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Abstract: Knee osteoarthritis (KOA) is a degenerative condition of the joints marked by the gradual deterioration of cartilage,
inflammation, and pain, impacting millions globally. Treatment approaches for KOA encompass both surgical and non-surgical
methods aimed at alleviating symptoms and enhancing functionality rather than providing a cure. Recent research into the mechanisms
of osteoarthritis (OA) has highlighted the significance of the knee joint’s microenvironment in the success of drug delivery, particularly
with intra-articular therapies. A notable approach involves intra-articular (IA) injections, which allow for the targeted administration of
medications directly into the joint area. Nevertheless, traditional treatments often fall short in effectiveness due to the limited
bioavailability of drugs within the joint, quick clearance rates, and potential systemic side effects. Consequently, innovative drug
delivery systems (DDS) that focus on the knee joint’s microenvironment have emerged as a viable method to enhance treatment
efficacy and improve patient outcomes. Additionally, drug delivery systems utilizing nanotechnology have shown advantages such as
precise targeting, minimized systemic toxicity, and extended therapeutic effects in treating diseases. Gaining insight into these
interactions is crucial for developing optimized drug delivery systems that can improve treatment results for individuals with knee
disorders. This article examines the latest developments in nanotechnology-based therapies for KOA and explores future directions for
enhancing and refining treatment strategies for this condition.
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Introduction

Osteoarthritis' (OA) is a progressive condition linked to factors like age and excess weight. It primarily involves the
deterioration of joint cartilage and the enlargement of joint edges, often accompanied by hardening of the bone beneath
the cartilage, inflammation of the synovial membrane, and damage to nearby soft tissues. Recent data indicates a swift
increase in the aging population globally.? Around 10-20% of individuals over the age of 60 are affected by osteoar-
thritis, making it a significant public health concern that results in pain and reduced mobility. KOA represents
a substantial part of the overall OA burden, with its incidence rising annually. Currently, the global rate stands at 203
cases per 10,000 person-years for those aged 20 and above.® As the aging population grows,* the occurrence of KOA
escalates with age, positioning it as the 11th leading cause of disability worldwide. This highlights the urgent need for
effective strategies for management and prevention to tackle this escalating health issue.’
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KOA is a complex degenerative disorder marked by deterioration of the articular cartilage and involving all
components of the joint. It typically affects the entire knee joint, including the articular cartilage, synovial membrane,
subchondral bone, menisci, ligaments, as well as the infrapatellar fat pad, with contributions from metabolic factors,
abnormal mechanical stress, and oxidative damage.®” Treating KOA poses significant challenges due to the limited
ability of articular cartilage to heal itself.'” Recent advancements in imaging techniques have uncovered that changes
within the joint’s biostructure in KOA patients can alter the microarchitecture of the subchondral bone,'' leading to
disrupted normal connections and abnormal interactions among sensory neurons.'?> Therefore, preserving the micro-
environment of articular cartilage may be crucial for preventing and managing KOA."® Current management strategies
for KOA include patient education, nonsteroidal anti-inflammatory medications, physical rehabilitation, and surgical
interventions for advanced cases, with intra-articular injections being a common treatment option. However, research
indicates that while these injections may provide temporary relief, their effectiveness is limited due to the rapid clearance
of therapeutic agents from synovial fluid and their difficulty in penetrating the dense cartilage matrix. The avascular
nature and low metabolic rate of articular cartilage, combined with its dense extracellular matrix, not only heighten its
vulnerability to degeneration but also hinder drug absorption and retention. Additionally, the cartilage’s structure,
characterized by a dense network of type II collagen and proteoglycans, creates a mechanical barrier that restricts the
effectiveness of conventional medications. Given the pathological features of the joint microenvironment in osteoar-
thritis, drug delivery systems utilizing nanotechnology present a promising avenue with innovative design
approaches.'*'> Nanomaterials exhibit excellent biocompatibility and biodegradability, causing minimal side effects,

and can replicate the structure and function of bone tissues,'®'®

promoting the proliferation and differentiation of
osteoblasts to enhance bone regeneration and repair. By adjusting the size, shape, and surface characteristics of
nanomaterials, including the incorporation of therapeutic agents, drugs can be effectively targeted to the affected area,
improving their bioavailability and therapeutic impact while minimizing toxicity.'® This paper reviews the pathological
features of the knee OA microenvironment and recent drug delivery strategies tailored to this context, such as passive and
active targeting, as well as physicochemical-assisted methods. We summarize the latest developments in these strategies,
evaluate their safety and effectiveness, and address the current challenges related to targeting, delivery efficiency,
biocompatibility, and immune responses. Finally, we explore future directions for drug delivery systems aimed at knee
OA, aiming to provide new insights and innovative strategies for disease-modifying therapies.

Methods: A comprehensive literature search was performed in PubMed, Web of Science, and Scopus (through
March 2025) for English-language articles related to KOA and intra-articular drug delivery systems. Search terms

9 <

included combinations of “knee osteoarthritis”, “osteoarthritis”’and keywords such as “intra-articular”, “drug delivery”,
“nanoparticle”, “microsphere”, “hydrogel” and “exosome”. No date restrictions were applied, but emphasis was placed
on recent studies (2010-2025) and seminal earlier works. Titles and abstracts were screened to identify relevant articles,
and full texts of potentially eligible studies were assessed for inclusion. We included original research and review articles
focusing on targeted or sustained delivery systems to the knee joint or its microenvironment. Excluded were non-English
publications and studies not related to knee OA drug delivery (eg systemic therapies or other joints). Two authors
independently conducted the screening and selection; disagreements were resolved by discussion. Because this is

a narrative review, no formal quality assessment or meta-analysis was performed.

The Role of Knee Microenvironment in KOA

Knee osteoarthritis (KOA) is increasingly understood as a disease affecting the entire joint rather than merely a result of
cartilage degradation.”® It encompasses various elements of the knee joint, including cartilage, synovium, subchondral
bone, and their intricate interactions within the microenvironment. Typically, the cells within the joint, along with the
matrix and immunometabolic elements, work together to sustain a stable environment. However, when this balance is
disturbed, it can lead to an excess of catabolic processes over synthesis, as well as an imbalance between pro-
inflammatory and anti-inflammatory responses, initiating the pathological progression of KOA. Recent research high-
lights that factors within the microenvironment, such as inflammation, metabolic issues, and mechanical stress, play
a crucial role in the onset of KOA.*'
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The knee microenvironment plays a crucial role in KOA pathology, with its intricate biophysical and biochemical
characteristics significantly influencing essential pathological features like cartilage deterioration, inflammation of the
synovial membrane, and changes in subchondral bone structure. This environment is made up of various cell types,
matrix elements, and active signaling molecules, where notable imbalances in these components are observed during the

progression of KOA, highlighting an important opportunity for targeted treatment (refer to Figure 1).

Pathological Interactions Between Cellular Components and Signaling Networks

The microenvironment of the knee consists primarily of chondrocytes, synovial fibroblasts (FLS), macrophages,
mesenchymal stem cells (MSCs), and a rich extracellular matrix (ECM). Chondrocytes, which are the key functional
cells in cartilage, play a crucial role in maintaining ECM balance, with their metabolic activity heavily influenced by
mechanical stress and local signaling factors.”” Synovial fibroblasts are involved in inflammatory processes by releasing
cytokines and proteases into the synovial space.”> Additionally, in KOA, macrophages display different polarization
states: the pro-inflammatory M1 macrophages produce high levels of inflammatory mediators that lead to tissue damage,
while the anti-inflammatory M2 macrophages facilitate tissue repair and remodeling.** The interactions among these
components are interdependent, working together through paracrine signaling and direct contact. The ECM supports
chondrocyte growth, and in turn, chondrocytes secrete matrix components to uphold structural integrity, creating
a feedback loop between chondrocytes and the ECM.?>° Furthermore, exosomal miRNAs released by MSCs can
encourage macrophages to adopt an M2 phenotype, establishing an anti-inflammatory repair feedback mechanism
between MSCs and macrophages.ZL29 Nutrients such as ascorbic acid (vitamin C) and IGF-I present in synovial fluid
support cartilage health by diffusing to enhance metabolic efficiency during exercise, thereby forming a trophic chain
system between synovial fluid and cartilage.**'

The pathological mechanism underlying KOA involves a detrimental cycle initiated by disrupted interactions between
synovial fluid and cartilage. This leads to synovial tissue proliferation and inflammation, characterized by neovascular-
ization, macrophage and fibroblast-like synoviocyte infiltration, and the release of pro-inflammatory mediators*> These
changes promote cartilage degradation and sustain inflammation. Additionally, synovial fluid becomes acidic due to
accumulated metabolites like lactic acid, exacerbating joint pain and reducing the efficacy of pH-sensitive drugs.*
Meanwhile, the collagen—proteoglycan framework of articular cartilage undergoes progressive breakdown, leading to
surface fissures. The altered microenvironment causes chondrocytes in deeper layers to undergo hypertrophy and
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Figure | Nanoparticle-Based Targeted Therapeutic Strategies and Mechanistic Insights in Knee Osteoarthritis. Schematic representation of a nanoparticle-based targeted
therapy strategy for knee osteoarthritis. Intra-articular injection of therapeutic nanoparticles into the osteoarthritic knee ensures localized delivery within the inflamed joint.
Created with BioRender. Within this inflammatory microenvironment (rich in pro-inflammatory cytokines), the nanoparticles are internalized by resident cells via endosomal
trafficking pathways and subsequently release their active compound intracellularly. The released therapeutic agent attenuates inflammation and inhibits cartilage
extracellular matrix (ECM) degradation, thereby protecting joint tissues from further degenerative changes. This targeted intervention ultimately provides pain relief and
improves joint function, leading to significant symptomatic improvement in the osteoarthritic knee.
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apoptosis, and even alters the biomechanical phenotype of chondrocytes (eg, their mechanotransduction responses
become abnormal), further accelerating KOA progression.*?

