randomised clinical trial is therefore a rare example in which a basic biodistribution rationale survived formulation development and human testing (Metselaar et al., 2003, 2022). Liposomes have also carried cytokines and supported peptide-directed endothelial targeting (Meka et al., 2018). Their limitations include complement activation or infusion reactions, drug leakage, variable uptake by the mononuclear phagocyte system and the difficulty of proving that PEG-mediated longevity remains advantageous during repeated dosing.
Newer lipid nanoparticles are increasingly used as programmable molecular-delivery systems rather than passive drug reservoirs. In OA, mRNA-LNP delivery of fibroblast growth factor 18 achieved longer local protein expression and deeper access to chondrocytes than recombinant protein in mouse models, while IA treatment reduced degenerative features in surgical and ageing models (Kong et al., 2025). Bioinspired multilamellar lipid nanoparticles decorated with a cartilage-binding peptide have also been used for prolonged dual delivery of transforming growth factor beta 3 and kartogenin, protecting cartilage in rat OA and supporting repair in rabbit cartilage defects (Zhou et al., 2025). These findings illustrate the flexibility of lipid systems, but also broaden the burden of proof: a complex carrier must be reproducibly manufactured, maintain payload integrity, release at the intended site and demonstrate safety for repeated IA exposure.
4.2 Polymeric Nanoparticles, Micelles and Dendrimeric/Protein Constructs
Polymeric systems offer precise control over degradation, charge and core-shell architecture. PCL-PEG micelles containing low-dose dexamethasone accumulated preferentially in inflamed joints and reduced inflammatory and structural outcomes in arthritic rats, supporting the value of long-circulating amphiphilic assemblies for systemic RA delivery (Wang et al., 2016). Hybrid micelles can also co-deliver mechanistically distinct payloads: dexamethasone and siRNA against NF-kappaB p65 were combined to suppress inflammatory signalling and shift macrophage phenotype in collagen-induced arthritis (Wang et al., 2017). Co-delivery may reduce pathway redundancy, but it makes dose attribution difficult. If both payloads and the carrier affect macrophage biology, conventional two-arm comparisons cannot establish which component creates the observed advantage.
In OA, polymer chemistry is used less to prolong systemic circulation than to solve tissue transport. Cationic micelles enhanced cartilage uptake and retention relative to neutral analogues in porcine explants, a design that directly links surface charge with a mechanistically relevant transport endpoint (Zhu et al., 2023). Sub-60-nm polydopamine nanocapsules conjugated to a collagen-binding peptide combined deformability, matrix affinity, reactive-oxygen-species scavenging and delivery of parathyroid hormone 1-34, with prolonged joint retention and therapeutic effects in experimental OA (Mei et al., 2024). Such multifunctionality is attractive but raises attribution problems: when the carrier is antioxidant and the payload is anabolic, efficacy cannot be interpreted solely as proof of targeting.
Dendrimers and protein nanoconstructs occupy a useful middle ground because multivalency permits high ligand density and controllable cargo attachment. Folate-targeted poly(amidoamine) dendrimers established receptor-directed macrophage delivery in experimental arthritis (Thomas et al., 2011). PEGylated avidin-based constructs exploit cartilage electrostatics while increasing drug-loading options (He et al., 2023). These platforms also expose a general trade-off: increasing positive charge or ligand density can enhance tissue association but may alter protein corona formation, immune recognition, viscosity and off-target binding. Material optimisation therefore needs to include pharmacology and immunology rather than treating particle size and zeta potential as sufficient descriptors.
4.3 Inorganic, Metal-Organic and Catalytically Active Nanoparticles
Inorganic and metal-organic nanoparticles can act as both carriers and therapeutics. In RA, folic-acid-modified silver nanoparticles were designed to enter inflammatory macrophages, release silver ions intracellularly, reduce inflammatory macrophage abundance and promote repolarisation without an encapsulated conventional drug (Yang et al., 2021). More recently, an HA-anchored iron-based metal-organic framework co-delivered emodin and siRNA against KEAP1, combining CD44-associated macrophage targeting, pH-responsive release and redox-pathway modulation (Qin et al., 2025). These systems challenge the simple carrier-payload model because the material itself participates in the therapeutic mechanism.
OA studies similarly use catalytic or photothermal properties. Cartilage-targeting cerium oxide nanoparticles reduced oxidative stress and cartilage damage in experimental OA, taking advantage of ceria redox activity as well as WYRGRL-related tissue targeting (Zhuang et al., 2024). A metal-organic-framework-decorated polydopamine system combined collagen-targeting peptide, sequential drug release and near-infrared activation in an anterior-cruciate-ligament-transection model (Xue et al., 2021). Such designs can produce striking multimodal results, but their translation is constrained by questions that are less prominent for degradable lipid carriers: long-term tissue persistence, dissolution products, dose-dependent catalytic behaviour, imaging artefacts, and whether externally triggered activation is practical for deep human joints.
4.4 Biomimetic and Extracellular-Vesicle Strategies
Biomimetic systems attempt to borrow biological recognition or membrane trafficking from cells and extracellular vesicles. Engineered exosomes are especially relevant to cartilage because their native lipid bilayer can encapsulate nucleic acid or protein cargo, but native exosomes are negatively charged and therefore electrostatically disadvantaged in anionic cartilage. Charge reversal with cationic motifs enabled exosomes to penetrate early-stage arthritic human cartilage explants and deliver reporter mRNA to deep chondrocytes, while unmodified exosomes performed poorly (Zhang et al., 2024). A related platform delivered interleukin-1 receptor antagonist into early arthritic cartilage explants and sustained anti-catabolic effects after a single exposure (Pathrikar et al., 2025). These studies demonstrate engineering feasibility rather than clinical efficacy. Exosome source, purification, heterogeneity, cargo loading, potency assays and batch reproducibility remain major manufacturing questions.
Table 2 compares platform-level strengths and liabilities. The central pattern is that no architecture is intrinsically “best” for arthritis. Lipid systems currently have the strongest human precedent; polymeric and protein systems offer tunable transport and retention; inorganic systems add catalytic functions but introduce persistence and attribution concerns; and extracellular vesicles may facilitate molecular delivery but remain manufacturing-intensive. Route, target compartment and payload should therefore determine platform selection rather than novelty of the material itself.
Table 2. Comparison of nanoparticle platform classes for arthritic-joint delivery
	Platform class
	Principal design strengths
	Key translational liabilities
	Supporting references

