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Abstract

Osteoarthritis (OA) is a disease characterized by degradation of joints with the development of 

painful osteophytes in the surrounding tissues. Currently, there are a limited number of treatments 

for this disease and many of these only provide temporary, palliative relief. In this review, we 

discuss polymer drug delivery systems that can provide targeted and sustained delivery of imaging 

and therapeutic agents to OA-affected sites. We focus on technologies such as polymeric micelles 

and nano- / micro-particles, liposomes, and dendrimers for their potential treatment and/or 

diagnosis of OA. Several promising studies are highlighted, motivating the continued development 

of delivery technologies to improve treatments for OA.

1. Introduction

Osteoarthritis (OA) is a debilitating disease that affects joints and their surrounding tissues 

leading to pain and loss of mobility. While there are many factors involved in the initiation 

of OA, the full context is not thoroughly understood; it is considered to be a complex disease 

of the whole joint, rather than a specific cellular or matrix component.[7] Many potential 

risk factors for OA such as genetic predisposition [9], aging [10], obesity [11], and joint 

trauma or misalignment [12] [13] have been investigated. While the mechanism of action 

and pathogenesis of the disease remains incompletely elucidated, it is clear that a 

combination of both mechanical and biological factors are involved. [14] [7] [15] Figure 1 

illustrates the multifaceted, negative impacts that arthritis can have on joints.

Because OA is high prevalence and causes significant morbidity, an improved 

understanding of the pathogenesis of OA and development of improved OA therapies are 

significant medical needs. As of 2012, over 25% of the United States population over the 

age of 45 was afflicted with OA [16]. This number is expected to increase to almost 30% by 

the year 2032. [16] Not only is OA physically incapacitating, it causes a significant financial 

burden to patients and the healthcare system. Healthcare costs related to OA totaled over 

$60 billion in 2007, and the aggregate cost of OA is expected to increase to $185.5 billion 

per year based on data from 2007. [17]
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Current treatments of OA are primarily focused on pain alleviation and the improvement of 

joint function and mobility.[18] These treatments can be classified into three main 

categories: non-pharmacological, pharmacological, and surgical. Non-pharmacological 

treatments include reduction of weight on the affected joint or braces that mechanically 

stabilize the joint. These treatments can be effective, but many patients find them difficult to 

implement for extended periods of time. Joint replacement surgeries are common in patients 

with severe symptoms and are generally very effective.[19] However, surgery is often only 

utilized as a last resort after pharmacological treatments have failed and the patient has 

experienced debilitating pain for many years.[20]

The primary focus of this review is on pharmacological treatments. Unfortunately, no 

current treatments address the underlying molecular causes of the disease [14, 20] or are 

curative in nature. Pharmacological treatments include the administration of analgesics such 

as non-steroidal anti-inflammatory drugs (NSAID) and in some cases analgesics such as 

opioids or narcotics.[21] Intra-articular injections and systemic administration of long-acting 

glucocorticoids can also be effective during flares of inflammation, but these only work 

temporarily and can have negative consequences for long term use.[22, 23] Other current 

pharmaceuticals such as hyaluronic acid-based products rely on longitudinal intra-articular 

injections that each supply only 1-3 months of symptom relief. Injection directly into the 

joint enables control over dosing the target tissue, but most drugs are quickly cleared from 

the joint cavity, reducing any potential for long term benefits of treatment.[24] Systemic 

administration of drugs for OA has been associated with severe side effects with little 

therapeutic benefit. NSAIDs are known to cause gastrointestinal complications in a 

significant population of patients and selective cyclooxygenase-2 (COX-2) inhibitors, 

another class of drug found to be moderately effective at treating symptoms of early-mid 

stage OA, have been associated with cardiovascular risks. [6] The shortcomings of these 

conventional therapies motivate not only discovery of new therapeutics but also new 

delivery systems for targeted and prolonged pharmacological delivery that could lead to 

better compliance and improved outcomes for patients with OA. Recent studies suggest that 

inflammatory mediators, proteases, and signaling molecules such as NFκB, ERK1/2, 

interleukin-1 receptor antagonist, and TLRs may be promising molecular targets for 

treatment of OA. Without delivery systems, these inflammatory mediators have minimal 

therapeutic potential because of their lack of persistence at the target site and act to broadly 

to be effective via oral administration. [14]

The most significant challenge that persists with drug delivery for OA is a lack of 

vasculature within synovial joints; this is a significant barrier to biodistribution of 

systemically delivered therapies to the target site. Another challenge is rapid clearance of 

locally delivered therapeutics due to synovial fluid exchange. The presence of synovial fluid 

makes the delivery of hydrophobic drugs difficult, as they lack the ability to disperse within 

the joint. However, hydrophilic therapeutics such as proteins are cleared from the joint via 

pressure gradients that cause flow of the synovial fluid. Fluid movement within joints is 

created by ultrafiltration of fluid from the capillaries into the joint cavity and drainage of 

fluid from the cavity, through the synovial membrane into the lymphatics. [25] Repeated 

administration of locally-injected therapies on a regular basis is not desirable/feasible; thus 

this delivery route is not warranted if the benefit is relatively short-lived.[26] This review 
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will survey the utilization of polymeric drug delivery vehicles in the context of OA, 

including nano- and micro-scale materials. Many nano-scale polymeric materials have been 

investigated for intravenous delivery and preferential targeting/retention at pathological 

sites; for example, many of the platforms developed for anticancer agents [27], including 

polymeric micelles, liposomes, and dendrimers, may also be useful technologies for OA 

therapy.[28] Micron-scale (microgels, microparticles, etc.) biomaterials made from synthetic 

and/or natural polymers are also useful for solubilizing and controlling the release of 

therapeutics for local delivery[29], and their larger size can be beneficial for reducing the 

diffusivity and rate of clearance from the joint. These technologies enable specific 

biochemical interactions and/or physicochemical tuning (charge, size, etc) to be utilized to 

potentially yield longer-acting and more effecive treatments for OA. Prior to reviewing 

specific OA applications of particulate systems, the general properties and formulation 

characteristics will be outlined for micelles, liposomes, and solid polymeric particles.

