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Abstract

Osteoarthritis is a prevalent and debilitating disease that involves pathological contributions from 

numerous joint tissues and cells. The joint is a challenging arena for drug delivery, since the joint 

has poor bioavailability for systemically administered drugs and experiences rapid clearance of 

therapeutics after intra-articular injection. Moreover, each tissue within the joint presents unique 

barriers to drug localization. In this review, the various applications of nanotechnology to 

overcome these drug delivery limitations are investigated. Nanomaterials have reliably shown 

improvements to retention profiles of drugs within the joint space relative to injected free drugs. 

Additionally, nanomaterials have been modified through active and passive targeting strategies to 

facilitate interactions with and localization within specific joint tissues such as cartilage and 

synovium. Last, the limitations of drawing cross-study comparisons, the implications of synovial 

fluid, and the potential importance of multi-modal therapeutic strategies are discussed. As 

emerging, cell-specific disease modifying osteoarthritis drugs continue to be developed, the need 

for targeted nanomaterial delivery will likely become critical for effective clinical translation of 

therapeutics for osteoarthritis.
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1. INTRODUCTION

Osteoarthritis (OA) is one of the most common joint disorders, affecting 151 million people 

worldwide [1], and is growing in prevalence [2,3]. In the United States alone, OA imposes a 

financial burden of $185.5 billion annually [4]. This disease considerably reduces the quality 

of life for patients and is associated with numerous comorbidities [5–9]. Clinically available 

interventions are limited to palliative care, and there is currently no pharmacologic option 

that impacts disease pathogenesis. Direct intra-articular injections of drugs are commonly 

used to overcome the poor joint bioavailability observed with systemic administration. 

Unfortunately, rapid drug clearance from the joint remains a critical limitation in drug 

efficacy for a majority of therapeutic molecules. This concept has been observed across a 

variety of substances ranging from small molecular drugs to high molecular weight 

macromolecules, and across animal species, as highlighted in Table 1 and described 

extensively in other reviews [10,11]. Significant effort has focused on engineering drug 

delivery systems to sustain drug levels within the joint for prolonged periods of time. 

Moving forward, however, many drug targets and emerging therapies require not only 

prolonged release, but also tissue and cell specificity. The goal of this review is to highlight 

the design considerations for nano-scale drug carriers to achieve site-specific delivery within 

the joint. This review will cover how different features of joint cells and tissues can be 

exploited for drug targeting, the current technologies in preclinical stages, and 

considerations for furthering the field of targeted OA drug delivery. Here, therapeutic 

delivery is considered from the perspectives of whole joint retention as well as tissue-

specific intra-articular localization.

1.1 Treating OA as a disease of the whole joint

Osteoarthritis is a disabling degenerative joint disease that ultimately leads to chronic pain 

and inflammation in joints. The hallmark characteristic of OA pathology is the destruction of 

cartilage, the avascular tissue that lines the articular surface of bones and allows for near-

frictionless articulation during movement [18,19]. The etiology of OA varies between 

patients and is often unknown, but once initiated, OA progression is driven by a vicious 

cycle of pathological changes in multiple joint tissues [20]. In early stages of OA, the 

cartilage releases products of proteoglycan degradation and damage-associated molecular 

patterns (DAMPs) into the joint space [21]. These molecules activate immune cells in the 

synovium, the cell-dense tissue that lines the joint space, which respond by secreting pro-

inflammatory cytokines such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha 

(TNF-α) [22]. These cellular signals cause chondrocytes, the sole cell type of cartilage, to 

accelerate the production of catabolic enzymes such as matrix metalloproteinases 

(MMPs)-1, −3, and −13, and a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS)-4 and −5 (aggrecanases-1 and −2) [23,24]. A positive feedback loop is 

thus initiated as these proteinases degrade the cartilage matrix and release more DAMPs, 
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thereby propagating inflammatory cascades in the synovium and sustaining chronic low-

grade inflammation. Coupled with the inherent limited self-renewal capabilities of cartilage 

[25], this environment yields conditions in which cartilage extracellular matrix (ECM) 

breakdown outweighs ECM repair or synthesis. As disease progresses, this pathological 

cycle is sustained and ultimately results in cartilage degradation, subchondral bone 

outgrowth, synovitis, disruption to ligament molecular structures, meniscal damage, and 

alternation of joint mechanics [26].

Clinical presentation of OA is typified by joint pain, at which point OA progression has 

often reached end stages [27] when the disease is no longer believed to be reversible. 

Disease modification and prevention is possible at early stages of OA when the cartilage has 

suffered only proteoglycan loss; however, the subsequent breakdown of the collagen 

network marks the point at which the disease is considered irreversible [23,28]. 

Unfortunately, early stage interventions can be difficult to implement as stratification of OA 

remains a challenge. Clinically, disease stage is assessed radiographically, which is indirect 

and insensitive [29], and the numerous phenotypes of OA, with various etiologies, may 

present differently [30]. However, one opportunity for therapeutic intervention during early 

stages of disease is in cases of post-traumatic OA (PTOA), a phenotype of OA associated 

with a traumatic injury that is often experienced in younger, active, and military populations 

[31]. In this subset of OA patients, there is a clear event associated with OA initiation, and 

therefore identifies a window for therapeutic intervention before OA progression reaches 

irreversible stages. Knowledge gained from therapeutic investigations of PTOA interventions 

may be applicable to other phenotypes of OA, which may become increasingly relevant as 

biomarkers and imaging techniques to understand disease progression are developed for the 

clinic [29,32].

Regardless of the OA phenotype, the pathological signals associated with OA progression 

transpire among the various joint tissues including cartilage, synovium, subchondral bone, 

fat pad, and synovial fluid, resulting in extensive tissue cross-talk and a multifaceted disease 

progression [5,26,33–35]. Cartilage and synovium are especially key players in the early 

stages of OA when the disease is still considered reversible - strategically timed and 

localized delivery to these tissues may allow for effective prevention of OA [28,36]. Each of 

these tissues undergoes unique pathological changes and contributes differently to 

exacerbating the OA environment [37]. For example, synoviocytes are responsible for 

producing a majority of the inflammatory cytokines in the joint, while chondrocyte 

catabolism and production of MMPs propagate the OA cycle and make cartilage self-repair 

unfeasible [38]. These and countless other self-destructive conditions occur 

contemporaneously; as such, disease reversal depends on addressing multiple pathological 

sources. Toward this strategy of multimodal disease intervention, there is a need to 

understand how to direct specific drugs to unique tissues of the joint. This approach would 

allow for high efficiency drug delivery with limited off-target effects and multifactorial 

mediation of disease pathology [39].
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1.2 Therapeutic administration routes for the joint

Guiding drug localization through targeting joint tissues or cells could efficiently deliver a 

drug to the intended site of action, reduce the dose required to elicit a therapeutic effect, 

reduce off-target effects, and increase residence time within the target tissue and whole joint. 

Such improvements to drug localization could not only improve clinical joint retention and 

therapeutic effects, but also enable promising disease modifying OA drugs (DMOADs) to be 

clinically translatable.

Clinical options for OA drug delivery predominantly include systemic administration or 

direct injection into the joint. Oral administration is common for nonsteroidal anti-

inflammatory drugs (NSAIDs) and other pain management drugs because of the ease and 

frequency of administration. However, prolonged systemic exposure to such drugs puts 

patients at risk of serious gastrointestinal and cardiovascular complications [40,41]. 

Additionally, OA is commonly localized in specific joints such as the knees or hips [3]. As 

such, local delivery is a more direct method than systemic administration for achieving 

therapeutic doses and reduced exposure to other areas of the body.

Intra-articular injection is an advantageous alternative to systemic administration for drugs 

intended for joint tissues but carry a high risk of systemic toxicity or that have poor stability 

and joint bioavailability [10,42]. After intra-articular injection, therapeutics bypass the 

biophysical barriers associated with systemic joint entry and are in immediate contact with 

joint tissues [43]. Despite its advantages, there are risks associated with intra-articular 

injections including mild swelling [44], infection [45], and insufficient duration of drug 

residence. Localization and prolonged retention are critical for therapeutics to act efficiently 

with minimal injections, so improving these conditions after intra-articular injection has 

been an area of interest for DMOAD delivery [11]. Overall, intra articular injection is a 

desirable alternative for administration of drugs intended to act locally with joint tissues, and 

will be the primary delivery route discussed this review.

1.3 Implications of OA on joint clearance and tissue targeting

The progression of OA complicates drug delivery because it affects both whole joint 

retention as well as targeting opportunities for individual tissues. Clearance of molecules 

from the joint space is facilitated by drainage through the lymphatics and a mix of 

fenestrated and non-fenestrated (continuous) capillaries underlying the synovium 

surrounding the joint [46,47]. In general, molecules less than 10 kDa are considered to be 

cleared via the capillaries while larger macromolecules are thought to be cleared via the 

lymphatics [12], however this phenomenon has the potential to change with disease. In 

addition to an influx of immune cells such as lymphocytes and macrophages into the 

synovium; fibrosis, edema and fibrin accumulation are commonly observed on the synovial 

surface with disease progression [48,49]. Drainage of larger macromolecules such as 

proteins has been demonstrated to be enhanced with rheumatoid arthritis (RA), an 

inflammatory arthritis driven by systemic inflammation and autoimmune dysfunction 

[50,51], due to greater synovial lymph flow [52]. However, the extent to which OA 

pathogenesis influences the clearance route of injected materials is still in early stages of 

exploration.
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In addition to affecting joint clearance mechanisms, the progression of OA may affect tissue 

targeting within the joint as biochemical, structural, and compositional changes occur in the 

cartilage [53], synovium [54], subchondral bone [55], synovial fluid [56], and meniscal 

tissues [57]. Figure 1 highlights the structural and compositional changes that occur in the 

two main tissues targeted with injectable therapeutics: cartilage and synovium. Such 

structural and compositional changes have the potential to influence the fate of injected 

substances and are discussed in detail in later sections of this article.