Beyond the interactions between synovial fluid and cartilage, the pathological relationship between cartilage and the
underlying subchondral bone plays a crucial role in the microenvironment of knee osteoarthritis (KOA). In osteoarthritis,
the cells within the subchondral bone, including osteoblasts and osteoclasts, experience both functional and phenotypic
alterations, leading to the release of bioactive substances that can affect cartilage metabolism.* Research by Lajeunesse
and associates revealed that substances such as prostaglandins, leukotrienes, and growth factors generated by osteoblasts
in the subchondral bone can penetrate the calcified layer of the articular cartilage.** Additionally, exosomes from these
osteoblasts are capable of traversing the osteochondral boundary to interact with chondrocytes. Furthermore, the
degradation products of the cartilage matrix and various stressors can influence the remodeling of subchondral bone.
When cartilage sustains significant damage, mechanical stress is increasingly transferred to the subchondral bone, which
can lead to the proliferation of osteoclasts and bone sclerosis, as well as the activation of abnormal bone remodeling
mediated by osteoblasts.>> Consequently, a complex signaling network is established among the subchondral bone,
cartilage, and synovium, with the “bone-cartilage unit” playing a pivotal role in the progression of KOA through the
integration of biochemical and mechanical signals.

Numerous disrupted signaling pathways underlie these interactions (refer to Figure 2). NF-xB signaling is a key
driver of inflammation in KOA, closely linked to chondrocyte catabolism and synovitis. Persistent NF-kB activation
induces synoviocytes and chondrocytes to express inflammatory genes and cartilage-degrading enzymes (such as MMP-1
and MMP-13) in response to IL-1p and TNF-a,*> 7 promoting matrix breakdown. Similarly, activation of the MAPK
cascade (including JNK, ERK, and p38) generates TNF-a, IL-6, and IL-1p, which further stimulate MMP production and
chondrocyte apoptosis.®® Tight control of Wnt/B-catenin signaling is required for joint homeostasis, but excessive Wnt
activation in KOA drives chondrocyte hypertrophy and matrix degradation. In particular, synovial fibroblasts and M1
macrophages secrete high levels of the Wnt-activator R-spondin-2, exacerbating cartilage degeneration and aberrant bone
formation.*” Finally, inflammatory cytokines such as IL-6 and TNF-o activate the JAK/STAT3 pathway in synoviocytes
and macrophages, upregulating MMP-9 and other catabolic mediators, thereby worsening ECM degradation.*’

The development and advancement of KOA involve a complex pathological network that includes synoviocytes,
chondrocytes, subchondral osteoblasts, and immune cells and adipocytes, which communicate through various signaling
molecules like cytokines, chemokines, proteases, and exosomes. This interaction disrupts the local immune response and
tissue balance within the joint.*' The irregular communication among these elements intensifies the inflammatory and
degenerative processes in the joints, which correlates closely with the severity of symptoms and disease progression.
Notably, the infrapatellar fat pad (IFP), which functions as an anatomo-functional unit together with the synovium, has
now been recognized in our review. In KOA, the IFP becomes inflamed and fibrotic, and it contributes to pain, it secretes
pro-inflammatory cytokines that exacerbate joint inflammation, and fibrotic changes in the IFP alter its biomechanical
properties, further affecting joint function.*?

Dynamic Imbalances in Matrix Components

The extracellular matrix (ECM) found in articular cartilage mainly consists of a framework of type II collagen fibers
along with proteoglycans, such as the aggregated proteoglycan Aggrecan. This composition provides the cartilage with
essential mechanical characteristics, including tensile strength and compressive elasticity, which are crucial for load
support and facilitating smooth joint movement.** In healthy conditions, chondrocytes within the cartilage are
responsible*® for maintaining the ECM’s dynamic balance by breaking down and eliminating the aged matrix while
simultaneously producing and replenishing the new matrix, thereby ensuring the stability of the cartilage’s structure and
function.

The equilibrium described above is disrupted in the presence of KOA, leading to an imbalance in ECM metabolism
where degradation surpasses synthesis. In the initial phase of the lesion, there is a significant depletion of aggregated
proteoglycans, an increase in the cartilage matrix’s water content, and a breakdown of the collagen framework, which are
key indicators of cartilage deterioration in OA.** The breakdown of the collagen structure leads to additional loss of
proteoglycans that were previously anchored within the matrix, diminishing the matrix’s capacity to retain water and
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Figure 2 Targeted Nanotherapeutic Modulation of the Osteoarthritic Joint Microenvironment: Mechanisms and Delivery Platforms. Core inflammatory, metabolic, and
developmental signaling axes that shape the osteoarthritic (OA) joint microenvironment. Created with BioRender. Pro-inflammatory cytokines IL-| and TNF-o activate IL-IR
and TNFR, respectively, converging on NF-kB and the MAPK cascades (ERK, JNK, p38), which drive nuclear AP-| activation. These pathways induce catabolic enzymes and
mediators—including MMP-1, MMP-13, ADAMTS-5, MMP-2/-9, IL-6, IL-8, and the priming of NLRP3 with pro-IL-IB/-IL-18—and amplify oxidative stress (ROS), collectively
promoting extracellular matrix (ECM) degradation. Altered glucose metabolism modulates the AMPK-mTOR axis, favoring CD4+ T-cell polarization toward Th17 and the
production of IL-17 and IL-22, further reinforcing local inflammation. In contrast, the anti-inflammatory cytokine IL-10 engages IL-10R to activate TYK2/JAK—-JAK2/STAT3
signaling, culminating in STAT3-dependent transcription of genes that restrain inflammatory responses. The Wnt pathway signals through Frizzled/LRP5/6 and Dishevelled,
inhibiting the B-catenin destruction complex (GSK-3p/CKla/Axin/APC) and allowing B-catenin nuclear translocation to partner with TCF/LEF, thereby regulating context-
dependent target genes involved in cartilage homeostasis and remodeling. Together, these pathways orchestrate the balance between catabolic inflammation and reparative
programs that determine OA progression. (Arrows depict pathway flow; molecule lists are representative, not exhaustive.).

endure mechanical stress. Consequently, the cartilage becomes increasingly overloaded and deformed, which accelerates
the damage to collagen fibers. Simultaneously, the chondrocytes’ ability to produce ECM diminishes in the context of
inflammation and aging, complicating the replenishment of lost matrix components. The reduced capacity to synthesize
matrix molecules like proteoglycans, the weakened anabolic response of aging chondrocytes to growth factors (such as
IGF-1), and the disruption of TGF-B signaling (including the inhibition of the Smad pathway and the over-activation of
alternative pathways) hinder the normal repair of the cartilage matrix. Additionally, the activity of matrix-degrading
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enzymes (like MMP-13 and ADAMTS-5) increases, further worsening the imbalance between matrix degradation and
synthesis. Ultimately, this leads to a net loss of the cartilage matrix and a gradual decline in structural integrity and
function, propelling the progression®” of osteoarthritis.

The imbalance in the extracellular matrix (ECM) is linked to various molecular processes, with the excessive
production of enzymes that break down the matrix being a key factor in KOA.*® Chondrocytes and synoviocytes in
the joints generate heightened amounts of different proteases that promote ECM breakdown. Among cartilage-degrading
enzymes, aggrecan breakdown is mainly mediated by the aggrecanases ADAMTS-4 and ADAMTS-5 (with ADAMTS-5
dominant in mice), whereas type II collagen cleavage is primarily carried out by MMP-13 (collagenase-3).**” MMP-13
specifically targets the triple-helix structure of type II collagen, while ADAMTS-4 and ADAMTS-5 are recognized as the
main enzymes that cleave aggregated proteoglycans, often referred to as “aggrecanases”. This disruption of proteogly-
cans leads to the accumulation of degradation products from cartilage matrix components, including fragments of
collagen and proteoglycans. Current clinical strategies using single enzyme inhibitors have proven ineffective due to
the redundancy of multiple enzymes, indicating that a more holistic approach to regulating upstream signaling is
necessary to restore ECM balance effectively.*®

The signaling pathways upstream that lead to the disruption of the extracellular matrix (ECM) are significantly
altered, with inflammatory mediators and their associated pathways playing a crucial role*>* The synthesis of the ECM
is suppressed by inflammatory agents and the aging of cells.”' Notably high concentrations of inflammatory mediators,
such as IL-1B, TNF-a, and IL-6, have been observed in both the synovium and cartilage. These cytokines originate from
activated synovial macrophages, fibroblast-like synoviocytes, and chondrocytes, creating a persistent local inflammatory
environment.** ' IL-1B not only prompts chondrocytes to produce degrading enzymes like MMP-13 and ADAMTS-5
but also inhibits the production of type II collagen and aggregated proteoglycans by suppressing the transcription of
SOX9 and COL2AI1. Conversely, TNF-a enhances the damaging effects of IL-1B and promotes the expression of
RANKL, which leads to abnormal remodeling of the subchondral bone and increases stress on the cartilage.’*™
Additionally, IL-6 is involved in cartilage metabolism through both classical and trans-signaling pathways, linking to
autophagic metabolic disturbances and intersecting with pathways of autophagy and senescence, which further
diminishes the cartilage’s ability to regenerate.>

Pro-inflammatory stimuli rapidly activate the NF-xB and MAPK pathways. For example, TLR2/4 or IL-1R engage-
ment activates the IKK complex, leading to NF-kB (p65/p50) nuclear translocation. NF-kB then drives transcription of
genes encoding degradative enzymes (MMP-1, =3, —13, ADAMTS-4/5) while suppressing anabolic genes (Aggrecan,
COL2A1).>>3® Concurrently, inflammatory signals and mechanical stress activate MAPKSs, culminating in AP-1 activa-
tion and further upregulation of degradative enzymes and cytokines.’” Dual inhibition of NF-xB and MAPK pathways
has been shown to restore ECM homeostasis, improving the balance between matrix synthesis and degradation.>®

In healthy cartilage, Wnt/B-catenin signaling is tightly regulated.’® In KOA, aberrant Wnt activation causes nuclear p-
catenin accumulation, which upregulates Runx2, MMP-13, and VEGF, driving chondrocytes toward hypertrophy and
catabolism.>”*° By contrast, the TGF-B/SMAD pathway supports the anabolic phenotype; its downregulation or impaired
SMAD3 activity reduces cartilage repair. Excess TGF-f signaling in subchondral bone can also induce pathological bone
thickening.®"*°> The resulting imbalance between Wnt and TGF-B pathways leads to diminished matrix synthesis
alongside increased degradation.