2. Particles for Drug Delivery

2.1. Micelles

Micelles are nanoscale materials comprising amphiphilic polymers that self-assemble in 

aqueous solvents (Figure 2).[30] Micelle formation is driven by the entropic hydrophobic 

effect, wherein energetically unfavorable water-cages are excluded from the hydrophobic 

polymer blocks, followed by self-aggregation of these segments into hydrophobic 

compartments stabilized by a hydrophilic corona.[31] In order for micelles to form, a critical 

concentration of the molecule must be present, known as the critical micelle concentration 

(CMC). For many amphiphilic diblock copolymers, the CMC is low enough to enable 

micelle stability under dilute conditions (~10-100 ug/mL)[26]. However, a primary 

challenge in micelle research is reducing susceptibility to premature disassembly in vivo 

under dilute conditions and/or due to competing interactions with endogenously present 

serum proteins and cholesterol.[32] Micelle core and shell crosslinking are especially 

promising for stabilization of these structures.[33, 34]

Importantly, the core of the micelles can be utilized to load and solubilize hydrophobic 

drugs or imaging agents.[35] A primary shortcoming of micelles, on the other hand, is the 

inability to use hydrophilic drugs unless they are covalently tethered to the micelle. Solvent 

evaporation methods, emulsion polymerizations, and nano-precipitation have been 

successfully utilized to encapsulate hydrophobic drugs within the micelle core and enhance 

colloidal stability of the poorly soluble drugs. Sizes of micelles are dependent on many 

factors including but not limited to: the polymer chemistry, degree of polymerization, ratio 

of hydrophobic to hydrophilic polymer block lengths, packing factor, and drug cargo and 

amount. The size of micelles ranges broadly, but it is generally accepted that sizes from 

20-200nm in diameter are ideal for avoiding rapid renal clearance and passively targeting 

pathological tissues that have leaky vasculature.[36] A smaller diameter facilitates entry into 

the lymphatic vessels and transport to lymph nodes and improves diffusivity from the 

vasculature and throughout target tissues.

In addition to core-loading of hydrophobic cargo, micelles can be designed with multiple 

functionalities. Micelles can also be targeted for preferential uptake by specific cell type 
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through conjugation of peptides, proteins, antibodies, or other targeting ligands onto the 

hydrophilic corona of the polymer, which is often polyethylene glycol (PEG).[37] [5] PEG 

is most often employed because it provides micelle shielding or “stealth” from the 

mononuclear phagocyte (MPS) system, reduces systemic toxicity, and prolongs blood 

circulation times.[38-41] Even with a PEG corona, micelles, like all nanoparticles, remain 

susceptible to rapid clearance from the blood by the phagocytic cells of the liver and spleen; 

this limits the ability to achieve preferential accumulation at pathological sites. Micelles can 

also be endowed with environmentally-responsive functionalities tuned to trigger drug 

release or particle uptake in specific pathological environments [27, 37, 42-48] or to provide 

endosomal escape functions.[49-54] [35]

2.2. Liposomes

Liposomes are aqueous-core vesicles surrounded by a lipid bilayer; figure 3 schematically 

illustrates the multifunctional components that can comprise liposomes. Unlike micelles, 

liposomes contain an aqueous core than can carry hydrophilic drug cargo. Similar to 

micelles, liposomes suffer from removal by the MPS following IV delivery, and this can be 

at least partially overcome by PEGylation, which can be used to increase stealth and/or 

provide chemical handles for functionalization with targeting ligands.[56, 57] Liposomes 

can be formulated using several different techniques resulting in a wide range of sizes from 

~ 50 nm up to 5000 nm depending on the buffer, lipid composition, filtration strategy, and 

number of lipid bilayers that are present. [58] Formulation techniques for drug loaded 

liposomes can be broken down into passive and active loading techniques.[59] Passive 

loading, which occurs during liposome formation, can be further divided into mechanical 

dispersion, solvent dispersion, and detergent removal methods. Mechanical dispersion can 

be performed via sonication, extrusion, freeze-thaw cycles, lipid film hydration, micro-

emulsification, and membrane extrusion. Active loading of liposomes is performed after 

liposome formation. A common form of active loading utilizes pH gradients to drive water 

soluble drugs with protonatable amine functionalities into liposomes after formulation. The 

drug is precipitated out due to raised pH inside of the liposome. [60] This approach enables 

very high loading efficiency in liposomal products for delivery of drugs such as doxorubicin 

(Doxil). [61]

Liposomes have been the focus of several successful clinical trials, mostly for cancer 

applications. PEGylated liposomal doxorubicin (Doxil/Caelyx), nonPEGylated liposomal 

doxorubicin (Myocet), liposomal daunorubicin (DaunoXome), and liposomal cytarabine 

(Depocyte) are all FDA approved drugs, and there are numerous other anticancer liposomal 

drugs in advanced clinical development. [62] Liposomes have also commonly been used for 

imaging applications, for example to encapsulate contrast agents such as In or Gd for MRI.

[63] [58] Liposomes for rheumatoid arthritis (RA) have been investigated by Storm et al. 

concluding that liposomes can functionally improve the therapeutic performance of anti-

inflammatory agents for RA through formation of a depot (local administration) or by 

attaining site specific drug targeting (IV administration). However, at the time of this 

review, no liposomal therapies for RA have been developed for clinically due to the lack of 

marketability that is perceived by industry. The benefits of using nanoscale drug delivery 

systems has not been estimated to outweigh the costs of integrating these new therapies into 
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the clinic for what is estimated to be of marginal benefit for delivery of the same anti-

inflammatory compounds currently used. Liposomes would require IV or IA administration 

while current drugs are routinely delivered orally. In contrast, liposomal delivery of 

doxorubicin has proven effective for cancer therapies clinically due to the already invasive 

nature of previous cancer treatments. Although liposomes can supply a prolonged release of 

the drugs for the treatment of RA, there were not significant changes in the clinical outcome 

of particle based therapies compared to free drug therapies. [64]