1.4 Improving joint drug delivery via nanotechnology

Nanomaterials can address the current challenges of intra-articular drug delivery. First, the 

size of nanomaterials can be engineered to clear more slowly than a free drug, thereby 

improving drug residence time and biodistribution in the joint. At the same time, nano-scale 

materials have the ability to penetrate ECM and cell barriers, thereby conferring the ability 

to release drugs intracellularly or within the tissue ECM [59]. These attributes have been 

harnessed in other disease applications, namely cancer and solid tumor targeting [60,61]. In 

the joint, cell and tissue penetration must be balanced with lymphatic clearance, as smaller 

materials can be removed from the joint more readily. Thus, careful design of nanomaterial 

size may offer better control over drug biodistribution and efficacy compared to macro-scale 

delivery systems.

The various forms of nanomaterials also provide opportunities to deliver different classes of 

drugs [62,63]. For example, lipid-based carriers are particularly suitable for loading 

hydrophobic drugs and have demonstrated loading efficiencies as high as 90% for 

corticosteroid delivery [64,65]. On the other hand, a range of protein-based, polar, 

hydrophobic, and hydrophilic drugs can be encapsulated in polymeric nanoparticles that 

have tunable degradation rates [66,67]. Emerging nanomaterial designs include those which 

are stimuli or environmentally responsive such that therapeutic release can be triggered upon 

an external stimulus or in response to disease-related changes in pH or oxidative stress 

[68,69]. Together, nanomaterials are capable of accommodating a range of drug classes that 

can serve as potential DMOADs, including enzyme inhibitors, cytokine inhibitors, growth 

factors, and subchondral bone regulators [70].

Considering that most DMOADs need to act at specific sites within the joint, there is 

growing interest in designing nanomaterial drug carriers to localize to those target tissues or 

cells. Herein, nanomaterial design is categorized as using active or passive targeting. Similar 

to nanomedicine terminology used in other fields such as cancer, passive targeting refers to 

the effect of a carrier’s inherent physiochemical properties, such as size, charge, and 

hydrophilicity, on biophysical interactions with proteins, cells, and tissues. Active targeting 

refers to particle modifications using specific biochemical moieties to elicit interactions with 

target cells, cellular components, or ECM molecules. This is often accomplished by 

conjugating ligands to the nanomaterial for receptors overexpressed on target diseased cells. 

For delivery to cartilage, the unique components of the ECM have been exploited as 

opportunities for both passive and active targeting. For example, nanomaterial systems have 

been engineered to possess a cationic surface charge to facilitate passive targeting to anionic 

joint tissues such as cartilage and synovial fluid. Strategies for active targeting to cartilage 
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include binding peptides for collagen type II, while the synovium has been actively targeted 

by incorporating ligands specific to the synoviocytes, endothelial cells, and macrophages 

that are present in the synovium. It is important to note that delivery systems that exploit 

active targeting moieties must still leverage favorable physiochemical properties in order to 

effectively reach its target.

2. NANOMATERIALS FOR ENHANCING WHOLE JOINT RETENTION

Historically, the primary goal of engineered drug-carrying vehicles for intra-articular 

delivery was to provide prolonged whole joint retention, treating the entire joint as the target 

reservoir for injected drugs. This strategy of sequestering the drug for as long as possible 

within the joint may be appropriate for drugs that act on multiple tissue types in the joints. 

For example, interleukin-1 (IL-1) receptor contributes to the inflammatory environment and 

is present throughout the synovium, cartilage, other joint tissues [71]; an IL-1 receptor 

antagonist would therefore be appropriate if delivered indiscriminately throughout the joint 

as a method of reducing cytokine-induced damage.

The general approach of treating the entire intra-articular space as the drug depot might not 

be an effective strategy if drugs exhibit poor uptake in a tissue of interest. To date, most 

efforts to prolong whole joint retention and sustain drug release have focused on 

incorporating drugs into carriers too large to be rapidly cleared from the joint via capillaries 

(Table 2, Figure 2A–C) [72]. For example, large microparticles generally have slower joint 

clearance rates than nanomaterials [73] and tend to accumulate in the synovium. If such 

materials are used for drugs needed in the cartilage, the drug must diffuse from the 

synovium to the cartilage in efficacious concentrations, while substantial off-target drug 

uptake occurs. Therefore, for drugs injected into the intraarticular space, the therapeutic site 

of action should inform the nanomaterial design, including whether or not a targeting 

strategy is needed to localize the delivery vehicles to specific cells or tissues within the joint. 

In some cases, nanomaterial targeting is studied with the goal of improving overall joint 

retention of a drug in addition to tissue specific drug delivery (Table 2, Figure 2D). In such 

cases, the site of nanomaterial localization may be exploited as a reservoir for controlled 

drug release over time within the joint.

2.1 Nanomaterial properties for whole-joint retention

Across the literature, the use of nanomaterials has consistently demonstrated improved joint 

retention relative to free drugs alone (Table 2, Figure 2), with free drugs typically residing 

only a few days and many nanomaterials lasting over a week in the joint. However, it 

remains difficult to extract structure-function relationships regarding the influence of unique 

particle properties on whole joint release kinetics, as few direct comparisons of 

nanomaterials have been conducted within a single study. Moreover, the trend of prolonged 

retention compared to free drug is true across a broad spectrum of nanomaterial properties. 

In fact, enhanced retention has been observed in nanomaterials ranging from 4.5nm 

dendrimers to 900nm polymeric nanoparticles (Table 2, Figure 2C). So, while no single set 

of design parameters is uniformly superior for joint retention, nanomaterials offer clear 

advantages over free drug injections for prolonged retention in the joint.
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Moreover, the structural and physiological changes associated with OA progression appear 

to influence the fate of nanomaterials based on their size. In fact, a recent article following 

10kDa and 500kDa dextran molecules showed that the larger dextrans cleared more slowly 

in medial meniscus transection-induced OA knees relative to healthy knees, while smaller 

dextrans performed similarly in both healthy and diseased conditions [78]. These findings 

highlight that nanomaterial retention is influenced not only by the nanomaterial size, but also 

the physiological environment in which it is administered.

2.2 Targeting techniques to improve whole-joint retention

Tissue-specific active and passive targeting modalities have also been employed to improve 

residence time in the joint space by facilitating immobilization within specific joint tissues. 

For example, the synovial fluid has been passively targeted as a method to improve whole 

joint residence. In such drug delivery platforms, nanomaterials were designed to ionically 

cross-link with endogenous, and in some cases exogenous, hyaluronic acid in the synovial 

fluid [79,80]. In both of these cases, nanomaterials were decorated with cationic Eudragit to 

form micrometer-sized gels through ionic interactions with the hyaluronic acid 

polysaccharides in the intra-articular space after injection. The signal from one such 

Eudragit nanoparticle-hyaluronate system was detectable even after four weeks post 

injection, whereas free dye reached near-zero fluorescence signal after two weeks in vivo, 

illustrating a successful application of tissue targeting as a method to prolong whole joint 

retention [79].

Nanomaterial targeting to cartilage has also been exploited to prolong whole joint retention. 

This strategy includes drug delivery platforms designed to passively accumulate in anionic 

cartilage ECM [81,82] and specifically interact with biomolecules such as collagen type II 

[77,83], to facilitate immobilization within cartilage and therefore prolong overall joint 

retention. For example, a collagen II-binding peptide [83] has been conjugated to a DOTAM 

(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid amide)-based molecular drug 

delivery platform that, after intra-articular injection, showed significantly longer joint 

retention than with a scrambled peptide [77] (Figure 1D). Additionally, increasing the 

number of targeting peptides within a single DOTAM molecule further prolonged joint 

residence and, after eight days post injection, approximately 50% of the targeted molecules 

were still within the joint via fluorescent tracking. A similar trend was observed with a 

passive, electrostatic-based targeting strategy for cartilage whereby dendrimers with more 

targeting potential (more cationic surface charge) had longer joint retention profiles, likely 

due to accumulation in the anionic cartilage ECM [82]. In this case, dendrimer charge was 

increased by modulating the number of primary anime groups per dendrimer from 64 to 256, 

and the resulting joint half-life increased from 1.08 days to 4.21 days respectively. Both 

dendrimer formulations showed full-thickness cartilage penetration 6 days after injection via 

multiphoton microscopy. Such studies show that tissue targeting techniques may improve 

both localization to specific tissue compartments and, accordingly, prolong whole joint 

retention. Therefore, considering DMOADs with unique therapeutic targets, nanomaterial 

systems are being tuned to direct the drug cargo to specific tissues and cells within the joint, 

highlighted in the following review sections.
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3. NANOMATERIAL DELIVERY FOR CARTILAGE

3.1 Cartilage as a tissue target for intra-articular drug delivery

When considering intra-articular drug delivery, cartilage can be an important site for 

therapeutic intervention. Cartilage is one of the first tissues in the joint to deteriorate, the 

products of which stimulate the inflammatory environment that perpetuates the disease [53]. 

Additionally, protection and/or regeneration of eroded cartilage extracellular matrix is 

critical to restoring mechanical and metabolic balance in the joint. Accordingly, cartilage is a 

target site for therapeutic delivery to which nanomaterials have been designed to enhance 

payload delivery (Table 3). As cartilage undergoes OA progression, cartilage experiences 

proteoglycan depletion, catabolic changes to cell expression, tissue erosion and collagen 

deterioration, and bone invasion. These structural and compositional changes to the matrix 

create a “moving target” for targeting systems, as illustrated in Figure 3.