In cases of extensive ECM breakdown, fragments of collagen and proteoglycans, along with Tenascin-C and damage-
associated molecular patterns (DAMPs) like HMGB1, accumulate in the synovial fluid. These components are detected
by pattern recognition receptors (PRRs) such as TLR2/4 and RAGE on synovial and chondrocyte cell surfaces. This
recognition activates pathways dependent on MyD88 or the NLRP3 inflammasome, leading to the release of pro-
inflammatory cytokines, including IL-1B and IL-18, thereby creating a self-perpetuating cycle of inflammation and
catabolism.®**** Furthermore, the complement system is improperly activated in the synovial fluid of osteoarthritis,
resulting in the production of C3a and C5a, which not only attract additional immune cells but also directly enhance the
secretion of matrix-degrading enzymes from chondrocytes and fibroblast-like synoviocytes (FLS).®> The dysregulation of
innate immunity mediated by DAMPs transforms the ECM imbalance from a localized issue into a continuously
escalating pathological process within the microenvironment.
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In the microenvironment of KOA, combined inflammatory, mechanical, and metabolic stresses activate signaling
pathways (NF-kB, MAPK, Wnt/B-catenin, and senescence-associated routes) that disrupt the ECM balance.
Concurrently, ECM fragments and DAMPs trigger innate immunity in a self-perpetuating loop. Understanding this
complex signaling network informs multi-targeted therapeutic strategies to restore ECM homeostasis. The link between
matrix degradation and metabolic-immune dysregulation will be explored in Synergistic Deterioration of the Metabolic
and Immune Microenvironment.

Synergistic Deterioration of the Metabolic and Immune Microenvironment

In the pathological context of KOA, the local metabolic conditions are intricately linked to the immune response,
resulting in a detrimental feedback loop. Research indicates that the metabolite composition of synovial fluid in KOA is
notably altered, with a marked increase in glycolytic byproducts like lactic acid.°® Factors such as ischemia and hypoxia
in cartilage, along with inflammatory triggers, cause chondrocyte metabolism to transition from a balanced state to
a “hyperglycolytic state”, leading to excessive lactate production and accumulation in the joint space, which subsequently
lowers the pH. In this acidic metabolic environment, lactate functions as a signaling molecule that activates synoviocytes
and immune cells, stabilizes pro-inflammatory transcription factors like HIF-1a, and promotes increased glucose uptake
and glycolysis. This cycle encourages cells to persistently generate lactate, intensifying the inflammatory response.®’
Furthermore, the dysregulation of glucose metabolism and the buildup of lipid metabolites in synovial fluid also influence
the immune microenvironment. Elevated glucose levels and advanced glycation end products (AGEs) can stimulate
synoviocytes to release inflammatory mediators such as IL-6 and IL-8 through RAGE receptors, triggering localized
inflammatory reactions. Additionally, pro-inflammatory signals from hypertrophied subsynovial fat pads and systemic
metabolic issues (like obesity and type 2 diabetes) can activate and recruit monocyte-macrophages.®®” The chronic low-
grade inflammation associated with obesity, often referred to as “metabolic inflammation”, results in a higher ratio of
M1-type macrophages in the synovium, which produce excessive cytokines, including TNF-a, IL-1f, and IL-6.7° These
inflammatory mediators not only inflict direct damage to the cartilage matrix but also stimulate synovial fibroblasts and
immune cells to release additional inflammatory factors, leading to increased oxidative stress and compromised
mitochondrial function, thereby worsening tissue damage and perpetuating a cycle of metabolic stress and
inflammation.”’

In KOA chondrocytes, inflammatory cytokines (IL-1p, TNF-a) and hypoxia induce metabolic reprogramming.
Activation of mTOR and impaired mitochondrial function shift energy production toward aerobic glycolysis. This
increased glycolysis generates high lactate levels,”* lowering extracellular pH and inhibiting collagen II and proteoglycan
synthesis. The acidic environment also promotes matrix-degrading enzyme activity, aggravating cartilage breakdown.
Concurrently, signs of mitochondrial dysfunction become more pronounced, including structural abnormalities,
decreased electron transport chain activity, and an overabundance of reactive oxygen species (ROS). Such mitochondrial
impairment hinders chondrocytes’ ability to sustain normal autophagy and proliferation, pushing them towards apoptosis
and senescence.”> > Numerous studies have established a strong link between chondrocyte apoptosis and “inflammatory
senescence” with the extent of cartilage damage in KOA.”? Senescent chondrocytes release factors associated with the
senescence-associated secretory phenotype (SASP), such as IL-1, IL-6, and MMPs, which further intensify local
inflammation and contribute to the degradation of the cartilage matrix.”®

Chondrocyte metabolic dysfunctions play a dual role in inflammation, acting as both contributors and victims.
Alterations in glucose metabolism and reduced mitochondrial efficiency lead chondrocytes to release increased levels
of pro-inflammatory mediators and damage-associated molecular patterns (DAMPs). This process activates nearby
synoviocytes and macrophages, which in turn produce inflammatory substances that heighten the metabolic strain on
cartilage, establishing a continuous cycle of damage.”” The metabolic environment is crucial in influencing the immune
cell types within the joint; in knee osteoarthritis (KOA), synovial macrophages can shift between pro-inflammatory M1
and anti-inflammatory M2 phenotypes, with local metabolic conditions affecting this balance. Environments rich in
lactate and low in oxygen favor M1 macrophages, which rely heavily on glycolysis for energy, thus reinforcing their
inflammatory characteristics. Conversely, M2 macrophages require fatty acid oxidation and functional mitochondrial
oxidative phosphorylation for their activity, and their anti-inflammatory capabilities diminish under energy-limited
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conditions.”®’® The nutrient-deficient microenvironment in KOA supports the persistence of the pro-inflammatory M1
macrophage phenotype, leading to ongoing release of inflammatory mediators like TNF-a and IL-1p, as well as reactive
oxygen species (ROS), which further aggravate cartilage breakdown.”® Additionally, metabolic byproducts from macro-
phages can serve as immunomodulatory signals. For instance, succinate, an intermediate in the tricarboxylic acid cycle,
accumulates in M1 macrophages and enhances inflammatory responses by activating its receptor, SUCNRI, or stabilizing
HIF-1a, which prompts increased IL-1B secretion and cartilage damage.*® In contrast, itaconate, produced by macro-
phages, exerts an anti-inflammatory feedback effect; its external application in arthritis models has been shown to reduce
synovial inflammation and cartilage deterioration, highlighting its protective role.®' Nevertheless, in joints with severe
degeneration, the generation of anti-inflammatory metabolites like itaconate often fails to offset the strong pro-
inflammatory signals driven by “immune metabolites” such as succinate, resulting in sustained inflammation.

Alongside macrophages, the subsets of T-lymphocytes present in the joint are also affected by the surrounding
metabolic conditions. In the synovium of individuals with KOA, CD4+ T cells can transform into either proinflammatory
Th17 cells or anti-inflammatory regulatory T cells (Treg). The low oxygen and elevated glucose levels in the micro-
environment trigger the mTOR/HIF-1a signaling pathway in T cells, shifting their metabolism towards glycolysis, which
enhances Th17 differentiation and boosts IL-17 production. Concurrently, this metabolic shift hampers the functionality
of Treg cells, which rely on oxidative metabolism.®* Research has shown that following joint injury, local IL-17
concentrations rise swiftly, primarily produced by yo T cells and Th17 cells. Moreover, administering an antibody that
neutralizes IL-17 leads to a reduction in the expression of the cell cycle inhibitor Cdknla (p21) within the joint,
indicating that excessive IL-17 may cause a premature aging phenotype in the cells of the tissue.®® Further investigations
have indicated that IL-17 released by Thl7 cells can trigger premature senescence in synovial fibroblasts. These
senescent cells then secrete increased amounts of proinflammatory factors (such as IL-6 and IL-8) through their
senescence-associated secretory phenotypes (SASPs) and emit signals like TGF-p, which encourage the initial CD4+
T cells to differentiate into Th17/Thl instead of Treg.*®> Consequently, in the joints of older KOA patients, the abnormal
growth of Th17 cells, driven by metabolic imbalances and hypoxic conditions, along with the inflammatory senescence
of chondrocytes and synoviocytes, creates a self-perpetuating cycle. In this cycle, proinflammatory substances released
by immune cells hasten cellular decline in tissues, which in turn produces SASP factors and damage-associated
molecules that further activate immune cells towards an inflammatory state.®> This combined effect of inflammaging
and metaflammation in KOA significantly speeds up the degenerative processes occurring in the joints.®

Research in epidemiology indicates that conditions like obesity, classified as metabolic syndromes, greatly elevate the
likelihood of developing knee osteoarthritis (KOA). This condition can affect even joints that do not bear weight.
Additionally, the aging process diminishes the body’s anti-inflammatory and antioxidant defenses, which together
accelerate the onset and progression of KOA.”®

In conclusion, the interplay between metabolic dysfunction and immune irregularities within the knee joint signifi-
cantly contributes to the advancement of KOA. This interplay indicates that when creating a “drug delivery system aimed
at the knee joint’s microenvironment”, it is essential to address both metabolic and immune factors concurrently. This
approach aims to disrupt the reinforcing cycle of deterioration between the two, allowing for targeted intervention in the
specific joint area via an advanced drug delivery system, which is anticipated to effectively interrupt the harmful cycle of
metabolism and immunity in KOA.®

Targeted Drug Delivery Strategies and Design Principles

This study aims to methodically illustrate the design principles and potential applications of different targeted drug
delivery systems for treating knee osteoarthritis (KOA). The strategies are categorized into four primary types: passive
targeting, active targeting, endogenous stimulus-responsive targeting, and exogenous physically-assisted targeting.
Additionally, the paper outlines the features, benefits, and drawbacks of each approach (see Table 1 and Figure 3).