2.3. Dendrimers

Dendrimers are repetitively branched molecules that consist of three components: the 

initiator core, branched interior, and shell, that latter of which provides surface groups that 

can be utilized for covalent attachment of cargo or targeting ligands (figure 4). Dendrimers 

are formed by synthesis of multiple generations that radially branch in 3D from the initiator 

core. This can be achieved either from a convergent or divergent synthesis approach. [65] 

The highly branched, generational architecture makes dendrimers flexible platforms for 

incorporating different types of cargo. They can be readily designed to incorporate small 

molecule drugs, imaging agents, therapeutic proteins, peptides, or nucleic acids, and 

targeting agents.[4, 66-68] Moreover, combinations of multiple functionalities can be easily 

integrated into a single dendrimer design due to the uniqueness of each compartment 

(initiator, interior, shell) of the molecule.[69] As a results of the sequential nature of 

dendrimer synthesis, the final product is highly monodispersed compared to many of the 

other nano- and micro-fabrication techniques used.[70] The surface chemistry of dendrimers 

is also easily altered and can be optimized to provide ideal properties for a specific 

application. In a good example of the diversity achievable with dendrimer designs, Tyssen et 

al. recently performed a high-throughput screen of dendrimers with varying cores, branches, 

generation numbers, and surface chemistries. Through the screen, they were able to identify 

a subset of optimally balanced hydrophobic and anionic surface chemistries for the binding 

and neutralization of HIV-1. Their most promising dendrimer, VivaGel®, is currently in 

advanced clinical trials. [71] Thus, dendrimers are potentially unique in their ability to be 

used both as deliver systems and as therapeutics themselves for some select applications 

(i.e., VivaGel®).

Polymeric materials are appealing for OA therapies for their ability to supply prolonged 

drug release. However, a disadvantage of classic dendrimer preparations is the burst release 

of the encapsulated drug. With dendrimers, upwards of 70% of the encapsulated drugs are 

often released within a few hours of being reconstituted into saline.[72] This can be 

overcome by covalently bonding the drug to the dendrimer, or formation of a dendrimeric 

prodrug. [26] Drug encapsulation within dendrimers has been successfully carried out for 

anticancer, anti-inflammatory, and anti-microbial drugs by both physical encapsulation and 

chemical coupling. [73]

The surface chemistry and/or charge of many dendrimers enable incorporation of 

mechanisms for cellular internalization. Although the mechanism is not entirely elucidated, 

it is generally thought that cationic nanoparticles bind negatively charged 

glycosaminoglycans (GAGs) of the cell surface in order to drive internalization.[74] Further, 
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dendrimers can be actively targeted for cell uptake by incorporating a ligand that binds the 

dendrimer to internalizing cell surface receptors. The ability to penetrate chondrocytes and 

the extracellular matrix would prove crucial for dendrimers for OA applications.[4, 75, 76]

2.4. Polymeric Nano/Microspheres

Polymeric particles are a more generalized platform that can be formulated in both nano- 

and micro-scale size ranges and to encapsulate both hydrophilic and hydrophobic drugs, 

nucleic acids, and proteins. Sizing of these spheres can be tuned by the type of fabrication 

technique utilized. There are two main types of polymer spheres. The first is a capsule, or 

polymersome, which consists of a hydrophilic drug reservoir and a polymeric shell; these 

are analogous to liposomes but are polymer rather than lipid based. The second is solid 

spheres comprising a homogenous polymeric matrix loaded with dispersed/entrapped drug. 

Release kinetics of both have been thoroughly studied and are also tunable depending of 

formulation technique and the chemical composition and molecular weight of the polymer 

and the drug.

Varying sizes of particles can be obtained depending on the formulation techniques used. 

Many nano-sized particles are accomplished through spontaneous assembly based on 

chemistry. [77] Other techniques for size control of these polymeric particles involve solvent 

and solute concentrations and volumes, emulsifying time, and solvent evaporation methods. 

A common method of making polymeric particles is the oil-in-water (O/W) emulsion 

method that utilizes an oil phase with a hydrophobic drug and polymer that is emulsified 

into a water phase; a surfactant is typically utilized to stabilize the emulsion. The oil phase 

solvent is then evaporated, trapping the drug inside of polymeric particles. [78] A similar 

method can also be employed to encapsulate hydrophilic drugs. This method is known as a 

water-in-oil-in-water (W/O/W) emulsion. In the W/O/W method, a water phase containing 

the hydrophilic drug or protein is first emulsified into an oil phase containing the polymer. 

Then, that water and oil emulsification is dropped into a final water phase containing a 

surfactant and emulsified. The oil solvent is subsequently removed, leaving the hydrophilic 

therapeutic trapped within the polymeric sphere.[79] Nano-precipitation is another common 

method for nanoparticle formulation. Nano-precipitation is accomplished through rapid 

mixing under defined flow parameters. Polymer molecules will nucleate into nanoparticles 

until colloidal stability is reached during the controlled mixing of solvent and a non-solvent. 

This transition is made with the use of different solvents dependent upon the polymer 

solubility. [80, 81] Nano-precipitation can be more elegantly accomplished under fluid 

control such as micromixers or the use of microfluidic devices. These approaches to nano-

precipitation produce less polydispersed particles under more controled batch conditions.