It is important to note that ex vivo and in vitro studies have focused on the effects of 

nanomaterial properties on targeting and localization to cartilage, but uptake into other “off-

target” tissues in the joint is often not reported. Therefore, these findings demonstrate the 

influence of the material properties on cartilage associations, but do not necessarily validate 

tissue-specific targeting. Further studies may be needed to determine the degree to which 

off-target associations occur and the efficiency of cartilage-specific localization when in the 

presence of all joint tissues.

3.2 Passive targeting strategies for cartilage

To enhance passive accumulation of nanomaterials in cartilage, engineering efforts have 

focused on tuning particle size and charge. Size is an important design criterion for targeting 

to cartilage primarily because of the tissue’s uniquely dense ECM, therefore size is a critical 

determinant of a carrier’s ability to penetrate through the tissue depth [95]. Cartilage 

porosity is influenced by the packing and arrangement of all of its components, including the 

collagen network, chondrocytes, and proteoglycans. The mesh size of the collagen II 

network, which makes up 60% of the dry weight of cartilage [96], is approximately 50nm - 

200nm [34,74,88,95,97]. This collagen network is densely filled with aggrecan molecules 

which are 200–350nm long [98] with ~4.5–15nm between glycosaminoglycan side chains 

[83,98–100]. Together, cartilage is commonly described as having a pore size between 6–

11nm [95,96,101,102]. The porosity has been shown to increase at greater tissue depth [100] 

and with disease-induced degeneration [102].

Despite the generally accepted physical parameters for cartilage matrix network structure 

and porosity, discrepancies exist in the literature regarding the threshold size of 

nanomaterials that allows for and prohibits matrix penetration (Table 4). Ex vivo studies so 

far have shown that nanomaterials up to ~55nm have been able to penetrate through the full 

thickness of cartilage [90]. In an in vivo rat study, complete cartilage penetration was 

observed with a 300nm particle in cryosectioned samples three days post injection [75]. 

Despite the success of these relatively large nanomaterials, other studies have found that 

nanomaterials as small as 6nm (67kDa) get trapped in the superficial zone and 

unsuccessfully penetrate healthy cartilage [103]. These thresholds of nanomaterial size for 
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cartilage penetration appear to change in diseased cartilage. In multiple studies, 

nanomaterials that were unable to enter healthy cartilage were able to penetrate damaged 

cartilage, including 6nm, 8nm, 15nm, and 55nm systems. Ex vivo, particles of 138nm were 

unable to penetrate damaged tissues [89], suggesting that the threshold penetration size for 

OA cartilage may exist between approximately 55–140nm.

Considering the conflicting data in studies of healthy cartilage, the ability for materials to 

enter the matrix may be influenced by material properties beyond nanomaterial diameter 

alone. Other nanomaterial properties such as hydrophilicity and shape may influence the 

mobility through the cartilage ECM and past the collagen meshwork. Additionally, the 

observation of ex vivo full thickness cartilage penetration may be influenced by 

experimental conditions such as incubation time, temperature, and the surface area of 

cartilage exposure. Nevertheless, it may be reasonable in some cases to increase the size, and 

hence payload capacity, of a delivery system at the expense of tissue penetration depth. For 

example, drug loaded carriers that localize to the superficial cartilage zones may still be able 

release drugs that then penetrate the deeper zones. Indeed, the earliest stages of cartilage 

degeneration occur in the superficial zone, and therefore higher drug concentrations may be 

desirable in this anatomic region [53]. A potential superficial zone target was recently 

illuminated in a study of epidermal growth factor receptor (EGFR), a cell surface receptor 

that was found to maintain superficial chondrocyte number, cartilage lubrication, collagen 

organization, and cartilage mechanical strength [104]. Delivery of agents that restore or 

promote EGFR signaling has been proposed as a therapeutic strategy for protecting cartilage 

at early stages of OA, and represents an opportunity in which delivery specifically to the 

superficial zone chondrocytes would be advantageous. This concept underscores the value of 

coupling a therapeutic with a vehicle that provides localization and drug release relevant to 

site of action and disease mechanism.

Intentional control over nanomaterial zeta potential has also been explored as a passive 

targeting strategy for cartilage. The dense network of sulfated proteoglycans gives cartilage 

a bulk anionic charge [105,106], corresponding to a proteoglycan content or fixed charge 

density of −158mM to −182mM for human articular cartilage [107]. Therefore, the tissue 

electrostatics serve as a potential passive localization approach for drug delivery to cartilage. 

Avidin, a positively charged globular protein of approximately +20mV [108], has 

demonstrated improved penetration and residence in ex vivo cartilage relative to its neutral 

form, NeutrAvidin [88]. Tantalum oxide (Ta2O5) nanoparticles for cartilage imaging have 

also demonstrated the influence of zeta potential on cartilage interactions. In these studies, 

+7.6mV ammonium-functionalized nanoparticles fully distributed throughout ex vivo 
murine cartilage while neutral phosphonate and anionic carboxylate particles interacted 

weakly with ex vivo murine cartilage, accumulating only in the superficial zone with a slow 

uptake [109].

Reliance on zeta potential as the targeting strategy in nanomaterial design has limitations, as 

the charge density of cartilage is altered as disease progresses. Indeed, one of the first signs 

of cartilage pathology in OA i s the loss of proteoglycans [53], the highly sulfated and 

negatively charged molecules that contribute to the charge density of cartilage. Additionally, 

nanomaterial zeta potential can change in the presence of synovial fluid, sometimes masking 
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cationic charge through the adsorption of anionic synovial fluid components [110]. While 

zeta potential may be an engineering criterion for improved cartilage interactions ex vivo, 

this design approach is likely not uniformly advantageous across all stages of disease or joint 

conditions.

3.3 Active targeting to cartilage

Active targeting strategies for cartilage have primarily exploited binding modalities for the 

collagen network and chondrocytes. Type II collagen is present throughout the tissue depth 

at varying concentrations and orientations and makes up 90% to 95% of the collagen 

network in cartilage [53]. Under disease conditions, these protein fibers become exposed to 

the synovial cavity as the proteoglycans are released and the tissue surface degrades. In 2008 

a six amino acid peptide (WYRGRL) was identified for its affinity for binding to collagen 

type II; this peptide then could be conjugated to nanoparticles for targeting articular cartilage 

[83]. While both un-targeted and targeted poly(propylene sulphide) nanoparticles entered the 

cartilage matrix, nanoparticles with the peptide experienced a 71-fold greater accumulation 

in ex vivo cartilage relative to those with a scrambled peptide.

Antibodies for collagen type II [113,114] have also been incorporated in nanomaterial 

systems to increase interactions with cartilage [91,115]. For example, a 150–200nm 

fluorescent liposome decorated with collagen type II antibodies were formulated for 

theranostic applications in OA. After intravenous injection, these particles migrate into the 

joint but do not bind to cartilage unless the collagen II network is exposed, namely i n 

conditions of tissue degradation [91]. Additionally, similar particles were shown via 

fluorescence to accumulate in the knee in a manner proportional to OA severity in vivo [92]. 

Accordingly, accumulation of such particle systems could be used to both spatially identify 

and localize therapeutics to regions of cartilage damage.

Chondrocytes, the cell type solely responsible for the maintenance and production of 

cartilage extracellular matrix, have also served as a target for enhanced OA therapeutic 

delivery. Numerous current or potential OA drugs act specifically on chondrocytes, 

including chondroprotective agents [116], nucleic acids [117,118], growth factors [119–

121], and matrix metalloprotease inhibitors [122–124]. Therefore, for these therapies to be 

efficacious, the drug or drug carriers must reach the cellular destination and reside in that 

location for a suitable timeframe and concentration [125]. In one study, nanomaterial uptake 

into chondrocytes was enhanced with a cell penetrating peptide, which yielded 

approximately 4-times greater micelle and liposome association with chondrocytes in vitro 
relative to untargeted carriers [89]. Adsorption of hyaluronic acid onto nanomaterials has 

also been used in vitro to enhance interactions with chondrocyte via binding to CD44, which 

is present on chondrocyte surfaces [93]. The ability to penetrate the matrix and deliver a 

payload to chondrocytes is important as groups investigate emerging therapeutics including 

RNA interference, CRISPR/Cas9, and small molecular drugs which need to act 

intracellularly to produce a therapeutic effect [126–130]. Cartilage-targeted nanomaterials 

will be key enabling technologies for these promising new therapies. However, cartilage-

targeting vehicles are still in early stages of investigation and the therapeutic benefits of such 

strategies have yet to be determined in large animal models or humans.
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4. NANOMATERIAL DELIVERY TO THE SYNOVIUM

4.1 Synovium as a tissue target for intra-articular drug delivery

To address the multifaceted disease progression in OA, nanomaterials are being designed to 

target not only cartilage, but also other joint tissues such as the synovium. The synovium, a 

thin heterogeneous connective tissue that lines diarthrodial joints, is a prime target in an OA 

joint because of its role in inflammation. The synovium is also the site at which transport of 

molecules into and out of the joint occurs - intercellular gaps of approximately 0.1 – 5.5μm 

exist at the synovial surface, and a rich network of fenestrated and continuous capillaries are 

found just beneath the surface [131]. While OA has not traditionally been classified as an 

inflammatory disease, more recently, attention has shifted toward recognizing synovitis as a 

potential target for treatment [35,54]. Currently, anti-inflammatory therapies such as 

corticosteroids and antagonists to inflammatory cytokines are being prescribed to patients 

diagnosed with OA but have been unable to modify pathogenesis of the whole joint disease 

significantly due to toxicity or transient effects after intra-articular injection in clinical trials 

[11]. Hence, more efficient delivery systems of therapeutics for the synovium need to be 

explored. Nanomaterials designed for delivery to the synovium typically target one of the 

synoviocyte types: Type A synovial macrophages, a minority population in normal joints 

that increases drastically in inflammatory conditions and produces pro-inflammatory 

mediators, or Type B fibroblast-like cells, the dominant population in normal synovium that 

produces ECM components of synovial fluid and synovial membrane (Figure 4). To date, 

many nanoscale advancements for synoviocyte targeting have been accomplished in the field 

of rheumatoid arthritis (RA), a classical inflammatory arthropathy. Moving forward, we may 

be able to exploit knowledge gained in the RA field to improve carrier design for 

synoviocyte targeting in OA applications. The different types of nano-scale particles that 

have been investigated to target the OA and RA synovium are summarized for passive and 

active targeting strategies Tables 5 and 6, respectively.