	Liposomes/lipid nanoparticles
	Long-circulation options, clinical formulation precedent, scalable encapsulation, compatibility with RNA and proteins.
	Infusion reactions, complement interactions, leakage or premature release, repeated-dose PEG issues, route-dependent clearance.
	(Kong et al., 2025; Metselaar et al., 2022; Zhou et al., 2025)

	Polymeric nanoparticles/micelles
	Tunable degradation, size, charge and core-shell structure; useful for co-delivery and responsive release.
	Polymer heterogeneity, residual solvents, complex degradation kinetics and difficulty attributing combination effects.
	(Mei et al., 2024; Wang et al., 2016, 2017; Zhu et al., 2023)

	Dendrimers/protein nanoconstructs
	Multivalent ligand display, high conjugation capacity, strong receptor- or charge-based targeting.
	Immunogenicity and off-target electrostatic binding may increase with charge or multivalency.
	(He et al., 2023; Thomas et al., 2011)

	Inorganic/metal-organic/nanozyme systems
	Intrinsic catalytic, redox, imaging or ion-release activity can combine therapy and delivery.
	Long-term fate, dissolution products, persistence, batch reproducibility and separation of carrier activity from payload activity.
	(Qin et al., 2025; Yang et al., 2021; Zhuang et al., 2024)

	Engineered extracellular vesicles
	Biological membrane architecture, nucleic-acid compatibility and potential cell/tissue interactions.
	Source heterogeneity, purification, cargo loading, potency assays, sterility and scale-up remain demanding.
	(Pathrikar et al., 2025; Zhang et al., 2024)