[82-86] Nano-sized particles can be used for systemic delivery via intravenous injection 

while micro-sized particles are typically only utilized for local delivery via injections 

directly into the target site. For nano-particles to maintain a longer circulation time, they are 

often surface-modified with functionalities such as PEG to increase hydrophilicity and 

provide stealth shielding.[87] The vast variety of parameters that can be tuned to control the 

properties of polymeric micro- and nanospheres makes them a good approach for OA 

applications.
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3. Osteoarthritis Targeting and Drug Delivery

The particle classes summarized above share common characteristics that make them 

advantageous for OA applications. Polymeric and liposomal particles commonly increase 

the circulation time and improve the pharmacokinetics of free drugs which can suffer from 

rapid clearance when delivered systemically. Increased circulation time and systemic 

persistence effectively increases the probability of targeted or nonspecifically-accumulating 

drug formulations to accumulate in the inflamed/damaged joints. Generally, polymeric and 

liposomal particles can be endowed with increased circulation time through surface 

modification and the addition of PEG.[45, 51, 52, 73, 87-89] For targeting the cartilage 

matrix, micelles, polymeric nanoparticles, and dendrimers can infiltrate the pores within 

cartilage due to their nanoscale size; these classes of delivery systems can also be 

synthesized to have positive surface charge to bind to the inherently negatively charged 

cartilage matrix. The ability to functionalize the surface of particulate systems with targeting 

ligands allows for collagen II-binding peptide sequences to be tethered to particles and 

increase their targeting to cartilage matrix.[90] Polymeric particles also have the ability to 

target hydroxyapatite that is present in advanced cases of OA when subchondral bone is 

exposed; this is achieved through the attachment of targeting peptides and bisphosphonates.

[26, 91] Polymeric systems can also be optimized for targeting the cartilage surface rather 

than the underlying matrix by conjugating peptides that bind to epitopes exposed following 

cartilage degradation such as VDIPEN and NITEGE.[26, 92] Beyond this more 

generalizable characteristics, the different classes of delivery systems also have unique 

characteristics that make them especially promising for overcoming different aspects of the 

delivery barriers present in OA; these more specific applications of each delivery technology 

are summarized below.

3.1. Micelles

Several applications of micelles have been explored for arthritis (both OA and RA) 

treatment.[8, 93-96] In these studies, several different hydrophobic, small molecule drugs 

(indomethacin, dexamethasone, camptothecin, and cyclosporin A) have been formulated 

into micelles and administered either locally[93, 94] or systemically.[8] Zhang et al. 

formulated indomethacin into amphiphilic poly(N-isopropylacrylamide)-polyphosphazene 

micelles containing ethyl 4-aminobenzoate side groups for enhanced loading efficiency of 

indomethacin.[93] The micellar formulation of indomethacin had enhanced 

pharmacokinetics (e.g. longer circulation time in blood plasma [97]). Moreover, a single 

subcutaneous injection of the indomethacin-loaded micelles provided therapeutic efficacy in 

carrageenan-induced paw edema. In a second model, these micelles significantly reduced 

swelling of ankle arthritis induced with complete Freund’s adjuvant (CFA) out to 15 days. In 

a similar approach, Yue Koo et al. developed targeted, sterically-stabilized micelles 

consisting of a mixture of PEGylated lipids conjugated to the vasoactive intestinal peptide 

(VIP) targeting moiety.[94] The VIP targets key effector cells, activated T cells, 

macrophages, and over-proliferating synoviocytes by their overexpression of VIP receptors, 

most predominately the VPAC2 receptor. The micelles were used to solubilize 

camptothecin, a drug that serves as a topoisomerase I inhibitor and is thought to be effective 

at treating arthritis by triggering apoptosis and cell proliferation of key effector cells in the 
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arthritic joint. Camptothecin micelles abrogated collagen induced arthritis (CIA) in mice 

following a single subcutaneous administration at as little as 0.3 mg/kg dose, which is 

significantly lower than the usual anti-cancer dose of free camptothecin. Notably, this dose 

of campothecin in the sterically stabilized micelles completely reversed paw thickening and 

decreased arthritis scores by half. A recent follow-up study has shown therapeutic efficacy 

of the sterically stabilized micelles delivering the VIP peptide alone as well.[98] VIP acts 

therapeutically in the context of RA due to its anti-inflammatory action on T cells and 

macrophages. VIP causes a shift of the immune reaction toward an anti-inflammatory Th2 

type T cell response and the downregulation of pro-inflammatory Th17 subset of the 

immune response. In the study, VIP-loaded micelles administered intravenously had 13-fold 

higher uptake in arthritic limbs than free VIP. VIP-loaded micelles (5 nmol/animal) 

abrogated negative side effects of VIP such as myelosuppression, hematological toxicity, 

hemorrhagic renal cystitis, and elevations in liver function tests. It also caused functional 

improvements in terms of decreasing paw thickness and arthritis score by 50% and 75%, 

respectively, and at the molecular level, this treatment also decreased inflammatory markers 

in the arthritic joints (TNF-α, IL-1, MMP-2, and MMP-9).

One promising approach to improving performance of micelles is to covalently crosslink 

them post-assembly in order to improve their stability. In a recent study by Storm et al, core-

crosslinked micelles were developed for delivery of the steroidal anti-inflammatory agent 

dexamethasone (DEX). The authors validated their design in two animal models of arthritis.

[8] Figure 6 highlights this micelle design and the results from this study. In this clever 

approach, thioether ester-containing DEX derivatives were developed in order to allow for 

core crosslinking within the micelles, which resulted in varying degrees of hydrolytic release 

based upon oxidation state of the DEX derivative (sulfide, sulfoxide, and sulfone). The 

sulfone-containing DEX derivative was chosen for evaluation in vivo since it had the fastest 

release profile; this lead formulation was chosen based on the acute inflammation response 

characteristic of the animal models tested. Importantly, mice treated with a single 

intravenous injections of 1, 5, and 10 mg/kg of the DEX-micelles showed significant, dose-

dependent reductions in arthritis score and final disease score out to 25 days when compared 

to the saline control. Free DEX only showed significant reduction in disease score out to day 

10 when compared to the saline treated control.