4.2 Passive Targeting to the Synovium

Nanomaterials designed for delivery to the synovium have been engineered in sizes ranging 

from 5nm to 300nm and with a range of materials including synthetic polymers [132,133], 

polysaccharides [134–137], carbon-nanotubes [138], micelles [139], liposomes [140], and 

lipids [141]. When targeting synoviocyte-acting drugs to the synovium, both the size and 

composition of nanomaterials are critical factors to control the degree of tissue penetration 

and transport between the synovium and the synovial fluid. For instance, fat-soluble small 

molecules can diffuse through and between synovial cells more readily than hydrophilic 

molecules of similar sizes, while water and small solutes are able to move readily from 

plasma to synovial fluid through the synovium [142]. In 2013, gold nanoparticles were used 

to demonstrate size selectivity in ex vivo porcine synovium, with only 5nm particles 

effectively permeating the entire thickness of the tissues [143]. The transport of larger 

particles (>250nm) is limited by the microvascular endothelium and the interstitial spaces 

[72]. As a result, most large particles tend to naturally accumulative in the synovium. This 

innate passive accumulation of particles leads to prolonged synovium retention of 

nanomedicines, even for those systems not intentionally designed for synovium targeting. 

The application of passive nanomaterial accumulation as a method to improve therapeutic 
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delivery has been exploited in a variety of disease arenas including cancer, atherosclerosis 

and inflammatory bowel disease [144].

Synovial macrophages are a prime target for OA therapeutics due to their inherent 

phagocytic capacity and role in OA. These synovial cells from the monocyte and 

macrophage lineage have been passively targeted using nano- and micro-materials ranging 

from 3nm to 6μm (Table 5). Specifically, particles possessing diameters of 2μm to 3μm 

exhibited maximal phagocytosis and attachment in macrophages [145]. On the other hand, 

sub-micron sized nanoparticles have been shown to not only translocate to the deep 

underlying tissues of the synovium, but also to be phagocytosed. In contrast, particles closer 

to 25μm were simply covered by multinucleated giant cells and not phagocytosed [73]. In 

the case of non-phagocytosable particles, therapeutic delivery relies on the release and 

diffusion of the drug from the particle into the surrounding tissue and ultimately to receptor 

binding. However, for drugs that bind to intracellular receptors or targets, exhibit poor 

diffusion through the tissue or poor partitioning into cell membranes, or have adverse off-

target effects, internalization of the drug carrier by the macrophages may be advantageous. 

Hence, research groups have taken advantage of the phagocytic capacity of macrophages 

when implementing therapeutics aimed at depleting these inflammatory cells by designing 

their carriers to be within phagocytosable size ranges. For instance, bisphosphonates such as 

clodronate have been investigated since the 1990s in 200nm liposomal formulations for 

phagocytosis by Type A synovial macrophages to induce apoptosis by inhibiting the binding 

of transcription factors such as Nuclear Factor-kappa B (NFkB) to DNA [140]. However, 

more recent studies have shown that the indiscriminate depletion of macrophages in the 

synovium might not necessarily attenuate severity of arthritis and that macrophages are in 

themselves vital for modulating homeostasis in the joint [146]. Therefore, as further 

investigation into the role of different macrophage phenotypes continues, improvements in 

drug targeting and vehicles for modulating synovial inflammation may emerge.

Gene delivery targets are also being explored with passive nanomaterials to target 

inflammation-associated pathways in which resident cells of the synovium are involved. 

Activated Type A synovial macrophages present a unique opportunity to target the overall 

reduction of cyclic inflammation in an OA environment. For example, thiolated glycol 

chitosan nanoparticles have been used to encapsulate small interfering RNA (siRNA) 

targeting the Notch1 pathway, one that has been implicated in the polarization of 

macrophages towards the pro-inflammatory phenotype [134]. These nanomaterials have 

successfully inhibited this inflammation-related gene in murine macrophage cell lines and in 

mice with collagen-induced arthritis (CIA), a common RA animal model, demonstrating 

overall inhibition of limb inflammation, bone erosion, and cartilage damage [134]. 

Nanoparticles made from N-trimethyl chitosan-polysialic acid have been coated with decoy 

oligodeoxynucleotides specific to the transcription factor NFkB, a pivotal mediator in 

inflammatory pathways. These nanoparticles have been delivered to synovial cell lines in 
vitro, resulting in significant decreases in inflammatory cytokines IL-6 and IL-8 [147]. In 

this manner, more recent studies are exploring the implications of manipulating gene 

expression of synoviocytes on the overall OA disease progression.
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Stimuli responsive nanomaterials for arthritic conditions are also being investigated to target 

the synovium as an approach to increase efficiency of drug delivery and decrease the doses 

that are required to achieve therapeutic impact. For instance, superparamagnetic iron oxide 

nanoparticles have demonstrated greater retention and uptake by synoviocytes in vivo in the 

presence of extracorporeal magnets [148]. By incorporating gold into drug-loaded magnetic 

nanoparticles, near-infrared irradiation has been used in conjunction with an external 

magnetic field to generate local heat at the site of inflammation in the synovium, permitting 

an accelerated release of the encapsulated therapeutic [133]. Furthermore, acidic 

extracellular pH in the inflamed synovium has also been used as a stimuli to increase 

responsiveness of nanomaterials. Acidosis is a common feature of arthritic joints due to 

increased metabolic activity and insufficient vascular supply [149]. Several groups have 

taken advantage of this feature by designing nanomaterials using pH-responsive ionizable 

materials that undergo changes in conformation or stability in response to changes in 

environmental pH and hence demonstrate superior acidosis-mediated drug release [68,69].

4.3 Active Targeting to the Synovium

Modification of nanomaterials with active targeting moieties has led to greater therapeutic 

impact by the nanomaterials on synoviocytes than by non-targeted vehicles. The receptors 

presented on macrophages have been leveraged to increase uptake of therapeutics to this cell 

population in the synovium. For example, IL-10 plasmid DNA loaded alginate nanoparticles 

have been decorated with tuftsin, a peptide that interacts with macrophages and promotes 

phagocytosis by binding with Fc and neuropilin-1 receptors on macrophages [137]. The 

proportion of synovial macrophages displaying M2 anti-inflammatory markers increased 

from 46% to 66% when rats were treated with tuftsin decorated IL-10 nanoparticles in an 

adjuvant induced RA rat model. Folate receptor β (FRβ), demonstrated to be specifically 

expressed on activated macrophages in inflamed joints, has also been used to target and 

deliver therapeutics to the synovium [154–156]. In one such study, nanocarriers were 

composed of lipids, polyethylene glycol-poly(lactic-co-glycolic acid) (PEG-PLGA) to form 

a hydrophilic shell, and folic acid conjugated to the hydrophilic shell as a targeting ligand 

for FRβs on activated macrophages, and poly(cyclohexane-1,4-diylacetone dimethylene 

ketal) (PCADK) and PLGA as a hydrophobic core [156]. These carriers were loaded with 

methotrexate, a common disease-modifying anti-rheumatic drug, and used to compare the 

therapeutic impact of the targeted carrier against the untargeted carrier in an adjuvant-

induced arthritis rat model. Serum levels of pro-inflammatory cytokines (TNF-α and IL-6), 

paw swelling, and erythema were reduced significantly in the rats that were injected with 

targeted particles compared to non-targeted particles. The overexpression of vasoactive 

intestinal peptide (VIP) receptors on macrophages and over-proliferating synoviocytes has 

also been leveraged for synovial targeting. For example, micelles loaded with camptothecin, 

a topoisomerase inhibitor, have been decorated with VIPs. When compared to untargeted 

micelles and the therapeutic alone, this targeting strategy led to significantly smaller paw 

thickness and clinical arthritis score of CIA mice [139].

Improved targeting of nanomaterials to the synovium has been achieved by exploiting 

receptors overexpressed on endothelial cells in the inflamed synovium. For example, the 

increased presence of angiogenic endothelial cells in an inflamed synovium corresponds to 
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an overexpression of αvβ3 integrins, a receptor for vitronectin, on these cells. This led to a 

study in which a perfluorocarbon nanoparticle was decorated with peptidomimetic 

vitronectin antagonists that bind overexpressed αvβ3 integrins on the inflamed synovium and 

deliver their therapeutic load of fumagillin, an angiogenesis inhibiting substance [157]. The 

functionalization of the nanoparticle surface with vitronectin antagonists led to greater 

therapeutic efficacy in arthritic animals. Specifically, the targeted fumagillin-loaded particles 

yielded a lower disease score and paw thickness in the K/BxN transgenic murine model of 

inflammatory arthritis than in targeted particles without therapeutics. In yet another study, a 

polyethylene glycol liposome was designed with cyclic conformations of peptides 

containing arginylglycylaspartic acid (RGD), a binding peptide motif responsible for 

integrin engagement by cells. These peptides were demonstrated to be specific ligands for 

αvβ3 integrins and hence increased targeting of the drug delivery vehicle to vascular 

endothelial cells in the inflamed synovium. This study demonstrated a 3-fold increased 

localization of the RGD-decorated particles to the site of inflammation in a rat model of 

lipopolysaccharide (LPS)-induced inflammation than both particles with no peptide and with 

a scrambled peptide (RAD). By encapsulating a corticosteroid, dexamethasone, into this 

targeted liposome and injecting them intravenously, a greater anti-inflammatory effect in a 

rat model of experimental arthritis was exhibited [158]. Also as a method of exploiting cell 

adhesive mechanisms, nanoparticles have been coated with macrophage-derived 

microvesicles that mimic the adhesion characteristics of macrophages in the synovium or the 

pannus of inflamed tissue [159]. Through proteomic analysis and in vitro characterization 

with human umbilical vein cells (HUVECs), the microvesicles were determined to target 

intercellular adhesion molecule 1 (ICAM-1) or P-selectins. These carriers were loaded with 

tacrolimus, an immunomodulator that inhibits T-cell activation, and injected into collagen-

induced arthritis mouse model. The macrophage-derived microvesicle-coated nanoparticles 

demonstrated significantly decreased bone erosion and paw swelling when compared to free 

drug controls, untargeted controls, and red blood cell membrane coated nanoparticle 

controls. Taken together, numerous examples of actively targeted nanocarriers have 

increased the efficiency of therapeutics over untargeted nanocarriers, underscoring the 

therapeutic advantages of targeting.