Passive Targeting Strategy
Passive targeting utilizes the “retention effect” along with the gradual release characteristics of drug carriers within the
knee joint. This is achieved by fine-tuning the particle dimensions, configuration, surface charge, and material attributes,
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Table | Classification and Characteristics of Strategies for Targeted Drug Delivery Systems for Knee Osteoarthritis

Strategy Specific Type | Targeting/Release Advantages Limitations Representative References
Classification Mechanism Studies and
Implications
Passive Nanoparticles Passive enrichment Increased local Increased local Anti-type Il collagen [86,87]
Targeted (NPs) by electrostatic bioavailability; bioavailability; antibody modification of
Directed interaction or enhanced enhanced cartilage NPs loaded with siMMP-
surface cartilage surface surface layer 13 downregulates MMP-
functionalization; size | penetration; PEG | penetration; PEG 13 expression and
advantage to prolong | modification modification delays | significantly attenuates
intra-articular delays clearance clearance cartilage destruction in
residence mouse OA
Hydrogel In situ gelation to Sustained release | Limited depth of Intelligent degradation of | [88-91]
generate “drug for weeks; penetration; some HA-chitosan enzyme-
reservoir’; enzyme/ protects cross-linkers may responsive hydrogel
temperature/electric | macromolecular cause inflammation; | based on MMP-13 level
field response to drugs; can load mechanical significantly delayed
accelerate cytokines; properties need to | cartilage degradation in
degradation improves be optimized rabbit OA model.®?"
lubrication
Microspheres/ | Large-sized Ultra-long-lasting | Difficult to Extended-release PLGA | [87,92]
Particles (MPs) | microspheres (>12 weeks); penetrate deep microsphere
retained in joint fluid; | proven process; cartilage; may formulations of
surface modification customizable induce synovial triamcinolone (eg,
enhances adhesion drug release reaction; limited Zilretta®) have
profile targeted demonstrated >12-week
modifications pain relief and functional
improvement in KOA
with an acceptable safety
profile, highlighting the
clinical feasibility of long-
acting intra-articular
microsphere depots®”??
Exosomes Natural membrane Low Difficult to scale up; | MSC-Exos enriched miR- | [93-96]
(Exos) proteins mediate immunogenicity; large batch 140-5p promotes
enrichment at sites multi-targeted variation; loading cartilage matrix synthesis
of inflammation; synergistic efficiency and and modulates
carry active regulation; quality control macrophage polarization,
molecules such as natural delivery challenges significantly improving
miRNAs/proteins vehicle; easily the joint
penetrate microenvironment in
barriers preclinical studies
Active Ligand- Antibody/peptide/ High target Ligand susceptible WYRGRL peptide- [97-99]
Targeting mediated polysaccharide binds | specificity; to protein corona modified NPs enriched
Directed specifically to target | increased focal coverage; higher 72-fold in cartilage;
cells or matrix cumulative manufacturing cost | specific targeting of OA
concentration; and immunization joints after intravenous
reduced non- risk injection of liposomal
target tissue type |l collagen antibody
exposure
(Continued)
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Table 1 (Continued).

Strategy Specific Type | Targeting/Release Advantages Limitations Representative References
Classification Mechanism Studies and
Implications
Bionic M2 macrophage Immunologically Complex process; M2 macrophage [100-102]
membrane membrane wrapped | “invisible”; active | batch consistency is | membrane-encapsulated
wrapping around nanocarriers | homing to difficult to control; | nanoparticles
to achieve bionic inflammatory safety and ethical significantly target
“stealth” and synovium; issues need to be synovial inflammation to
targeting homing synergistic addressed. promote inflammation
cytokine carriage relief and cartilage
regeneration.
Gene delivery | AAV or synthetic Precise targeting | Potential safety AAV-mediated delivery [103,104]
nanocarriers deliver | of diseased concerns with viral | of Wnt pathway
genes/siRNA to pathways; can be | vectors; inhibitors to the
intervene in persistently transfection cartilage-subchondral
pathologic pathways | expressed or efficiency and tissue | bone interface inhibits -
silenced specificity need to catenin activity and
be further delays OA progression.
optimized
Stimulation pH response Breakage of acid- On-demand Limited pH pH-sensitive chitosan [105-108]
Response sensitive bonds or release under gradient; material nanoparticles released
Targeting solubilization of pathologic stability and 69% at 24 h in pH 6.0
Directional protonated material, | conditions; biosafety need to environment and
release of drug in reduced normal be evaluated significantly alleviated
acidic lesions tissue exposure inflammation and pain in
rat OA model
Enzyme Matrix Precise on- Heterogeneous MMP-| 3-sensitive [109]
response metalloproteinase- demand; highly enzyme expression; | hydrogel @BI-4394
sensitive peptide dependent on complex vector selectively releases
bond degradation for | focal enzyme design and synthesis | inhibitor at the lesion
triggered release in levels process and significantly delays
a focal environment cartilage degeneration in
a rabbit OA model
ROS response | ROS-degradable Synchronized Dynamic Cartilage-targeted [110]
polymer chain breaks | ROS scavenging; fluctuations in ROS | peptide-modified/acid-
release antioxidants synergistic anti- levels; complex sensitized polymer
at sites of high inflammatory design carriers with both ROS
oxidative stress response to achieve
cartilage-protective
effects in rabbit OA
model
Physical Ultrasound- MHz focused Non-invasive; High equipment and | Focused ultrasound [1
study assisted ultrasound-driven increases depth parameter facilitates drug
Auxiliary delivery deep drug of penetration requirements; penetration up to 1/2
Assisted penetration; and release rate safety standards thickness of cartilage,
cavitation release of the drug need to be increasing treatment
from acoustic- developed depth; sound-sensitive
sensitive carriers microbubble
nanoparticles cavitate
under ultrasound for
rapid drug release.
(Continued)

10918 "

Drug Design, Development and Therapy 2025:19




Xia et al

Table | (Continued).

material; continuous
transdermal delivery
by microneedle
patch

(photothermal +
drug)

drug)

patch for sustained
release of anti-
inflammatory drugs
in vitro

Strategy Specific Type | Targeting/Release Advantages Limitations Representative References
Classification Mechanism Studies and
Implications
Magnetic Field | External magnetic Enhanced Magnetic field Accumulation of KGN- [112]
Guided field attracts targeting; penetration and MNPs under external
Delivery superparamagnetic controlled strength limited; magnetic field guidance
particles to aggregate | localization; MNP promotes differentiation
and drive deep suitable for biocompatibility of subchondral MSCs to
penetration superficial joints needs to be cartilage and repair of
evaluated osteo-cartilage damage
Electrical Weak DC electric Non-invasive; Largely limited to lon delivery of NSAIDs [113,114]
stimulation field drives charged enhances small molecules; significantly improves
(iontophoresis) | molecules transdermal shallow depth of pain scores over
transdermally into delivery transdermal traditional topical
joints efficiency; penetration application in patients
suitable for small with OA
molecule
analgesics
Temperature/ Release triggered by | Visual/remote Visual/remote NIR photothermal [115,116]
optical heating of near- controlled controlled release; nanoparticles for
response infrared release; dual dual efficacy effective drug release
photothermal efficacy (photothermal + under light; microneedle

Note: The table outlines the features of each approach within the design strategy and reasoning behind the targeted drug delivery system for KOA treatment.

enabling the medication to stay in the joint space for an extended period and to be released gradually without the need for

a specific ligand.

Nanoparticle-Targeted Delivery Systems

In recent years, nanoparticles (NPs) have emerged as a focal point in the research of drug delivery for knee osteoarthritis
(KOA) due to their diminutive size (ranging from 1 to 1000 nm) and extensive surface area. These characteristics allow
them to move freely within the joint space and potentially infiltrate tissues like cartilage.''” Various types of nanocarriers
are commonly utilized, including polymer-based nanoparticles (such as PLGA, chitosan, and PEG), liposomes, micelles,
inorganic nanoparticles (like superparamagnetic iron oxides and silicate nanoparticles), and dendritic macromolecules.''®
The primary objective in their design is to achieve targeted delivery and controlled release of therapeutics to knee lesions
through functionalization of the materials. For instance, nanoparticles with a positive charge can be attracted to the
negatively charged cartilage matrix, enhancing retention in the joint and targeting of the cartilage.”” Research has also
explored the addition of specific ligands to the NP surface for active targeting; for example, attaching an anti-type 11
collagen antibody or a collagen-binding peptide like WYRGRL enables the nanoparticles to selectively attach to exposed
collagen in the cartilage,®® facilitating targeted drug release. Similarly, strategies aimed at synovial membranes involve
modifying antibodies or peptides that target receptors on inflammatory cells, such as macrophage markers, to deliver anti-
inflammatory agents directly to the synovial membrane. Beyond targeting, many nanocarriers are engineered to respond
to stimuli, using pathological signals from the OA joint to initiate drug release. For example, pH-sensitive nanoparticles
can enhance the release of anti-inflammatory drugs in the acidic environment of the synovium, while reactive oxygen
species (ROS)-responsive carriers can break down to release antioxidants in high radical conditions, allowing for on-
demand drug delivery at inflammation sites.'' The effectiveness of nano-delivery systems is primarily seen in their
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Figure 3 Integrated Framework of Microenvironmental Signaling and Nanomedicine-Based Interventions in Osteoarthritis. Landscape of nanotherapeutic platforms and
delivery strategies for osteoarthritis (OA). Created with BioRender. The schematic summarizes representative carrier platforms, stimuli-responsive designs, and targeting
paradigms used to enhance intra-articular therapy. Carrier/material platforms include polymeric and lipid systems—liposomes, micelles, PLGA and chitosan nanoparticles—
together with inorganic/metal (including superparamagnetic) nanoparticles, nucleic-acid nanostructures (siRNA/mRNA/miRNA carriers and DNAzyme nanoflowers), and
biogenic vesicles (exosomes). Hydrogel-based systems (often hybridized with nanoparticles) provide local depot formation and sustained release following intra-articular
injection (eg, MMP-13-responsive injectable hydrogels). Stimuli-responsive/exogenous-field-assisted strategies leverage the OA microenvironment or external cues to
trigger on-demand release and penetration, including enzyme-responsive and pH-responsive formulations as well as magnetic/photothermal/electrical assistance. Targeting
strategies address key joint compartments and cell types: cartilage matrix and chondrocytes, synovial/inflammatory cells (eg, hyaluronic acid-modified liposomes engaging
CD44 on macrophages to deliver siRNA), and endothelial cells involved in synovial angiogenesis. Collectively, these platforms aim to concentrate therapeutics within the

diseased joint, modulate inflammation, and protect cartilage by improving specificity, retention, and controlled release. (Examples shown are illustrative rather than
exhaustive.).

ability to enhance local drug bioavailability and tissue penetration. NPs can remain dispersed in joint fluid for extended
periods due to their size, which helps prolong the intra-articular half-life of the drug compared to free forms.®’
Particularly, when NPs are modified with “stealth” agents like polyethylene glycol, they can evade phagocytosis by
synovial macrophages, leading to more sustained drug release. Additionally, nanoparticles sized in the tens to hundreds
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of nanometers may partially penetrate the cartilage barrier by accessing superficial clefts or diffusing through the
cartilage-synovium interface. In animal studies, the delivery of anti-inflammatory drugs or genetic materials via
nanocarriers has shown greater efficacy than direct injections. For instance, a study involving antibody-modified NPs
targeting type II collagen and carrying siRNA for MMP-13 demonstrated a significant reduction in MMP-13 expression
in cartilage, decreased cartilage damage, and outperformed intra-articular hormone injections in a mouse model.'?® This
“nano+gene therapy” approach highlights the potential for effective delivery of biologics to affected tissues using
nanoparticles. Likewise, polymer nanoparticle formulations loaded with anti-inflammatory drugs (such as triamcinolone
acetonide and celecoxib) have shown enhanced relief from joint inflammation and better cartilage protection in various
animal studies. However, challenges remain, including the rapid clearance of small nanoparticles (especially unmodified
hydrophilic ones), limited drug loading capacity per nanocarrier, complex manufacturing processes, and difficulties in
ensuring stability and reproducibility. Currently, most nanodrug delivery systems are still in experimental or preclinical
phases, with no specific nanoformulations for KOA having been officially marketed. Nevertheless, the dynamic
development in this field has generated numerous innovative therapeutic strategies for KOA, with expectations that
some will be validated in clinical trials soon.