3.2. Liposomes

Previous reviews have discussed liposomal drug formulations in the context of OA and/or 

RA, and we refer the reader to these articles for a more in depth review of the early 

liposomal drug delivery developments in OA.[6, 25, 99-102] A focus of these early reviews 

is the enhanced pharmacokinetics that liposomes can provide.[25, 99] However, at the time 

of these reviews, these liposomal drug formulations were first being developed solely as an 

encapsulation strategy and to increase the retention time of the drugs in the joint after IA 

injections. Gerwin at el. discusses many different polymer drug formulations for IA delivery 

specifically for osteoarthritis and concludes that sustained release of OA drugs is essential 

for seeing therapeutic outcomes. They argue that polymeric systems can provide this 

sustained release profile both with new OA drugs and current treatments standards. [6] 

Hoven et al. focuses on liposomal drugs for the treatment of RA, which differs from OA, but 
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can benefit from similar drug delivery technologies and inform the application of techniques 

toward OA treatment. Unlike some of the early reviews on this topic, Hoven discusses the 

benefits of targeting, both passive and active targeting, for liposomal delivery of 

therapeutics. Unfortunately, Hoven draws the conclusion that clinical development of these 

formulations may be limited due to the high barrier of entry of these types of drug 

formulations into the current market. [102] This said, several advances in targeting and 

environmentally-responsive polymers have been made since the publication of these 

mentioned reviews. These advances in targeting could provide the benefits that are needed 

to move some of the liposomal technologies from pre-clinical testing to clinical trials. The 

current review focuses on newer technologies which represent these advancements in 

targeting and environmental-responsiveness.

Liposomes are particularly well suited for OA drug delivery to the cartilage surface, 

synovial membrane, and intra articular space. The size of liposomes can be tuned to be 

optimal for targeting these specific components of a joint. Liposomes can also be formulated 

from lipids that give them a positive surface charge and make them good candidates for 

targeting the anionic cartilage surface. [26] Liposomes have also been preclinically tested 

and shown promise in OA applications. For example, in a rat model of OA induced through 

intrapatellar ligament injection of monosodium iodoacetate, liposomes containing 

dexamethasone significantly reduced knee joint inflammation.[103] The multilamellar 

liposomes used in this study were composed of soybean phosphatidylcholine and 

dipalmitoyl phosphatidylethanolamine at a molar ratio of 95:5. Local injections (dose: 

1mg/kg of drug) of liposomal formulations for diclofenac and dexamethasone were 

administered to these rats. In the same study, the liposomes were given bioadhesive 

properties by surface functionalization with either hyaluronan or collagen. In all cases, the 

liposomal drug formulations decreased inflammation of the rat knee joints down to at least 

20% of the initial inflammation volume. The best performing formulation was the 

bioadhesive hyaluronan-surface functionalized liposomes containing both diclofenac and 

dexamethasone. These liposomes delivered via local injections reduced injury-induced 

inflammation volume by 12.9% at 17 days after a single injection of liposomes. Un-targeted 

liposome formulations were not investigated in this study. [103]

In a very recent study, targeted immunoliposomes (150-250nm in diameter) were developed 

for early clinical detection of OA. This diagnostic reagent was loaded with a near infrared 

fluorophore and was surface functionalized with a monoclonal antibody that selectively 

binds to collagen II (CII) after it is exposed in damaged cartilage.[3] The immunoliposomes 

bound specifically to damaged cartilage ex vivo and, as detected by fluorescence imaging. 

Importantly, after intravenous administration, these immunoliposomes also preferentially 

accumulated in vivo in a spontaneous OA model in guinea pigs at sites of arthritic cartilage. 

These liposomes, highlighted in Figure 7, show binding to the medial condyles of the older 

animals where OA initiates. Theranostic liposomes have potential to aid evaluation of 

therapeutic drug development for OA with small animal models allowing longitudinal 

studies of individual animals. They have also been used in a mechanical overload in the 

mouse knee which is a useful model for study of post-traumatic osteoarthritis. [2] The top 

panel in Figure 7 shows the general use of nanosomes for optical imaging of cartilage 
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damage. Based on strong diagnostic performance in multiple, clinically-relevant OA models, 

these targeted liposomes show tremendous promise for extension into targeted drug delivery 

applications.

Liposomes have also been investigated by other groups for applications in RA. Although 

RA has differnet pathogenesis from osteoarthritis, symptomatic treatment and delivery 

mechanism of drugs and therapeutics can be similar. [102, 104] Liposomes have shown very 

promising results for treatment of inflammation caused by OA through the delivery of drugs 

such as celecoxib [105], methotrexate, and dexamethasone. [102] Targeting liposomes to 

RA-damaged cartilage has also proven successful through use of targeting ligands such as, 

prednisolone phosphate [104]; this approach has promising for limiting drug off target side 

effects. Hofkens at el. investigates liposomal targeting of synovial lining macrophages using 

prednisolone phosphate. Liposomes were formulated using dipalmitoyl phosphatidylcholine 

(DPPC), PEG, and cholesterol. The lipid film was hydrated in prednisolone disodium 

phosphate (PLP), which served as the targeting agent. Free PLP was removed from the 

liposome solution before treatments were given. Mice were given arthritis using an antigen-

induction (AIA) model. The mice were treated 3 days post-induction via IV injection with 

liposomal PLP or free PLP (both 10mg/kg) or saline. A second mouse model used immune-

complex arthritis (ICA) where mice were treated only with the liposomal PLP (10 mg/kg) or 

saline. Knee joint swelling was measured 1 and 5 days post treatment for the AIA mouse 

model. Swelling with liposomal PLP decreased by 74% when compared to the saline control 

and decreased by 64% when compared to the free PLP treatment. By day 5, liposomal PLP 

almost completely suppressed knee joint swelling. To test the targeting ability of PLP to 

macrophages in the synovial intima layer, colloidal gold liposomes were injected IV. It was 

seen via histology that these liposomes were readily taken up by macrophages as they leave 

the bloodstream and were not taken up by type B synovial fibroblasts. This study then goes 

into further investigation about macrophage phenotypes in the presences of liposomal PLP. 

They show that IA and IV injections of liposomal PLP is able to alter suppress M1 synovial 

macrophage without altering M2 phenotype within the inflamed synovium for both the AIA 

and ICA mouse models. [104] Thus, this targeting approach may be especially useful for 

targeting of immunomodulatory compounds.