Note. PEG = polyethylene glycol; RNA = ribonucleic acid.
5. Targeting and Responsive-Release Mechanisms
5.1 Passive Inflammatory Accumulation and Long-Circulation Targeting
The least complicated form of joint targeting in RA is not ligand-mediated. Long-circulating particles can preferentially access inflamed synovium because vascular permeability and inflammatory-cell sequestration differ from healthy tissue. Experimental liposomal prednisolone work and PCL-PEG dexamethasone micelles support this principle (Metselaar et al., 2003, 2004; Wang et al., 2016). Its main advantage is robustness: it does not depend on a single receptor whose expression may vary across patients. Its main weakness is low specificity. Increased joint concentration can coexist with substantial hepatic or splenic exposure, and disease suppression itself may reduce the permeability that enabled delivery. Longitudinal pharmacokinetics could therefore be non-linear across repeated doses.
The language of “passive targeting” can also obscure formulation effects. A particle that circulates longer has more opportunity to encounter an inflamed vascular bed than a rapidly cleared comparator, so increased arthritic-joint fluorescence does not by itself prove disease-specific permeability. Matched non-targeted controls, plasma pharmacokinetics and joint-to-organ exposure ratios are needed. Human translation is nevertheless supported by the pegylated liposomal prednisolone trial, which showed that altered formulation can improve short-term control of RA flares relative to intramuscular methylprednisolone (Metselaar et al., 2022). The trial supports therapeutic value of nanocarrier-mediated redistribution; it does not establish that every inflamed-joint nanoparticle will share the same clinical behaviour.
5.2 Receptor- and Ligand-Directed Cellular Targeting
Active targeting can be useful when the biological goal requires enrichment within a particular inflammatory cell population. Folate receptor beta-directed delivery to activated macrophages is supported by receptor-dependent uptake and therapeutic effects in experimental arthritis (Thomas et al., 2011). Folic acid has subsequently been incorporated into other carriers, including human serum albumin nanoparticles, showing continued interest in a conserved macrophage-associated entry route (Yang et al., 2026). HA-CD44 interactions are another recurring strategy. HA-coated solid lipid nanoparticles carrying prednisolone improved joint localisation and treatment in collagen-induced arthritis, whereas HA-anchored metal-organic nanoparticles combined macrophage uptake with molecular redox intervention (Qin et al., 2025; Zhou et al., 2018).
The critical uncertainty is whether a ligand improves whole-joint delivery, cell uptake after arrival, or both. These outcomes have different implications. A macrophage ligand may increase phagocytosis of a particle that would have reached the synovium anyway, while a vascular ligand may change anatomical localisation before extravasation. ART-1-directed liposomes illustrate the latter and improved interleukin-27 delivery in arthritic rats (Meka et al., 2018). Future comparisons should use identical carrier cores with controlled ligand density, include receptor-blocking or knockout evidence where feasible, and quantify cell-resolved uptake. Without such controls, an “active targeting” claim may actually reflect differences in charge, protein adsorption or circulation half-life introduced during ligand conjugation.
5.3 Cartilage Matrix Affinity and Electrostatic Transport
Cartilage targeting has two mechanistically distinct routes: specific matrix affinity and non-specific but tuneable electrostatic partitioning. WYRGRL was selected for collagen II alpha1 binding and increased cartilage association of small polymer particles relative to scrambled controls (Rothenfluh et al., 2008). It has since been incorporated into several OA nanocarriers, including dual-drug platforms, nanomicelles and cerium oxide particles (Chen et al., 2023; Xue et al., 2021; Zhuang et al., 2024). The repeated use of the same peptide across independent materials supports the relevance of collagen-directed affinity. Yet collagen exposure changes with cartilage damage, and a peptide that binds exposed matrix can preferentially localise to already injured regions. That may be advantageous for focal post-traumatic lesions but could yield heterogeneous distribution in diffuse or late-stage OA.
Electrostatic transport depends on the negative fixed-charge density of glycosaminoglycans. Avidin-based experiments established that a small cationic protein can achieve rapid partitioning and prolonged retention through reversible interactions (Bajpayee et al., 2014). Cationic micelles and peptide carriers extend this principle to drug-delivery formats (Boyer et al., 2025; Zhu et al., 2023). The more recent rabbit evidence is especially important because it demonstrates that inflammatory disease can accelerate clearance and proteolytic fragmentation even when cartilage penetration remains strong (Boyer et al., 2025). Charge therefore cannot be optimised using healthy explants alone. A clinically useful carrier must retain sufficient affinity after matrix depletion, synovial protein adsorption and protease exposure without becoming immunogenic or trapped at the cartilage surface.
5.4 Disease-Responsive and Externally Triggered Release
Targeting can also be temporal. A carrier may localise broadly but release its payload preferentially in the diseased microenvironment. Matrix metalloproteinase-responsive PEGylated lipid nanoparticles were designed to accelerate dexamethasone release in protease-rich RA tissue and improved experimental arthritis relative to free drug (He et al., 2020). In OA, pH-responsive lipid nanoparticles containing urolithin A were designed around the acidic and metabolically perturbed joint environment and influenced mitochondrial stress, macrophage polarisation and structural outcomes in a mouse model (Yi et al., 2025). MMP13-sensitive micelles have coupled early post-traumatic OA imaging with siRNA delivery, linking an enzyme-associated disease signal to both diagnostic activation and molecular treatment (Zhou et al., 2024).
Responsive release is conceptually attractive because it can add specificity after distribution, but it is vulnerable to biological variability. Protease concentration, pH and reactive oxygen species are not binary disease markers; they vary among patients, joints and stages, and may overlap with other inflammatory sites. In vitro release studies often use simplified trigger concentrations that do not reproduce spatial gradients or protein-rich synovial fluid. Externally triggered systems add another layer of control but face anatomical constraints. Near-infrared-responsive platforms can coordinate release and photothermal effects in small-animal joints (Xue et al., 2021), yet optical penetration and practical illumination of large human joints need separate validation. Responsive systems should therefore be evaluated as pharmacokinetic control mechanisms, not assumed to confer disease specificity merely because a trigger is pathologically associated.
Table 3 compares the principal targeting modalities and the evidence needed to interpret them. The most mature mechanisms are those that can be anchored to a measurable biological property, such as macrophage receptor expression, collagen affinity or cartilage fixed charge. Responsive systems offer additional control, but their performance is only as predictable as the trigger distribution. Across all modalities, the strongest evidence combines a matched non-targeted control, quantitative tissue or cell exposure and demonstration that the payload engages its molecular target.
Table 3. Targeting and controlled-release modalities used in arthritic-joint nanomedicine
	Targeting modality
	Mechanistic basis and representative evidence
	Principal uncertainty or failure mode
	Supporting references

	Inflammation-driven passive accumulation
	Long-circulating particles access permeable, hypervascular synovium and are retained by inflammatory tissue.
	Circulation time and organ clearance can mimic “targeting”; permeability varies with disease activity.
	(Metselaar et al., 2003, 2004; Wang et al., 2016)

	Folate receptor beta / CD44 targeting
	Folate or HA ligands promote uptake by activated macrophages or synovial cells.
	Ligand conjugation changes surface chemistry; receptor abundance and human selectivity require quantification.
	(Qin et al., 2025; Thomas et al., 2011; Zhou et al., 2018)

	Inflamed-endothelium peptide targeting
	ART-1-functionalised liposomes increase arthritic-joint homing before tissue penetration.
	Cross-species endothelial expression and ligand accessibility may differ.
	(Meka et al., 2018)

	Collagen II affinity
	WYRGRL and related peptides bind cartilage matrix and can create a local depot.
	Binding may depend on matrix damage and can be spatially heterogeneous in OA.
	(Rothenfluh et al., 2008; Xue et al., 2021; Zhuang et al., 2024)

	Electrostatic cartilage targeting
	Optimally cationic carriers partition into anionic glycosaminoglycan-rich cartilage through reversible binding.
	Excess charge can cause surface trapping, immunogenicity or off-target binding; inflammation can accelerate clearance and fragmentation.
	(Bajpayee et al., 2014; Boyer et al., 2025; He et al., 2023; Zhu et al., 2023)