Hydrogel-Targeted Delivery System

Hydrogels are a type of three-dimensional polymer network capable of absorbing significant amounts of water, resulting in
a gel-like substance. Upon injection, these hydrogels can occupy the joint cavity and form a gel on-site, serving as a “drug
reservoir” that gradually releases medication, which is an effective strategy for enhancing drug retention in the joint.'*!
Common materials used for hydrogels in joint applications include both natural polymers, such as hyaluronic acid, gelatin,
alginate, and chitosan, as well as synthetic options like PEG, PLGA-PEG, and polyacrylamide, many of which are designed to
be biocompatible and biodegradable.*® When creating a hydrogel delivery system, it is essential to manage its gelation
characteristics and the behavior of degradation and drug release. For instance, a heat-sensitive hydrogel remains liquid at room
temperature but quickly solidifies upon injection due to body heat, adhering to the joint cavity surface to create a depot.
Another example is an enzyme-degradable hydrogel that targets the elevated MMP cleavage sites in osteoarthritis joints to
regulate its degradation rate and facilitate faster drug release in the affected area.*>*° Additionally, the drug’s diffusion rate can
be fine-tuned by modifying the network density, allowing for precise control over the release profile.

The way hydrogels function for delivering treatment to the knee joint primarily involves a localized, gradual release
mechanism.'** When injected, the gel occupies the joint space or coats the articular cartilage, which helps to retain the
medication and prevents it from being swiftly washed away by joint fluid, thereby sustaining its effective concentration for
several days to weeks. Compared to conventional drugs that only last a few hours, hydrogels can be administered less
frequently.'*® Additionally, these carriers shield the drug from being broken down or rendered inactive by enzymes. For
instance, encapsulating proteins or growth factors within a hydrogel enhances their stability and prolonged efficacy in the
joint. Recently, various innovative hydrogels have been developed for treating knee osteoarthritis (KOA), such as adhesive
hydrogels that enhance retention by incorporating viscoelastic macromolecules or dopamine groups, allowing the gel to
adhere more securely to cartilage or synovial surfaces and preventing displacement during joint movement.'?* Furthermore,
multiple-responsive hydrogels are designed to react to various stimuli like temperature, pH, enzymes, magnetic fields, and
reactive oxygen species, enabling them to intelligently modulate drug release based on the inflammatory state of the joint.'*>
Super-lubricating hydrogels also play a crucial role by significantly lowering friction coefficients, mimicking the lubricating
properties of joint fluid through polymer brushes or phospholipid molecules, which not only facilitate drug delivery but also
minimize cartilage damage and help slow inflammation progression.'*® Notably, the integration of nanoparticles with
hydrogels to create nanocomposite hydrogels has gained popularity. These systems leverage the hydrogel for prolonged
retention while the nanoparticles enable deeper penetration and targeted release, thus merging the benefits of both
approaches.'?” For example, research has shown that incorporating cartilage-targeting lipid nanoparticles into an injectable
hydrogel can form a composite carrier that effectively delivers drugs aimed at regulating cholesterol metabolism, leading to
significant improvements in cartilage damage in osteoarthritis model.'*®

Hydrogel delivery systems offer notable benefits, including their remarkable slow-release capabilities and favorable
biocompatibility. Many natural polymer-based hydrogels possess inherent biological properties that aid in cartilage repair
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and joint lubrication. For instance, hyaluronic acid gels enhance joint lubrication and alleviate discomfort, making them
popular as viscoelastic supplements in clinical settings. Additionally, hydrogels can be infused with a variety of
therapeutic agents, such as small molecules, proteins, peptides, nucleic acids, and cellular exosomes, allowing for
customized release profiles by adjusting the gel’s characteristics. However, a drawback of standard hydrogels is their
lack of active targeting, leading to passive drug diffusion into the target tissue primarily driven by concentration
gradients; this can result in inadequate drug penetration for deeper cartilage injuries. Furthermore, some degradation
products or cross-linking agents from synthetic gels may trigger inflammatory responses, necessitating further optimiza-
tion. In summary, hydrogel technology is under extensive investigation in the realm of knee osteoarthritis (KOA), with
several products progressing to clinical validation or application. For example, a new injectable polyacrylamide hydrogel,
known as Arthrosamid, underwent clinical trials in KOA patients, where a single 6 mL injection led to a significant and
lasting reduction in joint pain, enhanced functionality, and a positive safety profile after one year of follow-up.”’ This
indicates that hydrogel delivery could emerge as a promising long-term and safe treatment alternative for KOA.

Microsphere/Particle-Targeted Delivery Systems

Microspheres, typically defined as spherical carriers ranging from 1 pm to 250 um in diameter, are commonly
constructed from biodegradable polymers like PLGA, gelatin, and chitosan. These carriers can encapsulate small drug
molecules or proteins, facilitating a sustained release over time.'*’ In contrast to nanoparticles, microspheres are larger
and tend to persist in joint fluid for extended durations, as they are less prone to entering systemic circulation via synovial
microvessels.'**!3! Research indicates that particles of suitable size, particularly those a few micrometers in diameter
that align with synovial pore dimensions, can significantly prolong joint clearance, thereby extending the drug release
period from weeks to months.®” The development of microsphere delivery systems emphasizes the choice of materials
and the methods of preparation. For instance, in PLGA microspheres, varying the ratios of lactic acid and glycolic acid
copolymers can influence the rate of degradation. Additionally, the size and porosity of the microspheres can be adjusted
through emulsification and solvent evaporation techniques to tailor the drug release profile. To enhance targeting
capabilities, some microspheres may undergo surface modifications with binding agents, such as collagen-binding
peptides or hyaluronic acid, which promote adherence to cartilage defects or synovial surfaces post-injection, thereby
improving local drug concentration. Nevertheless, microspheres are predominantly utilized as passive slow-release'’
systems rather than as active targeting vehicles, with their primary function being the extended retention and gradual
degradation of the drug through size-related mechanisms.

One of the key benefits of microsphere systems in treating KOA is their capacity for sustained effectiveness, a feat
that other delivery methods struggle to match. A notable instance is the slow-release formulation of triamcinolone
(Zilretta®, which contains 32 mg of triamcinolone within PLGA microspheres) that is available in the United States.””
Clinical studies indicate that Zilretta can release the medication gradually into the joint for over 12 weeks, leading to
a significant decrease in average pain levels over a 24-week timeframe, along with enhancements in joint stiffness and
functionality. This contrasts sharply with a single injection of traditional triamcinolone crystals, which only alleviates
pain for a few weeks.”® The underlying mechanism involves the injection of PLGA microspheres creating a “depot” that
steadily releases hormones into the joint fluid, thereby avoiding the peak systemic concentrations that can occur with
a large single dose, which in turn minimizes systemic side effects like increased blood glucose levels. This combination
of “extended release and reduced systemic exposure” positions microspheres as an optimal method for delivering
hormones and analgesics intra-articularly. Similar approaches have been applied to the delivery of other medications,
including NSAIDs and inhibitors of inflammatory cytokines. Animal research has consistently shown that microspheres
can significantly extend the duration of drug effects and enhance markers of joint inflammation.'**'** However,
a drawback of this microsphere approach is their larger size, which limits their ability to penetrate deep into cartilage,
primarily affecting the synovial cavity and cartilage surface, with minimal impact on deeper cartilage injuries.
Additionally, larger particles may provoke acute inflammatory or foreign body responses, although studies have
demonstrated that microspheres of suitable sizes (approximately 10 pm) and made from biodegradable materials are
generally well accepted. Overall, microsphere technology has advanced considerably, particularly with PLGA micro-
spheres being available in various FDA-approved formulations. In the KOA domain, alongside Zilretta, several other
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products are in development, including microspheres containing IL-1 receptor antagonists and small-molecule drugs
aimed at cartilage regeneration, currently undergoing clinical trials, which are anticipated to enhance long-acting
treatment options.'*%!37

Exosome Delivery System

Exosomes derived from mesenchymal stem cells (MSC-Exos)-commonly from bone marrow, adipose tissue, synovium,
or umbilical cord MSCs, which are tiny extracellular vesicles ranging from 30 to 150 nm in size and released by cells,
have emerged as innovative biogenic drug carriers, particularly in the context of degenerative conditions like osteoar-
thritis, where they offer distinct benefits.'*® Unlike artificial nanoparticles, exosomes are naturally synthesized by cells
and transport a diverse array of bioactive substances, including proteins, mRNAs, miRNAs, and lipids, facilitating
natural cellular interactions. Exosomes derived from mesenchymal stem cells (MSC-Exos) have garnered significant
interest in the treatment of knee osteoarthritis (KOA).'"** Research indicates that MSC-Exos exert multi-faceted
regulatory effects: they influence immune responses in the joint, prevent chondrocyte cell death, and enhance the
synthesis of cartilage matrix, thereby improving the overall joint microenvironment.'**'? These beneficial effects are
partly due to the active components, such as miRNAs and growth factors,'*’ found within exosomes, which can alter
gene expression and the characteristics of recipient cells. Furthermore, adhesion molecules on the exosome membrane
enable their accumulation at inflammation sites and facilitate uptake by target cells, acting as natural “targeted delivery”
systems. For instance, synovial macrophages absorb MSC-Exos and shift towards an anti-inflammatory state, while
chondrocytes utilize exosomes to boost collagen production and decrease matrix metalloproteinase levels.” >
Consequently, exosomes hold significant promise for use as therapeutic agents or as carriers for specific drug molecules.