In addition to targeting macrophages, Vanniisinghe at el. develop a system for synovium-

specific targeting that has utility for OA applications. This targeted liposomal drug delivery 

system was developed to deliver drug cargo to inflamed joints. [106] In this study 

PEGylated liposomes composed of the lipid DPPC and cholesterol were functionalized with 

RGD or HAP-1 (SFHQFARATLAS), which targets fibroblast-derived B synoviocytes. The 

drug cargo that was delivered in this study was a short immunosuppressive peptide (core 

peptide, CP). CP is a nine amino acid peptide (GLRILLLKV) that is an effective 

immunosuppressant. Arthritis was induced in rats then the rats were treated with untargeted, 

RGD, and HAP-1 liposome formulations. Rats were given two IV injections of liposomes 

two consecutive days (0.5mg drug/0.5 ml/250 g rat/day). The targeted HAP-1 liposomes 

produced a 10-fold increase in accumulation in the arthritic rat joints compared to its 

contralateral unaffected joint. The untargeted liposome and the scrambled HAP-1 control 

only showed a 5-fold increase in fluorescence in the arthritic joint. The RGD targeted 

liposomes showed a higher fold increase (7-fold higher) than the non-targeted liposomes but 
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this was lower than the HAP-1 targeted liposomes. The delivery of CP via the targeted 

HAP-1 liposomes significantly reduced paw swelling at day 7 compared to the control paw 

(>10% reduction in paw swelling) while the delivery in the RGD liposomes and non-

targeted liposomes did not significantly decrease paw swelling.[106] This study highlights 

the significance targeting ligand choice can have on drug delivery via liposomes and 

highlights the potential for HAP-1.

3.3. Dendrimers

Dendrimers, similar to micelles and liposomes, have the ability to target the major 

components of healthy and arthritic joints. Sizes of dendrimers span a broad range from tens 

of nanometers to hundreds of nanometers in size when complexed with one another or with 

drugs. The smaller diameter dendrimers can target the cartilage matrix and subchondral 

bone. The end group functionality of dendrimers can be harnessed to tether a targeting 

ligand or peptide which allows for long retention and greater accumulation of the 

dendrimers in the joint, leading to prolonged and local drug release. Larger generation 

dendrimers can also be used for targeting cartilage surface, synovial membranes, and intra 

articular space, similar to liposomes. [26]

Hayder et al. recently showed the efficacy of using dendrimers for RA treatment after IV 

injections. They showed that azabisphosphonate (ABP)-capped dendrimers selectively target 

monocytes and modulate them toward a more anti-inflammatory phenotype. Intravenous 

injection (10mg/kg) of these dendrimers inhibited the development of inflammatory arthritis 

in two mouse models indicated by a reduction in inflammatory cytokines and absence of 

cartilage destruction. The first mouse model was an IL-1ra knockout mouse that 

spontaneously develops arthritis. Treatment with ABP dendrimers reduced the arthritic score 

by 80% compared to untreated mice. The second mouse model was a K/BxN serum transfer 

model, which involves transferring serum from an autoimmune K/BxN mouse to a BALB/c 

A mouse, resulting in an inflammatory immune response and arthritis. With the treatment of 

ABP, there was a significant decrease in paw swelling and arthritic score compared to the 

control. Paw swelling decreased by about 30% and arthritic score decrease by almost 70%. 

It was also shown that ABP dendrimers do not cause off target effects; this was determined 

though IV injections of ABP once per week for 8 weeks. Histology was performed on the 

spleen, kidney, lung, liver, and aorta showing no differences between dendrimer treated 

mice and non-treated mice. The dendrimer treatments also did not cause changes in body 

weight of treated mice.[91] In this case, the dendrimer itself has inherent therapeutic/anti-

inflammatory and targeting capabilities without requiring loading of any additional drug; 

this and other studies have shown that screening of dendrimer chemistries can uncover 

entities with desirable function, yielding simpler, more translational systems. [75, 91, 107]

3.4. Polymer Nano/Microspheres

Polymeric particles are generally thought to be better suited for targeting the cartilage 

surface, synovial membrane, and intra articular space.[26] The ability to synthesize 

polymeric particles with larger sizes gives them an advantage over smaller particles, as they 

are not as easily cleared from the intra-articular space since their diffusion is more limited. 

A study by Singh et al. demonstrated that larger particles of approximately 900nm were 
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retained locally for a significantly longer time than comparable smaller particles. [108] In 

this study, poly(2-hydroxyethyl methacrylate)-pyridine (pHEMA-pyridine) was used to 

create polymeric microspheres at 500nm and 900nm containing fluorescent bovine serum 

albumin (BSA). In healthy rats, these particles were injected IA, and particle retention over 

time was measure via fluorescence. The half-life of the 500nm (1.9d) and 900nm particles 

(2.5d) was significantly higher than the free protein (0.63d). The plateau, measured out to 14 

days for the 900nm (30% at 14d) particles was significantly higher than both the retention 

by the 500nm particles (~5% at 14d) and the free protein (<5% at 14d).

Both natural and synthetic polymers have been used in the creation of spherical polymeric 

particles. Natural polymers are more disposed towards being immunogenic, which is 

especially undesirable for OA which is exacerbated by local inflammation. It is also more 

difficult to achieve reproducibility in production of particles made from natural polymers. 

[109] Chitosan and gelatin have shown the most promise for drug delivery in OA models 

and have produced desirable outcomes. [110] For example, chitosan has been used to 

incorporate Flurbiprofen and extend its time in the joint, leading to extended release locally 

for more than 24 hours. [111] Gelatin has also been used to deliver many nonsteroidal anti-

inflammatory drugs and proteins such as anti-TNF to reduce inflammation. [112, 113]

Synthetic polymeric particles are one of the most commonly utilized delivery technologies 

due to their lack of immunogenicity, tunability, and ability to synthesize them reproducibly. 

The most widely used synthetic polymer is poly(lactic-co-glycolic acid) (PLGA). PLGA has 

been used to fabricate particles for delivery of many types of drugs. PLGA has a history of 

use in FDA-approved systems because it degrades into naturally existing metabolites (lactic 

and glycolic acid) and is fully resorbable, although lactic acid can be toxic at high levels. 