	Enzyme/pH-responsive release
	MMP or acidic conditions alter carrier structure or unmask payload/ligand at diseased sites.
	Trigger magnitude is heterogeneous and in vitro conditions may overstate specificity.
	(He et al., 2020; Yi et al., 2025; Zhou et al., 2024)

	External near-infrared triggering
	Light can induce release or photothermal effects after localised administration.
	Penetration and dosing practicality in large human joints are uncertain.
	(Xue et al., 2021)


Note. HA = hyaluronic acid; MMP = matrix metalloproteinase; OA = osteoarthritis.
6. Payloads and Molecular Therapy
6.1 Glucocorticoids and Small-Molecule Antirheumatic Agents
Glucocorticoids provide the clearest test of the delivery hypothesis because their anti-inflammatory efficacy is established while systemic exposure creates well-known toxicity. Nanocarriers do not need to invent a new molecular mechanism; they need to change exposure. In experimental RA, liposomal prednisolone produced much stronger and more durable suppression than equivalent free drug, and later work localised liposomes predominantly to inflamed synovial compartments (Metselaar et al., 2003, 2004). PCL-PEG micelles likewise enabled low-dose dexamethasone to accumulate in inflamed joints and reduce disease measures in rats (Wang et al., 2016). The human randomised study of pegylated liposomal prednisolone is therefore unusually informative because it tests whether formulation-mediated redistribution can improve a clinically recognised anti-inflammatory intervention (Metselaar et al., 2022).
Small-molecule delivery broadens this concept but introduces additional pharmacology. Folate-targeted dendrimer-methotrexate conjugates suppressed experimental arthritis and reduced structural injury while exploiting activated macrophage uptake (Thomas et al., 2011). HA-coated solid lipid nanoparticles carrying prednisolone and human-serum-albumin nanoparticles carrying betulin are further examples in which formulation addresses exposure or solubility limitations (Yang et al., 2026; Zhou et al., 2018). In OA, cartilage-targeted HA nanomicelles delivering pioglitazone reduced oxidative and catabolic responses and improved experimental structural outcomes (Chen et al., 2023). The evidential weakness common to many such studies is that therapeutic improvement is assessed over short intervals in induced disease models. Better delivery of an active compound is credible; durable modification of heterogeneous human RA or OA is not yet established.
6.2 Small Interfering RNA: Potent Targets, Difficult Intracellular Pharmacology
siRNA is attractive because it can suppress disease-driving proteins that are difficult to inhibit selectively with small molecules. Its delivery problem is more demanding than that of a glucocorticoid: the RNA must be protected from degradation, reach the correct tissue and cell, enter by an uptake pathway that preserves viability, escape the endosome and engage the RNA-induced silencing complex in the cytosol. Recent RA and OA reviews catalogue numerous candidate genes, but the decisive challenge is therefore pharmacological delivery rather than target nomination (Sawan et al., 2025; Song et al., 2026).
Experimental RA illustrates both promise and complexity. te Boekhorst et al. (2012) administered PLGA nanoparticles containing TNF-targeted siRNA directly into arthritic mouse joints. A low siRNA dose produced sequence-specific reduction in disease activity, yet higher doses did not separate from non-specific siRNA controls. This dose paradox is valuable because it resists the assumption that more siRNA or more nanoparticle necessarily yields more specific benefit; carrier effects, innate responses or saturation can dominate. Lipidoid-polymer hybrid nanoparticles later achieved TNF knockdown and suppression of inflammation after IA delivery in murine arthritis (Jansen et al., 2019). Hybrid polymeric micelles co-delivering dexamethasone and siRNA against NF-kappaB p65 further demonstrated that molecular silencing can be combined with conventional anti-inflammatory therapy (Wang et al., 2017). These models establish feasibility, but they remain far from systemic multi-joint gene silencing in patients.
OA provides a particularly strong rationale for local siRNA because MMP13 and other catabolic mediators are spatially associated with damaged cartilage. Collagen-targeted nanoparticle depots delivering siRNA against Mmp13 reduced target expression and protected joint structure in two mouse models of post-traumatic OA (Bedingfield et al., 2021). A later theranostic micelle used MMP13-dependent activation to expose an uptake ligand and deliver siRNA while reporting disease-associated fluorescence (Zhou et al., 2024). These studies go beyond retention by linking a carrier to gene silencing and structural readouts. Nonetheless, the mouse cartilage thickness, joint volume and post-traumatic disease kinetics differ greatly from human OA, and sustained suppression of a single catabolic enzyme may not address the network redundancy of established disease.
6.3 Messenger RNA and Protein Expression
mRNA delivery changes the therapeutic objective from silencing to transient protein production. It can avoid repeated recombinant-protein dosing if local cells become short-lived bioreactors, but it requires efficient cytosolic release and careful control of expression duration. Charge-reversed exosomes delivered reporter mRNA throughout early-stage arthritic human cartilage explants and produced reporter expression after IA administration in a mouse OA model (Zhang et al., 2024). This is strong evidence of tissue and intracellular delivery, but because the encoded protein was a reporter, it should be interpreted as platform validation rather than treatment of OA.
Therapeutic mRNA-LNP work has moved a step further. Kong et al. (2025) delivered mRNA encoding fibroblast growth factor 18 and achieved sustained local expression, deeper chondrocyte access than recombinant protein, and improved outcomes in destabilisation-of-the-medial-meniscus and senile mouse models. The study directly connects a delivery platform with a regenerative molecular product. Yet expression over days in a mouse joint does not resolve questions of dose controllability, repeated dosing, innate immune activation or whether anabolic stimulation is beneficial across inflammatory and late structural OA phenotypes. The same strengths that make mRNA attractive, namely amplified protein production and flexible sequence design, increase the importance of cell specificity and pharmacodynamic stopping rules.
6.4 Cytokines, Biologics, Regenerative Factors and Intrinsically Active Nanomaterials
Nanoparticles can rescue therapeutics that are biologically potent but pharmacokinetically poor. ART-1-directed liposomal interleukin-27 improved the therapeutic index of the cytokine in experimental autoimmune arthritis by increasing delivery to inflamed joints and reducing off-target exposure (Meka et al., 2018). In OA, charge-reversed exosomes carrying interleukin-1 receptor antagonist sustained anti-catabolic activity in early arthritic cartilage explants where free protein was insufficient under the tested dosing scheme (Pathrikar et al., 2025). Bioinspired lipid nanoparticles have also combined transforming growth factor beta 3 with kartogenin to support cartilage protection and repair in animal models (Zhou et al., 2025). These studies illustrate a general principle: local retention can convert short-lived soluble factors into depot-like therapies, but the optimal duration of cytokine or growth-factor signalling is itself a biological variable.
A separate class of molecular therapy is provided by the nanomaterial rather than an encapsulated drug. Folic-acid-modified silver nanoparticles were designed to alter macrophage survival and phenotype through intracellular silver-ion release and redox effects in RA (Yang et al., 2021). Cartilage-targeted cerium oxide nanoparticles use enzyme-mimetic antioxidant behaviour to reduce oxidative stress in OA (Zhuang et al., 2024). Such systems blur the boundary between formulation and active pharmaceutical ingredient. This may be therapeutically advantageous because targeting and activity are physically inseparable, but it complicates toxicology, dose specification and mechanism-based regulation. Long-term safety cannot be inferred from the absence of short-term organ injury, particularly when a material can persist, dissolve or catalyse reactions in a concentration-dependent fashion.
Table 4 shows that payload class determines what “successful delivery” must mean. For small molecules, improved joint exposure and reduced systemic exposure may be sufficient. For siRNA and mRNA, localisation is only an early step: cytosolic release and sequence-specific molecular activity are essential. For proteins and cytokines, duration and spatial distribution of signalling may matter as much as total exposure. For catalytically active nanomaterials, material fate becomes inseparable from pharmacology and safety.
Table 4. Therapeutic payload classes and the evidentiary requirements for successful delivery
	Payload or modality
	Delivery problem to solve
	Evidence achieved and key interpretation
	Supporting references