Exosome delivery methods offer several benefits, primarily due to their excellent biocompatibility and minimal immunogenic
response. Being derived from autologous or syngeneic cells, exosomes typically integrate into the body without provoking
significant immune reactions, ensuring their safety. Additionally, their size, which is in the range of hundreds of nanometers,
allows for effective diffusion within joints, aided by specific surface proteins that facilitate their passage through the cartilage-
synovial membrane barrier. Furthermore, exosomes inherently carry biological signals that can enhance the treatment of knee
osteoarthritis (KOA). For instance, mesenchymal stem cell (MSC) exosomes are abundant in anti-inflammatory microRNA-140-
5p and TGF-B, contributing to the remodeling of the joint microenvironment. This intrinsic “self-carrying” characteristic enables
them to provide therapeutic benefits without the need for external loading.'** However, exosome delivery faces challenges, such
as the efficient extraction and preparation of sufficient exosome quantities, maintaining the stability of their contents, and the need
for drug loading or surface modification when necessary. Current techniques for drug loading include incubating the drug within
secretory cells or directly incorporating it into purified exosomes via electroporation, though the efficiency and control of these
methods are still under refinement. Additionally, variations in the therapeutic outcomes of different exosome preparation batches
highlight the need for improved quality control as we move towards clinical applications.

Preliminary clinical research has underscored the potential of exosomes in addressing KOA, despite existing
obstacles. A trial involving a bone marrow MSC exosome product (ExoFlo) indicated notable pain reduction, enhanced
joint functionality, and an absence of serious side effects in patients six months post intra-articular exosome injections
into the knee.”® This suggests that MSC-Exos could serve as a viable cell replacement therapy regarding both safety and
effectiveness. Furthermore, researchers are investigating engineered exosomes, including the genetic modification of
donor cells to boost specific miRNA content (aimed at the cartilage degradation pathway) or incorporating targeted
peptides on the exosome membrane to improve cartilage affinity. These methods have shown promise in animal studies.
In summary, exosomes present a novel “extracellular” therapeutic strategy for KOA, merging the properties of
nanocarriers and biologics: they act as both natural delivery systems and therapeutic agents.'*® With improvements in
production and modification techniques, exosomes are anticipated to play a crucial role in future therapies aimed at KOA.
Building on the initial outcomes of passive targeting, active targeting methods could further refine delivery specificity.

Active Targeting Strategies
Active targeting enhances the capabilities of drug delivery systems by equipping them with specialized recognition
features or responsive mechanisms that facilitate the precise delivery of medications to the knee’s microenvironment or
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allow for drug release under specific conditions. This approach encompasses two primary elements: the first involves
leveraging ligand-receptor interactions to direct the delivery to particular cells or matrix elements (such as nanocarriers
modified with ligands); the second involves utilizing pathophysiological signals (like pH levels, enzymes, and redox
states) present in the joint to initiate the controlled release of the drug from the carrier.

Ligand-Mediated Biological Targeting
Cell- or Cartilage Matrix-Targeted Delivery Strategies
By attaching ligand molecules, such as peptides, antibodies, or sugars, to the recognition sites on the carrier’s surface, it
becomes feasible to target specific cells or structures within the knee joint, thus enhancing the delivery of the drug to the
desired location. In the context of knee osteoarthritis (KOA), the primary targets are the cartilage matrix (including type
IT collagen and aggregated proteoglycans), chondrocytes, synovial macrophages and fibroblasts, as well as neovascular
endothelium.'*’ For targeting the cartilage matrix, ligands like the WYRGRL pentapeptide have been identified for their
strong affinity to type II collagen in cartilage. When WYRGRL is incorporated onto the surface of nanoparticles, it leads
to a preferential attachment of these particles to the cartilage and facilitates their infiltration into the matrix, resulting in
a significant rise in drug concentration within the cartilage in animal studies. The accumulation of WYRGRL-modified
carriers in cartilage tissue was found to be approximately 72 times greater than that of unmodified nanoparticles.”®

A different cartilage-targeting ligand is a monoclonal antibody that specifically recognizes denatured collagen, such
as one that binds to the relaxation site of the triple helix in type II collagen. This antibody has been modified to attach to
lipid nanoparticles, leading to increased presence in injured joints following intravenous delivery, while showing minimal
accumulation in healthy joints.”” These antibody-conjugated nanoparticles have also been effective in transporting
siRNA into chondrocytes, decreasing the expression of inflammatory genes in cartilage, and significantly impeding the
progression of osteoarthritis in animal studies.'®>'** Additionally, small molecule ligands, including peptides that bind to
cartilage adhesion proteins and cohesin, have been utilized to target cartilage proteoglycans, yielding positive outcomes.

Synovial and Inflammatory Cell-Targeted Delivery Strategies

To target synovial and inflammatory cells, a common approach involves leveraging receptors found on macrophages or
synovial cells as binding sites. For instance, activated macrophages exhibit a high expression of folate receptors, prompting
some research to incorporate folate modifications into liposomes for the delivery of anti-inflammatory medications.'*> This
strategy allows for selective uptake by synovial macrophages, thereby amplifying the anti-inflammatory response. Another
notable receptor is CD44, present on synovial fibroblast-like cells and chondrocytes, which interacts with its natural ligand,
hyaluronic acid (HA). In a particular study, polymer nanoparticles modified with HA (HA-NP) were developed to specifically
bind to CD44-positive cells in damaged cartilage and synovium, inhibiting the inflammatory NF-kB pathway. Additionally,
the HA coating enhanced the nanoparticles’ resistance to degradation by intra-articular hyaluronidase.'**'*” In a mouse model
of osteoarthritis, HA-NP showed remarkable ability to penetrate and protect cartilage, significantly reducing cartilage damage

and subchondral osteosclerosis with treatments administered every four weeks.'*’

Emerging Bionic-Targeted Delivery Strategies
Furthermore, innovative biomimetic targeting methods are gaining interest, including the application of nanoparticles
encapsulated in cell membranes that possess natural cell surface receptors for precise targeting of specific tissues. In
a particular investigation, the membrane of anti-inflammatory M2 macrophages was utilized to encase collagenase-
responsive colloidal particles, creating a nanocarrier resembling an “artificial macrophage”. This construct demonstrated
the ability to actively move towards inflamed synovial areas and deliver chondroprotective medications, resulting in
a notable reduction of inflammation and enhancement of cartilage regeneration in a mouse model of osteoarthritis.'**~1>
Active targeting through ligands holds significant promise for enhancing the precision of drug delivery; however, it
encounters several obstacles. These include the risk of immune reactions caused by external macromolecular ligands and the
potential for ligands to become “invisible” in living organisms due to the formation of a protein corona, which can diminish
targeting effectiveness.'*® Consequently, future efforts should focus on refining the selection and design of ligands or exploring
alternatives like small molecules and camouflaged peptides to boost their stability and compatibility with biological systems.
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Endogenous Stimulus Response Targeting Strategies

PH Response Delivery Strategy

The unique features of the knee osteoarthritis (OA) microenvironment, such as its acidic nature, presence of specific
enzymes, and elevated oxidative stress, create opportunities for the creation of delivery systems that respond to stimuli.
Among these, pH-responsive carriers have been extensively researched. As previously noted, the pH of OA joint fluid
can decrease to nearly neutral or slightly acidic levels during inflammation. These carriers are typically constructed with
acid-sensitive linkages or materials that can accept protons: the medication remains securely encapsulated under neutral
or alkaline conditions, but the carrier’s structure breaks down or expands when it comes into contact with the acidic OA
joint fluids, leading to the release of the drug. For instance, one study'®® developed pH-sensitive nanoparticles made from
chitosan that encapsulated triamcinolone, achieving a drug release rate of 69% at pH 6.0 over 24 hours, a significant
increase compared to the 22% release at the normal pH of 7.4. This system demonstrated effectiveness in alleviating
inflammation and pain in a rat model of knee OA, highlighting the benefits of enhanced drug release in acidic conditions.
Additionally, certain amphiphilic polymeric micelles remain stable at neutral pH but undergo depolymerization when the

pH drops, allowing for rapid drug release to address local inflammation.'%®'%®

Enzyme-Responsive Delivery Strategies

Delivery systems that respond to enzymes have garnered significant interest. The high levels of matrix metalloproteinases
(MMP-1, -3, —13, etc.) and ADAMTS proteases found in osteoarthritis (OA) joints play a crucial role in the breakdown
of cartilage.”'* By utilizing these enzymes, it becomes feasible to create carriers that either degrade or alter their
structure in the presence of these enzymes, facilitating a release mechanism that is activated as needed. For instance,
scientists have engineered an injectable hydrogel that responds to MMP-13, incorporating a peptide bond sensitive to this
enzyme within its network, along with a specific inhibitor, BI-4394. When MMP-13 concentration rise in OA-affected
joints, the hydrogel is cleaved by the enzyme, allowing for the timely release of the inhibitor to prevent further cartilage
damage, while the gel remains stable when enzyme levels decrease, thus minimizing unnecessary drug release.'® This
enzyme-activated release mechanism has effectively reduced cartilage deterioration in a rabbit model of OA and is

considered an innovative approach to drug delivery with significant potential for future applications.

Redox Delivery Strategies
Elevated oxidative stress in inflammatory conditions has been leveraged to create redox-sensitive delivery systems. This
involves utilizing macromolecules that degrade in the presence of reactive oxygen species (ROS) to encapsulate
therapeutic agents. When ROS levels rise at the site of inflammation, the carrier disintegrates, releasing the antioxidant
medication and effectively neutralizing ROS in that localized area, thus safeguarding the joints. Notably, these intelligent
delivery systems are frequently paired with ligand-targeting strategies to facilitate “dual targeting”. The ligand directs the
carrier to accumulate in the intended tissue, and subsequently, a local pathological signal initiates the release of the drug,
enhancing the treatment’s spatial and temporal accuracy. For instance, research has integrated cartilage-targeting peptides
with pH-sensitive polymers to create bifunctional nanoparticles that respond to pH changes, enabling the targeted
delivery of anti-inflammatory drugs to injured cartilage, resulting in considerable protection of the cartilage in a rabbit
model.'"°

In summary, the strategy of active targeting facilitates the precise delivery of medications to the knee’s microenvir-
onment by utilizing biorecognition and adaptive responses. Despite the intricate nature of these systems, numerous
animal studies have shown their effectiveness in enhancing drug performance and minimizing adverse effects.