5. ADDITIONAL CONSIDERATIONS AND LIMITATIONS

5.1 Multi-modal combination therapies

Given that OA is a multifactorial disease, it is likely important to target various pathologic 

tissues in the osteoarthritic joint when delivering disease modifying therapies, yet very few 

nanomaterial systems have been used in this manner. Delivery of multiple therapeutics has 

been implemented in a thermoresponsive system that was loaded with both kartogenin, a 

chondroprotective drug, and diclofenac, an non-steroidal anti-inflammatory drug NSAID 

[86]. While these drugs were not intentionally directed to different tissue depots within the 

joint, this system demonstrated that nanomaterials are capable of multi-modal therapeutic 

delivery in the joint. As tissue targeting delivery strategies continue to be developed, 

opportunities will be created to enhance multi-modal pharmacological treatments for OA 

through intentional drug delivery to specific drug action sites within the joint.

Brown et al. Page 14

Acta Biomater. Author manuscript; available in PMC 2020 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5.2 The influence of synovial fluid on intra-articular nanomaterials

Synovial fluid, the viscous non-Newtonian fluid within synovial joints, is not only essential 

for shock absorption and lubrication within the joint but also for modulating the transport of 

various molecules to different components of the joint. Synovial fluid is a mixture of a 

protein-rich ultrafiltrate of plasma and hyaluronan synthesized by synoviocytes [142]. As 

discussed previously, nanomaterials have been designed for intentional entrapment in the 

synovial fluid to sustain the joint residence of therapeutics [79,80]. However, the interaction 

between nanomaterials and synovial fluid may be disadvantageous in other tissue targeting 

strategies. For example, synovial fluid has been shown to increase the size and reverse the 

charge of cationic particles, which negatively influenced the particle loading into cartilage 

(Figure 5) [110]. In cell uptake studies, incubation of nanoparticles with synovial fluid 

impacted nanoparticle internalization by synoviocytes [110]. These changes are 

hypothesized to occur through adsorption of synovial fluid components on the particle 

surfaces to create a corona. Protein corona formation on the particles could mask targeting 

ligands incorporated onto the particle surface, and may also influence their trafficking to 

cells and tissue within the joint. It is conceivable that nanoparticles could be engineered to 

control the adsorption of specific synovial fluid components that favor interactions with 

target cells or tissues. Accordingly, the role of synovial fluid on particle properties and 

performance is an important area of investigation to more fully understand the state of 

nanomaterials as they exist in the intra-articular space.

5.3 Limitations of cross-study comparisons

It is important to understand how nanomaterial properties influence joint interactions in 

order to best design delivery vehicles for intentional localization within the joint. The 

conditions under which materials are characterized can impact the property measurements, 

and this is particularly important when considering how properties will likely differ between 

the biological environment and controlled laboratory settings. For example, dynamic light 

scattering (DLS) is commonly employed to measure size and zeta potential of 

nanomaterials, a technique for which the mathematical outcome and data interpretation are 

strongly influenced by experimental conditions such as sample diluent, temperature, 

concentration, and/or mathematical weighting [160]. However, these values are not often 

described within the intra-articular drug delivery literature. Additionally, the polydispersity 

of nanomaterial systems is often not reported. This factor is also important, as it may 

influence joint tissue localization and functional outcome; systems with multi-model size 

distributions may have differently sized nanomaterial populations that accumulate in 

different regions of the joint. Without sufficient characterization and detailed reporting, the 

ability to draw comparisons between studies is limited [160,161].

Cross-study comparisons are also confounded by the differences in tissue sourcing and 

models in which nanomaterials are assessed. In vivo, intra-articular injection of 

nanomaterials is most commonly studied in small rodents, primarily in rat and mouse and 

occasionally in rabbit and guinea pig. However, ex vivo and in vitro experiments regarding 

cartilage interactions are conducted almost exclusively on bovine cartilage. Cartilage 

thickness ranges from ~100μm for rats [162], ~1–1.6mm for bovine calves [163], and ~2mm 

for humans [164] depending on the measurement site. Material transport into cartilage has 
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been found to be proportional to the square of cartilage thickness [165], and therefore 

nanomaterial associations with cartilage may vary considerably across tissue sources and 

species. Translation of findings across experiments is also relevant for the synovium, where 

nanomaterial interfaces are primarily studied in vitro in two dimensional cell culture and in 
vivo in small mammals. As drug delivery systems progress across preclinical studies to 

clinical trials, the potential limitations in scalability and translatability of these models 

should be considered.

Investigations of nanomaterials for the joint are also conducted across a variety of in vivo 
OA models and stages of disease progression. The physiologic factors that drive joint 

clearance and biodistribution change in the presence of disease, partially because of 

heightened capillary and lymphatic flow [11] and structural changes to tissue extracellular 

matrix [166]. Moreover, these pathophysiologic alterations can vary across different animal 

models of OA [167,168], suggesting that the nanomaterial pharmacokinetics and 

biodistribution for a single material may differ when studied in different OA models. 

Nevertheless, the various models present opportunities to evaluate different phenotypes of 

disease and therefore different therapeutic strategies. For example, post-traumatic OA 

models such as surgical ligament and meniscal transection, tibial fracture, and non-invasive 

ligament rupture can be used to study early stage drug interventions when the disease is still 

considered reversible, which has clinically relevant implications [169–171]. Moving 

forward, to successfully translate nanomaterials to the clinic, it will be important to 

understand how nanomaterial fate changes after injection at specific stages of disease, 

especially as the fields of early disease diagnosis by biomarker and imaging continue to 

advance [172–174].

To improve the advancement and comparison across studies in the field of nanomedicine for 

the joint, we can look to initiatives in cancer and other disease arenas. For example, a Cancer 

Nanomedicine Repository has been established as an open-source database to collect and 

make available open-access datasets related to nanoparticles for tumor delivery [175,176]. 

Initiatives like this may be beneficial for monitoring the progress of delivery to the joint, 

comparing across animal models, help inform decisions about nanomaterial design for 

specific joint targets, and highlight the need for uniform characterization and reporting 

across the field.

5.4 Biocompatibility of nanotechnology for the joint

While nanomaterials have made progress as a potential platform for intra-articular drug 

administration, these materials have inherent risks and limitations. By virtue of their size, 

nanomaterials have the capability to pass through biological barriers and exert changes at the 

sub-cellular level, thereby possessing the potential to induce toxic effects [177]. 

Additionally, nanomaterials may cause adverse effects via unintentional payload delivery to 

off-target sites, which is a potential risk in the joint where numerous tissues exist in close 

proximity [39]. Accordingly, as nanomaterials are developed for the joint, it is critical that 

toxicity is evaluated on the target cells as well as in off-target sites before proceeding to 

clinical trials [178]. While no adverse effects or toxicity-related complications have been 

reported for nanomaterials discussed in this review, researchers should continue to monitor 
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for potential cytotoxicity after cell uptake or ECM accumulation in target and off target 

tissues. The effects of nanoparticle accumulation in cartilage, for example, on ECM 

mechanics, nutrient transport, and lubrication should be evaluated for any transient or long-

term consequences. The ability of nanomaterials to degrade or erode in the joint is an 

important design parameter, and has primarily driven by the desired intra-articular drug 

release profile. Non-degradable wear particles from permanent orthopedic implants have 

been shown to stimulate macrophage infiltration and bone loss [179]. Consequently, the 

long-term fate of non-resorbable or slowly resorbing nanomaterials for drug delivery within 

the joint and their impact on inflammation, tissue abrasion, and other adverse effects 

warrants further investigation.

6. CONCLUSIONS AND PERSPECTIVE

OA is a prevalent and debilitating disease that is hallmarked by the degradation of articular 

cartilage and a cascading inflammatory response that perpetuates the disease. After intra-

articular injection, the efficacy of drugs is hindered by the rapid clearance from the joint 

space, which ultimately decreases the time and opportunity for the therapeutics to interact 

with the diseased tissue and cells. Numerous nano-scale drug delivery systems have been 

implemented to address these limitations in whole-joint retention and localization within 

specific target sites. Depending on the therapeutic of interest, common targets in the joint 

include the cartilage, synovium, and the cells within those tissues.