One such technology is Lupron®, which is used currently used to deliver drugs such as 

testosterone, clarithromycin, lovastatin, and progesterone long term, up to 6 months, to treat 

prostate cancer, endometriosis, fibroids, and central precocious puberty. Flexion 

Therapeutics is another company that specialized in the use of PLGA microspheres for OA 

therapy. They have developed three formulations of PLGA microspheres for OA treatment 

and therapy, FX006, FX007, and FX005. All formulations are intended for IA injection or 

local delivery. FX006 is a sustained release steroid injectable in phase 3 development for 

patients with severe OA pain.[114] FX007 is a PLGA formulation for local administration 

of TrkA receptor antagonist intended for post-operative pain. FX005, like FX006 is intended 

for late or end stage OA patients. This formulation is an IA, sustained release particle that 

delivers p38 MAP kinase inhibitor. This company has seen very promising pre-clinical and 

clinical results from these formulations for extended pain relief. FX006 (0.28mg) was able 

to almost completely eliminate painful gait in a rat arthritis model out to day 32. The free 

drug (Kenalog-40®) reduced painful gait, but not to the extent of the PLGA formulation and 

at day 32, the gait analysis score for the free drug was ~3x higher than FX006.

Almost all PLGA particles experience an initial burst release of the drug, which is an 

important dosing consideration for sustained release formulations in order to be sure local 

drug toxicity does not occur. Other synthetic polymers have also been extensively tested for 

sustained and targeted drug release. By tailoring the polymer composition, microspheres 

have been developed that are responsive to a variety of stimuli. For example, polypropylene 
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sulfide (PPS) is responsive to reactive oxygen species (ROS) (undergoes a phase change 

from hydrophobic to hydrophilic) and was recently utilized for the first time to form 

microparticles that enabled “on demand” release of antioxidants. [78] OA is a disease 

associated with inflammation. Reactive oxygen species are major mediators of the 

inflammatory cycle. By introducing stimuli responsive particles, such as PPS polymeric 

particles, “environmentally responsive” drug release can be achieved. PPS has a unique 

ability to become hydrophilic when exposed to ROS such as hydrogen peroxide, triggering 

the release of hydrophobic encapsulated drugs. Since ROS triggers the release of the drug, 

these particles provide local, sustained therapy which is activated “on-demand” during 

cycles of oxidative stress.

Polymer microparticles have been utilized to deliver a variety of therapeutic cargo relevant 

to reduction of inflammation in the setting of OA. Interluekin-1 (IL-1) is a positive regulator 

of inflammation and can be inhibited to stop or slow the progression of OA symptoms. 

Interleukin-1 receptor antagonist (IL-1Ra) is a natural protein inhibitor of IL-1 and has been 

on of the most thoroughly investigated biologic drugs for treatment of OA. One model of 

arthritis, discussed above, involves the spontaneous onset of arthritic symptoms in mice 

lacking the IL-1Ra gene. Because this gene is an important regulator of RA and OA, IL-1Ra 

is a widely studied therapeutic for arthritis. Whitmire et al. used self-assembling 

nanoparticles to deliver IL-1Ra to rat knee joints and showed prolonged retention over free 

IL-1Ra. The nanoparticles are formed from a block co-polymer consisting of a hydrophobic 

block (cyclohexyl methacrylate, CHM) and a hydrophilic block (tetraethylene glycol 

methacrylate, TEGM) with a tethering moiety, paranitrophenol (pNP) used to attached the 

IL-1Ra protein. The nanoparticle delivery system retained 20% of the delivered IL-1Ra at 

day 10 which is significantly higher than the free IL-1Ra that remained in the joint at day 

10. The half-life of the IL-1Ra nanoparticles was significantly higher at 3.01 +/- 0.09 days 

compared to the soluble IL-1Ra at only 0.96 +/- 0.08 days. [115] This study highlights the 

ability of polymeric particles to supply a local depot of drug that is less readily cleared from 

arthritic joints.

While larger particles have been used to enhance pharmacokinetics through physical size, 

more convention nanoparticle sizes (i.e., 100-200 nm) have also shown promise, especially 

when used in conjunction with targeting ligands that improve binding and retention within 

OA joints. In a study conducted by Rothenfluh at el., bio-functional polymeric nanoparticles 

were used to target arthritis and increase retention in cartilage. [90] In this study, PPS 

nanoparticles are synthesized using PEG-PPS-PEG block copolymers. These nanoparticles 

were surface functionalized with a peptide (WYRGRL) that targets collagen 1. In healthy 

mice, fluorescent nanoparticles were injected IA. The particles were tracked via 

fluorescence to monitor cell invasion and ability to infiltrate the cartilage. The WYRGRL-

PPS nanoparticles were able to infiltrate both the cartilage and chondrocytes. The 

WYRGRL-PPS particles compared to a control peptide were also retained within the ECM 

at higher concentrations than the non-targeted PPS particles. A 44.8 fold increase and a 71.7 

fold increase at 24 and 48hrs respectively was seen in the ratio of ECM to intracellular 

fluorescence of the targeted particles compared to the non-targeted particles.[90] This study 

specifically highlights the functional benefits of incorporating appropriate targeting ligands 

into polymer drug delivery systems.
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There is an abundance of studies that have used polymeric microparticles for arthritis drug 

delivery. Rather than summarize every study in text, the following table highlights some of 

the more recent studies of polymer-drug systems and their outcomes in various arthritis 

models.

Future Perspectives and Conclusions

As surveyed herein, particle based drug delivery systems show promise for improving the 

pharmacokinetic and pharmacodynamics of OA drugs, including providing means for 

sustained therapeutic action with fewer side effects and longer-term benefits. Materials that 

have made it to clinical trial are of particular interest for future studies. We have highlighted 

many uses of liposomes for human application in other fields such as cancer treatment.[62] 

Due to their high biocompatibility, development of liposomes for OA applications looks 

very promising not only for drug delivery but also for OA detection and targeting.[2, 3] 

Polymeric nano- and microparticles have high potential for development for use in OA 

applications. Several of the common polymers used for the production of these particles are 

FDA approved for other biomedical applications, so the potential for these particles to 

progress into clinical trial is high. Polymeric delivery systems have the capacity to provide 

much needed extension for targeted delivery and prolonged release of drugs for OA 

prevention, treatment, and detection. However, significant challenges remain for clinical 

translation of these polymeric delivery vehicles within the pharmaceutical industry. Many of 

the drug delivery systems pair drugs that are already on the market or in use for treatment of 

OA with new polymers to improve either route of delivery or reduce off target side effects. 