	Glucocorticoids/small molecules
	Redistribute exposure, improve solubility or prolong local residence while reducing systemic toxicity.
	Strong preclinical RA evidence and one randomised RA trial support formulation-mediated therapeutic-index improvement; OA evidence remains preclinical.
	(Chen et al., 2023; Metselaar et al., 2003, 2022; Wang et al., 2016)

	siRNA
	Protect RNA, reach target cells, escape endosomes and achieve sequence-specific cytosolic silencing.
	Gene knockdown and structural benefit are demonstrated in animal RA/OA; non-linear dose effects show that carrier and innate responses can confound specificity.
	(Bedingfield et al., 2021; Jansen et al., 2019; te Boekhorst et al., 2012; Zhou et al., 2024)

	mRNA
	Deliver intact RNA to cytosol and control magnitude/duration of local protein expression.
	Reporter expression is demonstrated in human arthritic cartilage explants; therapeutic FGF18 mRNA-LNP has efficacy in mouse OA.
	(Kong et al., 2025; Zhang et al., 2024)

	Cytokines/biologics
	Prevent rapid clearance and concentrate potent proteins where sustained but controlled signalling is desired.
	Targeted IL-27 improved experimental RA; charge-reversed exosomes sustained IL-1 receptor antagonist effects in OA cartilage explants.
	(Meka et al., 2018; Pathrikar et al., 2025)

	Regenerative combinations
	Coordinate prolonged anabolic/reparative signals in cartilage and subchondral tissues.
	Animal OA and cartilage-defect studies show structural repair signals; long-term phenotype and human dosing are unresolved.
	(Kong et al., 2025; Mei et al., 2024; Zhou et al., 2025)

	Intrinsically active nanomaterials
	Use redox, catalytic or ion-release activity as the therapy as well as the delivery construct.
	Experimental anti-inflammatory/antioxidant activity is plausible, but active-material fate and chronic toxicology require deeper study.
	(Yang et al., 2021; Zhuang et al., 2024)