Clear trends exist indicating that the implementation of a nanomaterial system has 

significant improvements to joint retention relative to injecting naked therapeutics. To 

further improve localization to specific joint targets, nanomaterials have been engineered 

with modalities that have improved associations with cartilage and synovial cells, via passive 

and active design approaches. Moving forward, incorporating the knowledge of the various 

nanomaterials may yield efficient multi-modal therapeutic delivery systems; this approach 

may continue to push us closer toward a comprehensive therapeutic strategy for halting OA 

progression. In addition, these nanomaterials can be investigated for drug delivery to other 

joint tissues including fat pad, meniscus, ligaments, and subchondral bone, all of which 

uniquely contribute to and are affected by OA progression.

While much progress had been made toward improving joint and tissue retention in 

preclinical investigations through the development of nanomaterials, opportunities for 

improvement still exist. Challenges include clarifying structure-function relationships 

between nanomaterial properties and joint tissue interactions at various stages of disease. 

Additionally, the role of synovial fluid on drug pharmacodynamics, particle properties, and 

potential masking effects is only in early stages of investigation and should be explored 

further to better understand how to overcome, or possibly leverage, these interferences if 

needed. Nonetheless, nanomedicine for the joint has made considerable progress and shows 

great promise as an implementable method for sustained and efficient drug delivery for OA. 

Moving forward, as site-specific drugs are developed as mono- and multi-modal DMOADs, 

the ability to intentionally direct drugs and drug carriers to specific compartments within the 

joint will become a critical step toward clinical translation. Targeted nanomaterials serve as a 
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promising platform to localize these emerging therapeutics with sufficient bioavailability, 

reduced off target effects, and overall improved therapeutic efficacy.
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Statement of Significance

Improving drug delivery to the joint is a pressing clinical need. Over 27 million 

Americans live with osteoarthritis, and this figure is continuously expanding. Numerous 

drugs have been investigated but failed in clinical trials, likely related to poor 

bioavailability to target cells. This article comprehensively reviews the advances in nano-

scale delivery vehicles designed to overcome the delivery barriers in the joint. This is the 

first review to analyze active and passive targeting strategies systematically for different 

target sites while also delineating between tissue homing and whole joint retention. By 

bringing together the lessons learned across numerous nano-scale platforms, researchers 

may be able to hone future carrier designs, allowing emerging therapeutics to perform 

with clinically relevant efficacy and disease modifying potential.
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Figure 1. 
Structural and compositional changes to the joint during OA disease progression, 

highlighting the changes to the cartilage and synovium. Synovium undergoes marked 

immune cell infiltration, increased vascularization, and increased vascular fenestration. 

Cartilage breakdown begins at the articular surface with proteoglycan fragmentation and 

loss, surface fibrillation, and chondrocyte disorganization and clustering at the articular 

surface [58]. In late stages of disease, the cartilage has lost bulk tissue as proteoglycans are 

depleted, the collagen network degraded by MMPs, deep fibrillation and fissures have 

developed, and the remaining chondrocytes are unable to repair at a sufficient rate.
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Figure 2. 
Whole joint retention profiles across different nanomaterials (above) with a variety of 

structures, compositions, sizes, and shapes (below). In all cases, retention is presented as 

fluorescence intensity normalized the signal intensity immediately after injection. (A-C) 

Studies that include a soluble fluorophore show that joint retention is prolonged by 

nanomaterials within two weeks. (D) Incorporating a collagen type II binding peptide for 

cartilage targeting also slowed whole joint release. (A) PEG-based nano-tube [74]1, (B) tri-

block polymeric nanoparticle [75]2, (C) self-assembling polymeric nanoparticle [76]3, (D) 

DOTAM carrier molecule [77]4. Figures reprinted with permission (see footnotes). DOTAM 

= 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid amide; IL-1Ra = Interluekin-1 

receptor antagonist; PEG-SWCNT-750 = polyethylene glycol single-walled carbon 

nanotubes (with a 750nm emitting fluorochrome); NP500 or NP900 = Nanoparticle of 

500nm or 900nm.

1Adapted with permission from ACS NANO. Copyright 2014 American Chemical Society.
2 Reprinted from Biomaterials, 33, Whitmire et al., Self-assembling nanoparticles for intra-articular delivery of anti-inflammatory 
proteins, 7665–7675, Copyright 2012, with permission from Elsevier. Reprinted from The Lancet, 33, Whitmire et al., Self-assembling 
nanoparticles for intra-articular delivery of anti-inflammatory proteins, 7665–7675, Copyright 2012, with permission from Elsevier.
3Reprinted from Materials Views, 3, Singh et al., Nanoengineered Particles for Enhanced Intra-Articular Retention and Delivery of 
Proteins, 1562–1567, Copyright 2014, with permission from Elsevier
4Adapted with permission from Bioconjugate Chemistry. Copyright 2015, American Chemical Society.
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Figure 3. 
The availability of tissue targets within cartilage changes during disease progression. The 

alterations to proteoglycan content, collagen matrix, cells, and porosity create a “moving 

target” for nanomaterials, suggesting some cartilage targeting strategies may depend on the 

condition of cartilage. Here, penetration refers to the depth to or ability with which a 

nanomaterial can enter the cartilage ECM, and retention refers to the amount of time a 

nanomaterial resides within the matrix once it has gotten into the ECM.
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Figure 4. 
Synovium is a cellularly dense and heterogeneous tissue that contributes to OA pathology. 

Accordingly, many groups have engineered nanomaterial systems to deliver drugs to this 

tissue, using both nonspecific and cell-targeting vehicles.
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Figure 5. 
Synovial fluid impacts the ability of nanomaterials to enter the cartilage matrix. Here, 

nanomaterials were composed of a poly(lactide-co-glycolide) core with polyvinyl alcohol 

and/or didodecyldiamonium bromide to create an anionic or cationic surface charge, 

respectively. (A) When the articular surface of bovine cartilage explants were exposed to 

such particles in a suspension of saline or synovial fluid, the amount of cationic particles 

significantly reduced but anionic particles remained unchanged. (B) Fluorescence of the 

particles shows that penetration was reduced for cationic particles when synovial fluid was 

included. NPs = nanoparticles; ** p < 0.01 (anionic vs. cationic NPs); β p < 0.01 (saline vs 

synovial fluid). [110] Adapted with permission from Molecular Pharmaceutics. Copyright 

2017 American Chemical Society.
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Table 1.

Half-lives or residence times of select OA therapeutics after intra-articular administration illustrate the short 

dwell time in the joint.

Substance Time in joint Model Ref.

Albumin 1 hr (t½) Human OA [12]

NSAIDs 1 – 5 hrs Human RA [13]

Lidocaine 1.5 hrs (t½) Human [14]

Anakinra 4 hrs (t½) Human [15]

Lubricin 4.5 hrs Rat [16]

Hyaluronic Acid 12 – 24 hrs Rabbit, sheep, horse [17]
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Table 2.

Nanomaterials developed with active and passive targeting modalities improve joint pharmacokinetics and 

whole-joint retention.

Nanomaterial type Tissue targeting modality Physical properties Animal model Major findings Ref.

Dextran, fluorescently labeled None
10kDa (~1.4nm)

[a]

500kDa (~5.2nm)
[a]

Rat (healthy 
and MMT OA 
model)

Smaller 10kDa 
molecules 
escaped joint 
more rapidly 
than larger 
500kDa 
molecules. 
Larger 
molecules 
cleared more 
slowly in OA 
knees than 
healthy knees, 
while smaller 
molecules 
performed 
similarly in OA 
and healthy 
knees.

[78]

Carbon nanotube (PEGylated) None 20 × 100nm (tube) Mouse (healthy 
and DMM OA 
model)

Significantly 
improved 
retention rate 
relative to free 
fluorophore for 
14 days in both 
models.

[74]

Poly(D, L)-lactide nanoparticle, dye loaded None 300nm (spherical) Mice (healthy 
and inflamed)

Nanoparticles 
leaked out of 
healthy and 
inflamed knees. 
Injection with 
hyaluronic acid 
slowed release 
from the joints.

[84]

Triblock self-assembly nanoparticle for protein tethering None 270nm ± 5nm 
(spherical)

Rat (healthy) Significantly 
improved 
retention rate 
relative to free 
IL-1 receptor 
antagonist for 
14 days.

[75]

Polymeric self-assembly nanoparticle for protein 
encapsulation

None 500nm & 900nm 
(spherical)

Rat (healthy) Significantly 
improved joint 
retention for 14 
days, with free 
protein cleared 
the fastest and 
the 900nm 
particles 
clearing the 
slowest.

[76]

Kartogenin-conjugated chitosan nanoparticles None 150nm ± 39nm 
(spherical)
−11.84mV ± 1.2mV

Rat (ACLT OA 
model)

Nanoparticles 
detectable in 
the joint at 24 
days post 
injection, with 
the same 
retention and 
disease 
modifying 
effect as micro-
scale particles 

[85]
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Nanomaterial type Tissue targeting modality Physical properties Animal model Major findings Ref.

of the same 
makeup.

Thermoresponsive pluronic-chitosan-kartogenin nanoparticle None 650nm at 4°C
395nm at 37°C

Rat (ACLT and 
DMM OA 
model)

Joint 
elimination 
half-life was 
115.2 ± 2.2 hr 
with cold 
treatment and 
109.3 ± 3.6 hr 
without cold 
treatment.

[86]

Globular protein (Avidin) Passive (positive charge 
for cartilage)

~7nm
+20mV

Rat (healthy) At 24 hours, 
significantly 
more Avidin 
(cationic) than 
Neutravidin 
(neutral) in 
remained 
various joint 
tissues. At 7 
days, Avidin is 
mostly cleared 
from joint 
tissues.

[81]

PAMAM dendrimer, PEGylated to control surface charge, 
with IGF-1 conjugated

Passive (positive charge 
for cartilage)

“Gen 4” 14kDa 
(~4.5nm), 64 NH2 

groups per 
molecule (less 
cationic)

Rat (healthy) Whole joint 
retention was 
the greatest for 
more-charged 
“Gen 6” 
dendrimer, with 
joint half lives 
of 0.41 days for 
free IGF-1, 
1.08 days for 
“Gen 4” 
dendrimers, 
and 4.21 days 
for “Gen 6” 
dendrimers.