Exogenous Physically Assisted Targeting Strategies

Beyond enhancements related to the carrier, external physical methods and chemical penetration strategies have been
employed to improve the distribution and infiltration of drugs within the knee joint. These approaches modify the
microenvironment of the joint or the behavior of the carrier by applying physical energy, which aids in delivering the

medication more efficiently to its target area.

Drug Design, Development and Therapy 2025:19 hetps: 10925



Xia et al

Ultrasound Delivery Strategies

Low-intensity ultrasound, particularly in the form of low-intensity pulsed ultrasound (LIPUS), has been utilized for
treating joint disorders, aiding in the regeneration of cartilage. Conversely, higher intensity ultrasound serves as
a targeted mechanism for drug delivery. Research by Nieminen et al explored the effects of MHz-frequency focused
ultrasound on isolated cartilage and an in vitro model, revealing that this method could effectively drive drug mimics into
cartilage to approximately half its thickness without causing damage. This approach significantly enhances both the depth
and speed of penetration compared to traditional passive diffusion.''" These findings indicate that ultrasound-mediated
drug delivery holds great potential for bypassing the cartilage matrix barrier and achieving targeted drug or carrier
delivery to deeper cartilage layers. Furthermore, ultrasound can activate the release of drugs from specific acoustically
responsive carriers, such as those containing microbubbles that experience cavitation under ultrasound, leading to
a temporary release of the drug into adjacent tissues. In summary, ultrasound technology offers a non-invasive and
precise method for improving intra-articular drug delivery, enabling deeper penetration when necessary, such as at the
onset of treatment, while minimizing tissue disruption after the ultrasound application ends.

Magnetic Field-Guided Delivery Strategies

Utilizing magnetic field guidance represents a compelling strategy for enhancing localized drug delivery. When drug
carriers are equipped with superparamagnetic nanoparticles (MNPs), the application of a magnetic field can concentrate
and stabilize these carriers at the desired site, facilitating their deeper penetration into tissues through magnetic attraction.
The development of MNP-based carriers requires careful consideration of factors such as particle size, selection of
biocompatible linkers or ligands, adjustment of magnetic characteristics, and the establishment of optimal parameters for
magnetic field application to ensure functionality.'*® Jiang et al created degradable magnetic nanocarriers (KGN-MNP)
that encapsulated the chondrogenic small molecule Kartogenin, demonstrating their effectiveness in a rabbit model of
knee osteoarthritis (OA). Their findings indicated that KGN-MNP, when directed by an external magnetic field, achieved
superior penetration into cartilage tissue and retention in the joint compared to controls without magnetic guidance.
Additionally, these carriers promoted the differentiation of subchondral stem cells into cartilage and aided in the repair of
damaged cartilage and subchondral bone.''? This evidence implies that magnetically targeted delivery can significantly
improve both the concentration and duration of drug action at joint lesions, thereby enhancing therapeutic outcomes.
Magnetic field guidance is particularly advantageous for superficial joints like the knee, as external magnets are easily
positioned and can effectively influence the joint area. Looking ahead, advancements in superparamagnetic materials and
magnetic field control technologies may enable the application of this approach in the treatment of human knee OA,
allowing for precise, field-controlled drug delivery.

Delivery Strategy of Electrical Stimulation and Other Osmotic Techniques

Electrical stimulation and various pro-osmotic methods utilize electrical currents to improve the transdermal absorption
of drugs into joints, a process referred to as iontophoresis. This technique operates on the concept of applying a mild
direct current to the skin, facilitating the movement of charged drug molecules through the skin barrier into targeted
tissues.''® Tontophoresis serves as a non-invasive approach for administering anti-inflammatory and pain-relieving
medications directly into the joint spaces of superficial areas, like the knee, thereby alleviating symptoms. Research
has indicated that using iontophoresis in conjunction with topical treatments can result in greater pain relief compared to
topical treatments alone for individuals suffering from knee osteoarthritis.''* Currently, iontophoresis is primarily
explored for the delivery of local analgesics and anti-inflammatory agents, such as NSAIDs and hormones. While its
effectiveness for larger molecules aimed at repairing articular cartilage remains limited, it shows promising potential as
a complementary physical therapy.

Temperature and Optical Delivery Strategies

Research has investigated the use of temperature and optical techniques for targeted drug delivery to joints.''> By
applying heat to the joint area, it is possible to enhance local circulation and increase the permeability of tissues, which
facilitates the movement and absorption of medications. Additionally, certain nanomaterials that convert light into heat
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can be activated by near-infrared radiation, prompting the release of drugs from their carriers, thereby enabling “on-
demand drug delivery” within the joint. Furthermore, microneedle technology,''® typically associated with transdermal
applications, has been utilized in experiments where microneedle patches are placed on the skin surrounding the knee
joint to provide a sustained release of anti-inflammatory medications into the joint fluid.

In summary, the use of these physical and chemical methods adds another layer of regulation to the delivery of drugs
to the knee. They can be integrated with both passive and active targeting systems, creating a multimodal approach that
aims to enhance the effectiveness and accuracy of localized knee treatments. Nevertheless, choosing the right assays,
fine-tuning their sensitivity and specificity, and implementing them effectively continue to pose significant challenges.

To facilitate direct comparison of the diverse intra-articular delivery platforms discussed above, Table 2 summarizes
their key physicochemical properties, targeting mechanisms, developmental stages, and functional advantages and
drawbacks. By systematically contrasting passive, active, stimuli-responsive, and physically assisted strategies, this
overview provides an integrated framework to evaluate current technologies and identify promising directions for future
clinical translation.

Challenges and Future Perspectives
Despite significant progress in drug delivery systems targeting the knee micro environment, many challenges remain in
clinical translation. To translate the preclinical advances outlined above into clinical practice, Table 3 provides a concise

overview of ongoing and completed clinical trials of intra-articular drug delivery systems for KOA. These findings

Table 2 Comparative Characteristics of Representative Intra-Articular Drug Delivery Strategies for KOA

microenvironment (eg,
chondroprotective effects)

carrier for nucleic
acids

Strategy Size Range Targeting Mechanism Clinical Stage Advantages Limitations Strategy
Hydrogels Bulk depot Physical entrapment and Viscosupplements in Prolonged joint Limited deep cartilage Hydrogels
(depot) retention within joint space routine use; residence via in situ penetration; potential (depot)

polyacrylamide depot; protects labile | inflammatory response to

hydrogel in clinical cargos; reduces crosslinkers; burst release

studies (eg, injection frequency risk

Arthrosamid®')
Microspheres ~[-250 pm Passive retention by size/ One approved Ultra-long drug Limited cartilage Microspheres
(PLGA etc). exclusion (no specific ligand) | steroid microsphere release (>12 weeks); penetration; possible (PLGA etc).

(Zilretta®™?) reduced systemic synovial reaction

exposure
Active ~1-1000 nm Ligand—receptor binding (eg, | Preclinical (animal High specificity to Complex design and Active
targeting (typically anti-type Il collagen Ab;*%%° studies) target cells/tissue; synthesis; ligand targeting
(ligand- 50-300 nm CD44-HA) '+ enhanced local drug immunogenicity; protein- (ligand-
modified intra-articularly) concentration corona masking; scale-up and | modified
nanoparticles) batch consistency nanoparticles)
challenges'*®
Stimuli- 100 nm — Respond to pH, enzymes Preclinical (prototype | On-demand release Heterogeneous signal Stimuli-
responsive several ym (eg, MMP-13), and ROS in systems) synchronized with strength across patients; responsive
(endogenous OA joint'05-10%.149 pathological signals; difficult release calibration; (endogenous
triggers) lower off-target biosafety of cleaved products | triggers)
exposure9"°5"°9"49 requires validation

Physically Nano- to External energy (eg, Ultrasound: early Improves cartilage Operator-/device-dependent | Physically
assisted macro-scale ultrasound; magnetic clinical use; magnetic penetration; spatially outcomes; field penetration assisted
(exogenous field)''>'*° guides delivery guidance: controllable release constraints; standardization (exogenous
triggers) preclinical' 2~ 14130 required triggers)
Biogenic ~30-150 nm Natural homing via Preclinical; early Low immunogenicity; | Scale-up and batch Biogenic
vesicles membrane proteins; cargo clinical exploration multi-target variability; loading efficiency vesicles
(MSC-Exos) miRNAs/proteins remodel reported”>* modulation; natural and quality control issues (MSC-Exos)

Notes: The table outlines key features of major drug delivery strategies, including their size range, targeting mechanisms, clinical development stage, and principal advantages
and limitations. Passive platforms (eg, hydrogels, microspheres) rely on joint retention by physical properties, whereas active and stimuli-responsive carriers utilize ligand
recognition or pathological triggers for targeted release. Physically guided approaches leverage external forces to improve localization. Together, these strategies represent
the evolving spectrum of intra-articular delivery platforms in KOA therapy.
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Table 3 Ongoing and Published Clinical Trials of Intra-Articular Drug Delivery Systems for Knee Osteoarthritis (KOA)

Delivery System Reference Phase / Status Sample size / Key Outcomes Remarks
Duration

Polyacrylamide [9o1] Open-label extension n=49/ Single 6 mL injection achieved Demonstrated long-term efficacy
hydrogel study — completed 52 weeks significant WOMAC pain reduction and safety in KOA patients
(Arthrosamid®) follow-up (-17.7points); 62% OMERACT-OARSI

responders at 52 weeks
Polyacrylamide [129] Retrospective n =150/ VAS scores reduced to = 4 at 6 mo; Real-world dataset supporting
hydrogel comparative cohort — 12 months superior to steroid at 6 mo; no durable pain relief
(Arthrosamid®) published difference vs HA at 12 mo
Polyacrylamide [130] Observational registry — ~387 patients / | Primary endpoints VAS and WOMAC | Large observational registry;
hydrogel completed 12 months at 12 months multicenter
(Arthrosamid®)
Polyacrylamide [131] Interventional RCT — — Planned comparison of Arthrosamid® Prospective randomized trial;
hydrogel recruiting vs standard therapy at 6 and 12 results pending
(Arthrosamid®) months
PLGA microsphere [92] Phase Il — completed / n =484/ Sustained release > 12 weeks; 24- First FDA-approved extended-
formulation (Zilretta®) FDA approved 24 weeks week pain and function improvement release IA formulation

vs placebo
MSC-derived exosome [94] Phase I/Il — completed n=15/ Improved pain and function with no Pilot evidence for biogenic
product (ExoFlo®) 6 months serious adverse events carriers in KOA

Notes: This table summarizes representative human studies investigating intra-articular delivery platforms targeting the knee microenvironment. It includes clinical trials of
polyacrylamide hydrogels (Arthrosamid®, Refs.|06—109), the PLGA microsphere formulation Zilretta® (Ref. | 1), and MSC-derived exosomes (Ref. 125). Each entry details
the trial identifier, status, sample size, duration, and major outcomes, highlighting progress from sustained-release platforms to biogenic delivery strategies in clinical
translation of KOA therapy.

underscore the rapid advancement of intra-articular drug delivery from experimental models to human application and
naturally lead into the discussion of remaining challenges and future directions in Challenges and Future Perspectives.