Note. FGF18 = fibroblast growth factor 18; LNP = lipid nanoparticle; mRNA = messenger RNA; OA = osteoarthritis; RA = rheumatoid arthritis; siRNA = small interfering RNA.
7. Translational Evidence and Critical Bottlenecks
7.1 Human Evidence: A Narrow Clinical Bridge
Human evidence for nanoparticle-mediated arthritis therapy is much thinner than the preclinical literature suggests. Barrera et al. (2000) provided an early mechanistic demonstration by administering clodronate-containing liposomes IA to patients with longstanding RA before knee replacement. Synovial macrophage markers and adhesion-molecule expression were reduced, and the procedure was tolerated in the small open study. Its value lies in showing that liposomal intervention can alter human synovial biology. It was not designed to establish durable clinical efficacy, did not address multi-joint disease and used macrophage depletion rather than selective disease reprogramming.
The strongest clinical evidence is the randomised, double-blind, active-controlled trial of intravenous pegylated liposomal prednisolone in RA flares (Metselaar et al., 2022). One hundred and fifty patients were randomised to two liposomal prednisolone doses or intramuscular methylprednisolone; short-term European Alliance of Associations for Rheumatology responses favoured the liposomal formulation, while infusion hypersensitivity reactions were more frequent in the liposome groups. The trial is important because it demonstrates a patient-level benefit of a joint-seeking nanomedicine formulation rather than merely favourable imaging or animal histology. Its limits are equally important: it addresses flare control over weeks, not long-term structural modification, and it tests a glucocorticoid whose mechanism is already validated rather than a novel molecular therapy.
No comparable human therapeutic evidence was identified for cartilage-targeted OA nanoparticles within the review window. Human tissue has been used to demonstrate deep mRNA delivery by charge-reversed exosomes, but this is an ex vivo platform experiment rather than a clinical intervention (Zhang et al., 2024). The asymmetry between RA and OA is mechanistically understandable. Systemic RA targeting can exploit an inflamed vascular bed and use established anti-inflammatory payloads, whereas OA requires delivery into an avascular matrix and long-term demonstration that local molecular intervention changes a slowly evolving, heterogeneous disease. Claims that OA nanomedicine is close to clinical disease modification should therefore be calibrated to this evidence gap.
7.2 Model Validity, Measurement and the Problem of Over-Interpreting Preclinical Success
Most nanoparticle studies use induced rodent arthritis. These models are indispensable for screening but compress anatomy, disease duration and immune complexity. A mouse or rat knee has a much smaller synovial-fluid volume and thinner cartilage than a human knee; a formulation that penetrates tens of micrometres can appear to solve a transport problem that becomes substantially larger clinically. Surgical post-traumatic OA models also represent a relatively defined initiating injury, whereas human OA includes metabolic, age-related, inflammatory and biomechanical phenotypes. Rabbit evidence begins to address scale, and the finding that inflammation increased clearance and carrier fragmentation is a warning against extrapolating from healthy tissue (Boyer et al., 2025).
Measurement can create a second source of optimism. Fluorescent labels are frequently used to infer nanoparticle retention, but a label may remain after carrier disassembly, exchange between lipids or proteins, or detachment from the therapeutic cargo. Whole-joint imaging lacks the resolution to distinguish synovium, cartilage surface, deep cartilage, meniscus and subchondral compartments. The strongest studies therefore combine imaging with tissue sectioning, molecular target measurements or functional outcomes. Rothenfluh et al. (2008) used a scrambled-peptide comparator to attribute cartilage targeting to ligand affinity; Bajpayee et al. (2014) directly compared size and charge effects; and Bedingfield et al. (2021) linked a cartilage depot to Mmp13 silencing and structural preservation. By contrast, a bright imaging signal without payload pharmacodynamics is weak evidence of therapeutic targeting.
Dose is another under-analysed variable. The sequence-specific benefit of low-dose TNF siRNA nanoparticles disappeared at higher doses in the murine study by te Boekhorst et al. (2012). This result suggests that non-specific nanoparticle or nucleic-acid effects can dominate at increasing dose, and it argues for full dose-response designs with empty carrier and scrambled-sequence controls. Similar logic applies to cationic carriers: increasing positive charge may improve cartilage partitioning while simultaneously increasing membrane interactions or immunogenicity, as observed with PEGylated avidin constructs (He et al., 2023). Optimisation should therefore maximise therapeutic index, not imaging intensity or retention as isolated objectives.
7.3 Pharmacokinetics, Safety, Manufacturing and Regulatory Readiness
A clinically viable nanomedicine needs pharmacokinetic measurements at three linked levels: intact carrier, released payload and pharmacological effect. Systemically administered RA particles require plasma and organ exposure as well as joint concentration, because hepatic and splenic sequestration can offset any gain in synovial delivery. IA systems need measurements of synovial-fluid clearance, tissue penetration, carrier degradation and systemic escape. Disease state must be incorporated because synovitis and protease activity alter these processes. Without such measurements, an observed therapeutic benefit cannot reliably be translated into a human dosing schedule.
Safety assessment should reflect the platform mechanism. Liposomes require attention to infusion and complement-related reactions, highlighted clinically by the higher frequency of hypersensitivity during liposomal prednisolone infusion (Metselaar et al., 2022). Cationic carriers require evaluation of membrane interactions and adaptive immune responses (He et al., 2023). Inorganic and metal-organic systems need chronic biodistribution, dissolution and elemental-clearance studies rather than only short-term liver and kidney histology (Qin et al., 2025; Yang et al., 2021; Zhuang et al., 2024). RNA formulations require innate immune activation, sequence-related off-target effects and repeated-dose tolerability. Safety controls should be matched to likely human exposure and should continue after the therapeutic signal has resolved.
Manufacturing complexity is a major but often underreported determinant of translation. A formulation that contains a nanoparticle core, two drugs, a peptide ligand, a stimuli-responsive linker and an imaging agent may be experimentally elegant but presents multiple critical quality attributes. Size distribution, ligand density, encapsulation efficiency, release profile, residual reagents, sterility, endotoxin, stability and batch-to-batch potency must all be controlled. Extracellular vesicles add source-cell and purification variability; active inorganic particles add catalytic-potency assays; nucleic-acid systems require RNA integrity and encapsulation metrics. Simpler systems may therefore have a translational advantage even if their preclinical effect size is smaller, because reproducibility and quality control are part of therapeutic performance rather than post hoc industrial concerns.
Clinical development will also require endpoints that separate pharmacological redistribution from true disease modification. In RA, a rapid reduction in inflammatory disease activity is a legitimate objective for flare therapy, but it cannot establish that a carrier prevents structural damage or alters the long-term course of disease. In OA, the evidentiary threshold is higher because symptomatic improvement, cartilage imaging and molecular biomarkers can diverge over time. Early-phase trials should therefore pair safety and systemic exposure with joint-level pharmacodynamic evidence, while later studies should prespecify clinically interpretable pain, function and structural outcomes. Where a platform is designed primarily to lower systemic toxicity, non-inferior local efficacy with demonstrably reduced off-target exposure may be more persuasive than a modest superiority signal achieved through a highly complex carrier. This distinction matters because nanomedicine should be judged against the therapeutic problem it is intended to solve, rather than against a generic expectation that every nanoscale formulation must increase efficacy.
Table 5 positions representative studies on a translational evidence ladder. The table shows that the field has convincing mechanistic proof for joint localisation, cartilage transport and molecular payload delivery, but only a narrow bridge to human therapeutic efficacy. The most informative next experiments are not necessarily more elaborate animal formulations; they are studies that close specific gaps between carrier fate, target engagement, safety and clinically meaningful outcomes.
Table 5. Representative translational evidence and the remaining inferential gap
	Evidence level / representative study
	What was demonstrated
	What remains unproven
	Supporting references