[82]

“Gen 6” 58kDa 
(~6.7nm), 256 NH2 

groups per 
molecule (more 
cationic)

Cationic nanoparticle comprised of dextran proprionate and 
Eudragit RL100, fluorescently tagged

Passive (positive zeta 
potential for synovial 
fluid)

100nm – 150nm 
(PDI 0.1 – 0.4)
Positive zeta 
potential previously 
confirmed (data not 
shown)

Rat (healthy) With and 
without intra-
articular 
injection of 
exogenous 
hyaluronate, 
cationic 
nanoparticles 
had 
significantly 
improved 
whole joint 
retention (74% 
of signal after 7 
days) relative 
to free 
tetrapeptide 
(23% of signal 
after 2 days).

[80]

Cationic nanoparticle comprised of PLGA, PVA, and 
Eudragit RL, loaded with DiR dye

Passive (positive zeta 
potential for synovial 
fluid)

170.1nm ± 6.0nm 
(PDI 0.111 
± 0.0006)
+21.3mV ± 2.4mV

Mouse (healthy) Significantly 
longer joint 
retention was 
observed for 
the 
nanoparticles 
(50% 
remaining after 
28 days) 
relative to free 
dye (30% 

[79]
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Nanomaterial type Tissue targeting modality Physical properties Animal model Major findings Ref.

remaining after 
3 days)

DOTAM derivative with collagen type II targeting peptide Active (targeting peptide, 
cartilage)

N/A Mouse (healthy) Knee retention 
up to 200 hr 
enhanced by 
targeting 
peptide, where 
increasing the 
sites of peptide 
conjugation 
increases joint 
retention.

[77]

[a] Diameter in nm approximated using the equation reported by Erickson [87] as Minimum radius = 0.066 *[mass in Daltons]⅓

AIA = antigen-induced arthritis; ACLT = anterior cruciate ligament transection; DIR = 1,1′-dioctadecyl-3,3,3′,3′ tetramethylindotricarbocyanine 
iodide; DOTAM = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid amide; DMM = destabilization of the medial meniscus; DAP = dorsal 
air pouch; IGF-1 = insulin-like growth factor 1; IL-1 = interleukin-1; PAMAM = polyamidoamine; PDI = polydispersity index; PEG = 
polyethylene glycol; PLGA = poly (lactic co-glycolic acid); PVA = polyvinyl alcohol; MMT = medial meniscus transection
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Table 3.

Nanomaterials designed for drug delivery to cartilage and chondrocytes

Nanomaterial type Targeting modality Physical properties Animal model Major findings Ref.

PAMAM dendrimer, PEGylated to 
control surface charge, with IGF-1 
conjugated

Passive (positive 
charge for cartilage)

“Gen 4” 14kDa 
(~4.5nm), 64 NH2 

groups per molecule 
(less cationic)

Ex vivo bovine 
cartilage 
(healthy)

The more charged 
“Gen 6” dendrimer 
transported more 
slowly into cartilage (6 
days vs. 2 days for 
“Gen 4” for full 
thickness distribution), 
but to a greater extent 
(nearly twice as much 
“Gen 6” compared to 
“Gen 4” after 6 days).

[82]

“Gen 6” 58kDa 
(~6.7nm), 256 NH2 

groups per molecule 
(more cationic)

Globular protein (Avidin) Passive (positive 
charge for cartilage)

~7nm
+20mV

Ex vivo bovine 
explants (healthy 
and trypsin 
treated)

Positively charged 
Avidin has stronger 
interactions with 
cartilage than the 
neutral form of the 
protein.

[88]

Triblock self-assembly nanoparticle Passive 300nm In vivo rat 
(healthy)

Nanoparticles 
penetrated the full-
thickness of cartilage 
in vivo, shown by 
fluorescence 
microscopy.

[75]

Micelle ± CPP Passive (naked) 15nm Ex vivo bovine 
explants 
(healthy, IL-1α, 
or trypsin 
treated)

CPP modification 
increased association 
with chondrocytes. 
Only smaller micelles 
could diffuse through 
the cartilage 
(liposomes were 
trapped in the 
superficial zone).

[89]

Active (CPP) 106nm

Liposome ± CPP Passive (naked) 138nm

Active (CPP) 397nm

Peptidic siRNA carrier (CPP-siRNA 
complex, coated with albumin)

Active (contains a 
CPP)

~55nm Ex vivo human 
explants (healthy 
and OA)

After incubating tissue 
for 48hrs with the 
carrier, the carrier was 
present throughout the 
cartilage, primarily 
accumulated 
intracellularly and 
aggregated in the 
superficial zone. Signal 
was detectable in 
chondrocyte lacunae 
after 14–21 days in 
culture.

[90]

Poly(propylene sulphide) 
nanoparticle with collagen type II 
peptide

Active (targeting 
peptide for collagen 
II)

38nm In vivo mouse 
(healthy)

The 38nm targeted 
particles are 
immobilized within the 
tissue with a 71-fold 
greater accumulation 
than scrambled 
controls at 48hrs. For 
targeted particles, 
38nm particles had 
14.9-fold more 
accumulation than 
96nm particles in the 
cartilage matrix.

[83]

96nm

−Peptide: −3mV 
± 9mV
+Peptide: +18mV
± 3.5mV

Liposome with an anti-collagen II 
antibody

Active (antibody for 
collagen II)

150–250nm In vivo guinea 
pig (spontaneous 
OA model), 
intravenous 
injection

Antibody-enhanced 
liposomes qualitatively 
showed selective 
binding to OA 
cartilage. Liposomes 

[91]

Acta Biomater. Author manuscript; available in PMC 2020 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Brown et al. Page 40

Nanomaterial type Targeting modality Physical properties Animal model Major findings Ref.

without the targeting 
antibody did not show 
significant binding to 
cartilage.

Liposome with an anti-collagen II 
antibody

Active (antibody for 
collagen II)

100–300nm In vivo mouse 
(DMM OA 
model), 
retroorbital 
injection

Amount of 
nanomaterial increased 
proportionately with 
disease severity via 
fluorescence tracking.

[92]

Hyaluronic acid-coated bovine serum 
albumin nanoparticles

Active (binding to 
chondrocyte CD44)

108.1nm ± 5.9nm
−21.1mV± 3.2mV

In vitro 
chondrocytes in 
monolayer

Hyaluronic acid 
coating statistically 
improved chondrocyte 
uptake of the loaded 
drug through active 
transport processes.

[93]

Hyaluronic acid-coated Polylactide 
(PLA) nanoparticles

Active (binding to 
chondrocyte CD44)

650nm ± 40nm In vitro 
chondrocytes 
and synoviocytes 
in monolayer

Hyaluronic acid 
coating improved 
uptake into 
chondrocytes relative 
to poly vinyl alcohol 
(passive strategy).

[94]

CPP = cell penetrating peptide (nonspecific to chondrocytes); DMM = destabilization of the medial meniscus; IGF-1 = insulin-like growth factor 1; 
IL-1α = interleukin 1 alpha; PAMAM = polyamidoamine; PEG = polyethylene glycol
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Table 5.

Passively targeted nanomaterials for drug delivery to synovium or synoviocytes

Nanomaterial type Targeting Modality Physical properties Animal model Major findings Ref.

Gold nanoparticles (no drug) Passive 5nm – 52nm Ex vivo 
porcine 
synovium

Effective tissue 
permeation was only 
achieved with the 
smallest particles 
(5nm). Exposure to 
pro-inflammatory 
factors did not affect 
permeation.

[143]

Chloroquine loaded solid lipid 
nanoparticle

Passive 113.6nm In vivo rat 
(CFA RA 
model)

TNF-α levels were 
significantly reduced 
when chloroquine was 
loaded into a solid 
lipid nanoparticle 
versus free suspension 
of chloroquine.

[141]

Brucine loaded PLGA 
nanoparticles in PLGA 
microparticles

Passive 12.38nm In vivo rat 
(air-pouch 
inflammatory 
model)

Burst release of 
brucine was slowed 
and particles stayed in 
the articular cavity for 
significant time.

[132]

Dendritic polyglycerol sulfate (no 
drug)

Passive 3nm Ex vivo 
human cells 
(articular 
chondrocytes 
and synovial 
fibroblasts)

Cells treated with NPs 
did not show any 
change in the 
synthesis of pro-
inflammatory 
cytokines (TNF-α and 
IL-6) and a greater 
expression of 
antiinflammatory 
cytokines (IL-10).

[150]

Thiolated glycol chitosan 
nanoparticles encapsulating 
polymerized Notch 1 targeting 
siRNA

Passive 200nm In vitro 
murine 
macrophages 
In vivo mice 
(CIA RA 
model)

In vitro Notch-1 
inhibition of siRNA-
NPs in murine 
macrophage cell was 
confirmed. siRNA-
NPs exhibited higher 
targeting efficiency in 
the arthritic joints of 
CIA mice.

[134]

Chitosan-graft-PEI nanoparticles 
complexed with plasmid enhanced 
green fluorescent protein

Passive (gene delivery) 100nm–300nm In vitro rabbit 
synoviocytes

NPs were able to 
carry plasmid DNA 
inside synoviocytes 
where the DNA was 
detected entering the 
cell nuclei.

[151]

Melittin-Derived Cationic 
Amphipathic Nanocomplexes 
combined with siRNA targeting 
the p65 subunit of NF-κB

Passive (gene delivery) 55nm In vivo mice 
(CAIA RA 
model)

Administration of 
p5RHH-p65 siRNA 
nanocomplexes 
decreased 
inflammatory 
cytokine expression 
and cellular influx 
into the joints, 
protected against bone 
erosions, and 
preserved cartilage 
integrity.