The contradiction between targeting precision and heterogeneity of the knee microenvironment remains prominent.
Knee joint lesions involve various tissues and cells such as cartilage, synovium, bone, etc., and the microenvironment
components are complex and diverse. A single-target strategy is often difficult to cover the whole disease process, so it is
necessary to develop multi-target identification strategies, integrate multiple ligands (eg, targeting both cartilage matrix
and inflammatory cells) into the same carrier, or construct a stage-targeted regimen: targeting different predominant
pathologies at different stages of the disease (focusing on anti-inflammation in the early stage and promoting cartilage
regeneration in the late stage). This idea is similar to personalized therapy, which takes into account the heterogeneous
characteristics of OA patients with the aim of achieving a more comprehensive intervention.'*® In the future, the design
concept of “multi-acting as one” can also be used to develop artificial multifunctional nanocarriers to achieve synergistic
targeting of cartilage and synovium at multiple levels. The multi-targeting design should avoid the interference between
different actions, and the rational design of the ratio and the timing of the action is the key. Overall, improving the ability
of the delivery system to adapt to the heterogeneity of the knee microenvironment will help to balance the comprehen-
siveness and precision of the therapeutic effect.

The problem of non-uniformity in the standards of nanomedicine biocompatibility and toxicity assessment needs to be
solved. Currently, different studies have focused on the safety evaluation of nanocarriers and lacked unified standardiza-
tion. Some studies only observed acute inflammation or weight change of animals, which is difficult to comprehensively
reflect the long-term response of the joints, and the limited volume of joint cavity in small animal models has a large

physiological difference with human body, resulting in limited extrapolation of the results,'>!

to address these problems,
it is recommended to establish a specialized toxicological evaluation system for intra-articular delivery of nanomedicines,
which should include histological changes of local cartilage and synovium, biochemical indicators of joint fluid, and
indicators of systemic immune response. To address these problems, it is recommended to establish a specialized
toxicological evaluation system for intra-articular delivery of nanomedicines, including histological changes of local
cartilage and synovium, biochemical indexes of joint fluid, and systemic immune response, and to repeat the validation in

rodent and large animal models, Synovial fluid flow and other joint conditions can be reproduced to evaluate the
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biocompatibility and efficacy of nanocarriers in the laboratory. This in vitro model is expected to screen safer and more
effective candidates and reduce the blinding of animal experiments. Overall, by unifying the evaluation criteria and novel
models, the screening and optimization of nanomedicine delivery systems can be accelerated to ensure that they are
adequately validated for safety before entering the clinic. Research units and regulatory agencies should collaborate to
develop guidelines to institutionalize and standardize the safety evaluation of nanomedicine intra-articular delivery.

The contradiction between long-lasting residency and deep cartilage penetration poses a challenge to the design of drug
delivery systems. Traditional intra-articular therapeutic drugs can hardly take into account both “staying long” and “going
deep”: increasing carrier size or constructing depots (eg, hydrogels, microspheres) can prolong joint retention, but it is difficult
for the drug to penetrate through the dense cartilage matrix, whereas the small molecules or small particle size carriers are easy
to diffuse and penetrate, but are also difficult to penetrate through the dense cartilage matrix. Small molecules or small particle
size carriers are easy to diffuse and penetrate, but are often rapidly removed. The avascular structure of cartilage and the tight
type II collagen-proteoglycan network form a significant barrier effect, making it difficult for the drug to reach the deep
chondrocytes. To address this dilemma, researchers are exploring new approaches for structural transformation and hier-
archical delivery. For example, designing “size-variable” carriers that are initially larger in size to minimize clearance, and
then responsively disassemble into smaller units upon entry into the joint to penetrate deeper into the cartilage. It has been
demonstrated that positively charged multivalent molecules (eg, modified anti-biotin proteins) injected into a joint can
penetrate the entire cartilage within a few hours and become firmly bound to its negatively charged matrix, allowing them
to remain in the cartilage for more than a week. The application of this principle to cationic nanoparticles is expected to
significantly improve the residence time and penetration depth of drugs in cartilage. Meanwhile, the development of smart-
responsive carriers that undergo property transformation upon exposure to the cartilage environment is also one of the possible
paths. For example, some studies have coated the surface of nanoparticles with a layer of peelable shielding, so as to maintain
a large size in the synovial fluid for stable retention, and then enter the cartilage surface by the action of enzymes to remove the
shielding and reduce the size, so as to release the drug deep into the cartilage fissure. Other scholars have used chondrocyte
membrane-encapsulated nanoparticles, endowed with high affinity for cartilage and adaptability to the joint environment, to
achieve efficient drug enrichment and cartilage protection in rat and canine osteoarthritis models. The results showed that this
biomimetic nanocarrier prolonged joint retention and slowed down the cartilage damage process. These strategies suggest that
long-lasting residency and deep delivery are not completely contradictory and are expected to be balanced through dynamic
regulation of structure/size. In the future, we should further optimize the distribution of the carriers in different regions of the
joints to achieve full delivery from the joint cavity to the deep cartilage layer. At the same time, the design of such complex
carriers needs to balance the stability and decomposability to ensure that they can be safely degraded and discharged after
delivery to avoid the risk of long-term residues. In conclusion, innovative design around the contradiction between “long-
lasting” and “penetration” will help break through the cartilage barrier and improve drug utilization.

Large-scale production and clinical translation are still challenges for targeted delivery systems. Many laboratory-
developed nanocarriers have delicate structures and remarkable therapeutic effects, but their complex compositions and
cumbersome processes make it difficult to meet the scale-up requirements of industrialization. Slight changes in the
preparation process can affect the physicochemical properties and therapeutic efficacy of the carriers, making it difficult
to ensure batch-to-batch consistency. This problem is particularly prominent in clinical submissions: regulatory agencies
require strict quality control, and quality characterization and stability verification of complex nanosystems is far more
difficult than that of small molecule drugs. Therefore, the concept of “Quality by Design (QbD)” should be introduced at
the design stage, and the optimization of manufacturability and controllability should be one of the goals. Specifically, on
the one hand, biocompatible materials (eg, PLGA, hyaluronic acid, etc.) that have been used in clinical applications
should be selected as much as possible, and simple assembly methods should be used in order to reduce the difficulty of
regulatory review; on the other hand, modular and automated manufacturing processes (eg, microfluidic nanoparticles)
should be developed to improve the reproducibility and yield.

The matching of delivery strategies and response mechanisms under dynamic changes in the microenvironment is also
a concern. The pathological environment within the knee OA joint is not constant: the synovial fluid is pH-decreased, rich in
inflammatory enzymes and ROS during inflammatory episodes, and partially normalized during remission. Such dynamic
changes require an “intelligent response” from the delivery system. If the carrier response threshold is not properly set, two
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extreme situations may occur: either the drug cannot be released in time when the signal from the lesion is insufficient, thus
missing the optimal time for intervention, or it is over-released when the signal fluctuates transiently, resulting in waste or side
effects. Therefore, the amplitude and duration of pathological signals need to be fully considered in the design to ensure that
the delivery strategy is synchronized with the microenvironmental changes. In the future, with the deepening of the under-
standing of the changing law of microenvironment in the course of OA, the delivery system can be smarter: through adjustable
sensitive components, it can realize the integrated sensing of various signals, such as pH, enzyme, stress, etc., and even add
biosensing module to realize the feedback-controlled drug delivery. Through the fine tuning of microenvironment respon-
siveness, it is expected to ensure that drugs work at the right time and place, maximizing efficacy and reducing side effects.

Finally, the synergy of active and passive targeting strategies will be an important development direction for next-
generation drug delivery systems. Single strategies often have limitations, such as passive targeting that relies on carrier
retention but lacks selectivity, and active targeting that is specific but may have limited coverage. Combining the advantages of
the two to build a multilevel targeted delivery platform is expected to achieve more efficient drug utilization.

It can be seen that the future delivery system will be more multi-targeting strategy, through the materials, surface
modification, external energy field and other means of synergy, so that the selectivity and effectiveness of drug delivery
to the lesion multiply. It should be emphasized that the compatibility between modules should be taken care of when
constructing a multilevel targeting platform to avoid introducing new adverse reactions or complexities due to design
overlay. By optimizing the integration of active and passive strategies, we are expected to develop a precise and efficient
knee-targeted drug delivery system, which will provide a breakthrough solution for the treatment of osteoarthritis of the
knee, a persistent disease.

In conclusion, future-oriented targeted drug delivery strategies for the knee microenvironment should be innovative
and balanced in terms of multi-targeting, evaluation criteria, tissue penetration, scale-up, dynamic response and
synergistic targeting. Only by overcoming the above difficulties can the novel carriers in the laboratory be truly
transformed into clinically available therapeutic tools for the benefit of the growing osteoarthritis patient population.

This article is a narrative review; therefore, no formal risk-of-bias assessment was conducted. As a result, the
conclusions may be influenced by publication bias, underscoring the need for future systematic reviews and meta-
analyses to validate these findings.
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