	Human mechanistic RA study
	IA clodronate liposomes reduced synovial macrophage and adhesion-marker signals before arthroplasty.
	Durable clinical efficacy, repeated dosing and multi-joint treatment.
	(Barrera et al., 2000)

	Human randomised RA trial
	Intravenous pegylated liposomal prednisolone improved short-term flare responses versus intramuscular methylprednisolone.
	Long-term structural disease modification and generalisability to novel molecular payloads.
	(Metselaar et al., 2022)

	Rodent molecular RA studies
	siRNA carriers and co-delivery systems achieved gene silencing and anti-inflammatory effects.
	Human systemic multi-joint delivery, durable cytosolic pharmacology and repeated-dose safety.
	(Jansen et al., 2019; te Boekhorst et al., 2012; Wang et al., 2017)

	Mouse cartilage-targeted OA therapy
	Collagen-targeted siMmp13 depots linked matrix localisation, gene silencing and structural protection.
	Scaling to human cartilage thickness, chronic OA phenotypes and long-term safety.
	(Bedingfield et al., 2021)

	Human cartilage explant plus mouse gene-delivery model
	Charge-reversed exosomes delivered reporter mRNA into deep arthritic cartilage and chondrocytes.
	Therapeutic-gene efficacy in patients and scalable exosome manufacturing.
	(Zhang et al., 2024)

	Rabbit post-traumatic OA transport study
	Cationic peptide carriers penetrated cartilage, while disease increased vascular clearance and proteolysis.
	Therapeutic payload efficacy and prediction of human IA kinetics.
	(Boyer et al., 2025)

	Mouse therapeutic mRNA-LNP OA study
	FGF18 mRNA produced sustained local expression and improved surgical and ageing OA outcomes.
	Dose control, repeated dosing, large-joint translation and human disease modification.
	(Kong et al., 2025)