[152]

Multiwall Carbon Nanotubes (no 
drug)

Passive 60nm diameter 10μm length In vitro human 
FLS
In vitro RAW 
264.7 cells

MWCNTs led to 
formation of 
granulation tissues 
within adipose tissues 
at higher 

[153]
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Nanomaterial type Targeting Modality Physical properties Animal model Major findings Ref.

In vivo rats 
(healthy)

concentrations in 
vivo. With RAW 
264.7 cells, the 
MWCNTs increased 
the TNF-α, MCP-1 
and RANTES induced 
inflammatory 
responses in a dose 
dependent manner 
while decrease 
MIP-1α. With HFLS, 
they decreased 
secretion of IL-6 and 
MCP-1.

Carbon nanotubes coated with 
PEG and DEX

Passive 180nm (DEX-PEG-coated CNT)
−18mV

In vitro human 
FLS

DEX and PEG coated 
CNTs were able to 
decrease released of 
inflammatory 
cytokines (IL-1β, 
TNF-α and IL-6) and 
MMP3 at both a gene 
and protein expression 
level at a lower 
concentration than 
free DEX in vitro with 
FLS.

[138]

N-trimethyl chitosan-polysilicon 
acid nanoparticles coated with 
decoy oligodeoxynucleotides

Passive (gene delivery) Without methotrexate: 159nm, 
+23mV
With methotrexate: 184nm, 
+33mV

In vitro human 
synovial 
sarcoma cells
In vitro 
primary RA 
synovial 
fibroblasts

Nanoparticles 
decorated with decoy 
oligodeoxynucleotides 
specific to 
transcription factor 
NFkB resulted in 
significant decreases 
in inflammatory 
mediators (IL-6 and 
IL-8).

[147]

Clodronate liposomes Passive 120nm –160nm Human 
patients with 
RA

A single IA dose of 
clodronate liposomes 
significantly reduced 
the number of CD68-
positive macrophages 
and the expression of 
ICAM-1 and 
VCAM-1 in the 
synovial lining.

[140]

Superparamagnetic iron oxide 
nanoparticles (no drug)

Passive (Stimuli 
Responsive - 
magnetic)

Not Reported In vivo sheep 
(healthy)

Intraarticular and 
periarticular injection 
of the particles led to 
uptake in the 
synovium, with 
increased local 
concentration when an 
extracorporeal magnet 
was applied.

[148]

DEX-HPMA copolymer conjugate Passive (Stimuli 
Responsive - pH 
sensitivity)

73kDa (~2.8nm)
[a] In vivo rats 

(AIA RA 
model)

The conjugate has 
greater anti-
inflammatory effects 
compared with 
systemically 
administered free 
DEX. This differential 
effect of the conjugate 
was related to its 
selective 
accumulation, 
potential macrophage-
mediated retention, 
and pH-sensitive drug 

[68]
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Nanomaterial type Targeting Modality Physical properties Animal model Major findings Ref.

release in arthritic 
joints.

Mineralized nanoparticles 
composed of PEGylated 
hyaluronic acid as the hydrophilic 
shell, 5β-cholanic acid as the 
hydrophobic core, and calcium 
phosphate as the pH-responsive 
mineral and loaded with 
methotrexate

Passive (Stimuli 
Responsive - pH 
sensitivity)

218nm–265nm In vivo rats 
(CIA RA 
model)

The mineralized 
nanoparticles revealed 
pH-dependent 
demineralization 
followed by 
acceleration of 
methotrexate release 
into the cytosol.

[69]

PLGA gold / iron/ gold half-shell 
nanoparticles conjugated with 
RGD and loaded with 
methotrexate

Passive (Stimuli 
Responsive - NIR and 
magnetic)

135nm In vivo mice 
(CIA RA 
model)

When combined with 
consecutive NIR 
irradiation and 
external magnetic 
field application, 
these nanoparticles 
provide enhanced 
therapeutic effects.

[133]

[a] Diameter in nm approximated using the equation reported by Erickson [87] as Minimum radius = 0.066 * [mass in Daltons]⅓

AIA = Adjuvant-induced Arthritis; CAIA = Collagen Antibody-Induced Arthritis; CIA = Collagen Induced Arthritis; CFA = Complete Freund’s 
Adjuvant; CNT = Carbon Nanotube; DEX = dexamethasone; FLS = Fibroblast-Like Synoviocytes; HFLS = Human Fibroblast-Like Synoviocytes; 
HPMA = N-(2-hydroxypropyl)methacrylamide; IA = Intra-articular; ICAM-1 = Intercellular Adhesion Molecule 1; IL = Interleukin; MCP-1 = 
Monocyte Chemoattractant Protein 1; MIP1α = Macrophage Inflammatory Protein 1 Alpha; MMP = Matrix Metalloproteinase; MWCNT = 
Multiwall Carbon Nanotubes; NFkB = nuclear factor kappa-light-chain-enhancer of activated B cells; NIR = Near infrared; PEI = 
Polyethylenimine; PEG = poly (ethylene glycol); PLGA = poly(lactic-co-glycolic acid); RA = Rheumatoid Arthritis; RANTES = Regulated on 
activation, normal T cell expressed and secreted; RAW 264.7 = Macrophage-like cell line derived from tumors induced in male BALB/c mice by 
the Abelson murine leukemia virus; RGD = arginine-glycine aspartic acid; SLNs = Solid Lipid Nanoparticles; TNF-α = Tumor Necrosis Factor 
Alpha; VCAM-1 = vascular cell adhesion molecule 1.
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Table 6.

Active-targeting nanomaterials for drug delivery to synovium or synoviocytes

Nanomaterial type Targeting modality Physical properties Animal model Major findings Ref.

Alginate nanoparticles decorated with 
tuftsin peptide and loaded with IL-10 
plasmid DNA

Active (surface receptor) ~300nm In vivo rat 
(adjuvant-
arthritis model)

Targeted alginate 
nanoparticles 
loaded with 
IL-10 plasmid 
DNA can 
efficiently re-
polarize 
macrophages 
from an M1 to an 
M2 state.

[137]

Self-assembling block copolymer with 
protein-tethering moiety (IL-1Ra)

Active (IL-1 surface 
receptors)

270nm ± 5nm In vitro rabbit 
synoviocytes
In vivo rat 
(healthy)

IL-1Ra-tethered 
particles bound 
to synoviocytes 
via the IL-1 
receptor and 
significantly 
increased whole 
joint retention of 
IL-1Ra relative to 
soluble IL-Ra.

[75]

Micelle carriers of camptothecin, 
surface modified by vasoactive 
intestinal peptide

Active (surface receptors) Not reported In vivo rat 
(CIA RA 
model)

Single 
subcutaneous 
injections of the 
micelles led to 
mitigated 
inflammation in 
joint if CIA mice 
up to ~4.5 weeks 
after induction.

[139]

RGD peptide–exposing long circulating 
PEG liposomes loaded with 
dexamethasone and targeted to αvβ3 
integrins expressed on angiogenic 
VECs

Active (surface receptors) 100nm In vitro 
HUVECs
In vivo rats 
(AIA RA 
model)

In vivo, increased 
targeting of 
radiolabeled 
RGD-PEG-L to 
areas of LPS-
induced 
inflammation in 
rats was 
observed.

[158]

αvβ3-targeted fumagillin nanoparticles Active (surface receptors) 250nm In vivo rats 
(K/BxN model 
of RA)

Synovial tissues 
from animals 
treated with 
targeted 
fumagillin 
nanoparticles 
showed a 
significant 
decrease in 
inflammation and 
angiogenesis, and 
preserved 
proteoglycan 
integrity.

[157]

Nanocarrier composed of lipids, PEG-
PLGA forming a hydrophilic shell, folic 
acid around the hydrophilic shell as a 
targeting ligand, and 
poly(cyclohexane-1,4-diylacetone 
dimethylene ketal) (PCADK) and 
PLGA as a hydrophobic core and 
loaded with methotrexate

Active (surface receptors) 133.6 – 208.5nm 
(varied based on 
composition of 
components)

In vitro RAW 
264.7 cells
In vivo rats 
(AIA RA 
model)

Folate targeted 
particles 
demonstrated 
superior uptake 
in RAW 264.7 
cells than 
untargeted cells. 
A smaller paw 
size and decrease 
swelling was 
observed in the 
AIA model of rat 

[156]
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Nanomaterial type Targeting modality Physical properties Animal model Major findings Ref.

when injected 
with the targeted 
particles than the 
untargeted 
particles.

PLGA nanoparticles coated either with 
macrophage-derived microvesicle 
proteins or red blood cell membrane 
proteins and loaded with tacrolimus

Active (surface receptors) 130nm In vitro 
HUVECs
In vivo rats 
(CIA RA 
model)

In vitro binding 
of the 
microvesicle 
coated particles 
was greater than 
controls. The 
microvesicle 
coated particles 
also showed 
greater 
therapeutic 
impact in CIA 
model than 
controls.

[159]

AIA = Antigen-induced arthritis; CIA = Collagen Induced Arthritis; HUVEC = Human umbilical vein endothelial cells; IL-1Ra = Interleukin 1 
Receptor Antagonist; LPS = Lipopolysaccharide; MPCM = Mouse peritoneal cavity macrophages; PEG = poly (ethylene glycol); PLGA = poly 
(lactic co-glycolic acid); RA = Rheumatoid Arthritis; RAW 264.7 = Macrophage-like cell line derived from tumors induced in male BALB/c mice 
by the Abelson murine leukemia virus; RGD = arginine-glycine-aspartic acid; VEC = Vascular Endothelial Cells.
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