Note. FGF18 = fibroblast growth factor 18; IA = intra-articular; LNP = lipid nanoparticle; mRNA = messenger RNA; OA = osteoarthritis; RA = rheumatoid arthritis; siRNA = small interfering RNA.
8. Future Directions
The immediate priority is to standardise what constitutes evidence of targeting. Studies should report at least one quantitative metric for anatomical localisation, one for the intended tissue or cell compartment, and one for payload-specific pharmacodynamics. When a fluorescent surrogate is used, a complementary assay should determine whether intact carrier or active cargo shares the same kinetics. Active-targeting studies should compare ligand-bearing and physicochemically matched non-targeted particles and, where possible, use receptor blockade or competing ligand to demonstrate mechanism. This approach would prevent whole-joint fluorescence from being interpreted as proof of cell-selective delivery.
Second, disease-state pharmacokinetics must replace healthy-tissue optimisation as the dominant development paradigm. OA carriers should be tested in cartilage with clinically relevant matrix depletion, synovitis and protease activity, followed by large-animal joints that approximate human transport distances and synovial volumes. The rabbit work showing increased clearance and proteolysis in post-traumatic OA provides a clear rationale for this progression (Boyer et al., 2025). RA systems should similarly test whether biodistribution changes as inflammation is suppressed across repeated doses. Longitudinal carrier, payload and pharmacodynamic measurements would allow adaptive dosing rather than assuming constant joint permeability.
Third, molecular therapies need cell-resolved pharmacokinetic-pharmacodynamic studies. For siRNA, the relevant chain is extracellular protection, cell uptake, endosomal escape, cytosolic guide-strand activity, target-protein suppression and downstream disease response. The non-linear dose response observed with TNF siRNA nanoparticles shows why this chain cannot be inferred from injected dose (te Boekhorst et al., 2012). For mRNA, studies should quantify which joint cells express the encoded protein, the magnitude and duration of expression, innate immune activation and the consequences of repeat dosing. Therapeutic mRNA-LNP work with FGF18 provides a credible starting point but should move into larger joints and heterogeneous OA models (Kong et al., 2025).
Fourth, comparative effectiveness should become a preclinical norm. Many studies compare a nanoparticle with free drug at equal nominal dose, which demonstrates formulation benefit but not whether the selected targeting feature is optimal. Head-to-head comparisons should include non-targeted carrier, free payload, clinically relevant standard therapy and, when feasible, a simpler delivery system. Structural outcomes should be complemented by pain/function endpoints for OA and validated disease-activity or imaging measures for RA. Longer follow-up is essential where claims concern cartilage preservation, regeneration or disease modification rather than acute inflammation.
Fifth, safety and chemistry, manufacturing and controls should be incorporated before late-stage efficacy optimisation. Repeated-dose complement activation, adaptive immunogenicity, cationic-carrier reactivity and long-term inorganic-material fate require platform-specific programmes. Formulations should be designed around scalable mixing, sterilisation or aseptic manufacture, validated potency assays and storage stability. Extracellular vesicle systems in particular need reproducible source-cell specifications, purification and cargo-loading procedures. Reducing unnecessary components may improve the probability of clinical translation more than adding another targeting ligand or imaging function.
A parallel priority is to improve comparability and reproducibility across laboratories. Minimum reporting should include hydrodynamic size distribution, surface charge in physiologically relevant media, payload loading, release conditions, ligand density when applicable, endotoxin status and storage history, together with the actual administered particle and payload doses. Biodistribution data should distinguish free label from carrier-associated signal wherever technically possible. Shared benchmark formulations and common cartilage-penetration or synovial-uptake assays would help determine whether a new material genuinely improves transport rather than benefiting from a different imaging method or disease model. Replication in an independent laboratory would be particularly valuable for platforms that combine several active components or report exceptionally large treatment effects. These practices are methodologically prosaic compared with inventing new nanostructures, but they would make cross-platform design rules substantially more reliable.
The longer-term goal is phenotype-matched joint nanomedicine. RA patients differ in synovial cellular composition, vascularity and macrophage activation; OA joints differ in synovitis, cartilage charge density, matrix damage and subchondral involvement. Imaging or fluid biomarkers could eventually identify which transport barrier dominates in an individual joint and select a systemic, synovial-cell-targeted, cartilage-binding or molecular-regenerative strategy accordingly. Such precision will require prospective human pharmacology rather than retrospective categorisation of successful animal formulations. The field will advance most efficiently when material design is treated as one component of a measurable therapeutic system, not as an endpoint in itself.
9. Conclusions
Nanoparticle-mediated targeting can materially change the pharmacology of arthritic-joint therapy, but its value depends on the delivery problem being solved. In RA, the strongest evidence supports systemic formulations that exploit inflamed synovial access and, where useful, add macrophage or endothelial selectivity. In OA, direct IA administration shifts the challenge from anatomical access to durable residence, cartilage penetration and cell-level delivery. Collagen affinity and reversible electrostatic interactions provide particularly credible mechanisms for converting cartilage from a barrier into a reservoir. Lipid, polymeric, protein, inorganic and biomimetic platforms each offer useful design features, but increasing structural complexity also increases uncertainty in safety, manufacturing and mechanism attribution.
The evidence for molecular therapy is expanding from small-molecule redistribution to siRNA silencing, mRNA-driven protein expression, cytokine depots and intrinsically active nanomaterials. These advances make the definition of targeting more demanding: joint localisation alone is insufficient when therapeutic activity requires cytosolic release or controlled expression. Human translation remains the central weakness. A randomised RA trial of pegylated liposomal prednisolone demonstrates that nanocarrier-mediated redistribution can improve a clinically meaningful response, whereas OA targeting remains predominantly preclinical. The most defensible path forward is therefore not maximal nanocarrier complexity, but mechanistically matched design supported by intact-carrier pharmacokinetics, cell-resolved target engagement, disease-relevant models, long-term safety and manufacturable formulations. Those standards would allow genuinely targeted therapy to be distinguished from prolonged retention or imaging enrichment and would provide a stronger basis for clinical development.
10. Limitations
As a critical narrative review, this article is intrinsically vulnerable to selection and interpretive bias despite a transparent search strategy, explicit eligibility criteria and structured appraisal. The literature was not screened with a prospectively registered systematic-review protocol, and quantitative meta-analysis was not appropriate because carrier chemistry, disease models, routes, doses and outcomes were highly heterogeneous. Access was concentrated in openly searchable scholarly sources rather than subscription-only bibliographic databases, and the final synthesis was restricted to sources for which bibliographic identity and relevance could be verified. English-language selection may have excluded relevant work published in other languages.
The underlying evidence base also limits the conclusions. Most therapeutic studies use rodents, follow disease for relatively short periods and employ models that do not reproduce the anatomical scale, chronicity or heterogeneity of human RA and OA. Many studies quantify fluorescent retention without proving intact-carrier or active-payload persistence, and long-term safety is less developed than short-term efficacy. Publication bias towards successful nanocarrier designs is likely, while negative or non-replicating studies are comparatively difficult to identify. The field is also evolving rapidly, so formulations published after the specified search end date are not represented. These constraints mean that mechanistic confidence is stronger than confidence in clinical effectiveness for most platforms, particularly in OA.
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