Marketing these polymeric drugs delivery systems remains a challenge for the OA industry. 

Continued evaluation of advanced, targeted polymeric drug delivery systems through robust 

preclinical studies will be necessary to optimizing their ability to improveme 

pharmacokinetics and reduce side effects. These studies will be key for justifying the 

progression of these technologies from pre-clinical testing to clinical trials and bringing 

them to market.
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Figure 1. 
Schematic of a healthy (left) and osteoarthritic (right) knee joint. This schematic shows the 

detrimental effects caused by the presence of arthritis in a joint. Reproduced with permission 

from Elsevier. [6]
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Figure 2. 
Schematic illustrating the multifunctional components that can be utilized in micelle 

formations [5].
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Figure 3. 
Schematic diagram of various liposomal structures. (a) Illustrates the ability for liposomes to 

delivery both hydrophilic (green sphere) and hydrophobic (red sphere) drugs either 

solubilized in the core or embedded within the lipid bilayer. (b)-(d) Represent variations of 

the traditional liposomes to add targeting ligands or ‘stealth’ using poly(ethylene glycol). 

Concept of this figure is adapted from Nature Publishing Group. [55]
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Figure 4. 
Dendrimer schematic illustrating the well-defined structure that is defined by the number of 

generations. [4] Figure reproduced with permission from Elsevier.
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Figure 5. 
Graphical representation of polymeric nano- and microparticles, which can deliver both 

hydrophobic and hydrophilic compounds. [1] Figure reproduced with permission from 

ASPET.

Kavanaugh et al. Page 25

Drug Deliv Transl Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Results and micelle formulation from the study performed by Storm et Al. The top panel is a 

schematic representation of dexamethasoneloaded core-crosslinked polymeric micelles 

(DEX-PM). (a) Chemical structure of poly(ethylene glycol)-b-poly(N-(2hydroxypropyl)-

methacrylamidelactate) (mPEG-b-pHPMAmLacn) block copolymers. (b) Illustrates the 

preparation, degradation, and drug release of DEX-PM. The bottom panels (a-b) highlight 

the results of their study. (a) and (b) show arthritis score after treatment. The mice received 

an i.v. injection of DEX (a) or DEX-PM (b) dosed at 1 mg/kg (■), 5 mg/kg (▲), or 10 

mg/kg (▼). Control mice (●) received PBS or unloaded micelles. The disease load of each 

individual mouse upon treatment with free DEX (●) or DEX-PM (■). The disease load was 

defined as the area under the arthritis score curve from treatment (day 5) until the end of the 

study (day 13). The DEX-PM micelles provided a significant therapeutic effect and reduced 

both arthritis score and disease load compared to free DEX. Figure reproduced with 

permission from Wiley. [8]
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Figure 7. 
(Top) Schematic diagram of theranostic approach for osteoarthritis-type II collagen 

antibodies-targeted fluorescent nanosomes. These nanosomes bind on damaged cartilage in 

an OA animal model, providing a traceable fluorescent signal and delivering therapeutic 

agents.[2] (Bottom) In a spontaneous OA model in guinea pigs, older animal showed higher 

accumulation of immunoliposomes. Reproduced with permission from Elsevier. [3]
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Table 1

This table highlights some of the polymer-drug combinations as they have been applied to OA and their 

results.

Polymer Type Drug Model/Route of Delivery Outcome Reference

Poly(L-lactic acid) (PLA) Paclotaxel carrageenan induced rabbit model 
of arthritis/IA Injections

20% paclitaxel loaded PLA 
microspheres in the 35-100 
um size range delivered intra-
articularly reduced all measure 
of inflammation

[116]

PLA Methotrexate (MTX) Rabbit induced arthritis model/IA 
Injections

10 fold increase in MTX 
retention in joint compared to 
free MTX after intra articular 
injection

[117]

PLGA-PEG methacrylic derivative of 
ibuprofen

Ex vivo sheep joints Decreased burst release of 
drug and prolonged sustained 
release for up to 3 months

[118]

PLGA Clonidine In vitro drug release Achieves controlled release 
for up to 30 days of 
hydrophilic drug

[119]

PLGA Lornoxicam Rat induced arthritis model/IA 
Injections

Reduced drug plasma levels 
compared to free drug, 
retention time increased after 
intra-articular injections

[120, 121]

PLGA Naproxen Sodium Rabbit induced arthritis model 
via intra-articular injection of 
ovalbumin and Freud’s Complete 
Adjuvant/IA Injection

Improved cure of articular 
arthritis when treated with 
PLGA loaded particles 
compared to BSA 
microspheres.

[122]

PLGA ibuprofen/Labrafil In vitro drug release Prolonged drug release with 
addition of labrafil

[123]

PLGA Methylpredniso lone (MP) Rat induced arthritis model/IA 
Injection

Rapid increase in MP 
concentration in plasma at 30 
minutes compared to MP 
suspension

[124]

PLGA Dexamethasone mouse dorsal air pouch model/
local Injection

Similar DXM release with 
varying polymer molecular 
weights

[100]

PLGA Betamethasone sodium 
phosphate (BSP)

rat air-pouch model/antigen-
induced arthritic rabbit model/
local or IA Injection

joint swelling significantly 
decreased at 21 days with 
administration of PLGA drug 
loaded particles

[125]

PLA and PLGA hyaluronate Arthritis and osteoarthritis rat 
models/IA Injection

administration of particles did 
not worsen already altered 
articular tissues and did not 
cause inflammation in healthy 
rat knees

[126]

PLGA PTH(1-34) Papain-induced OA rat model/IA 
Injection

Effect of PTH/PLGA 
microspheres on suppressing 
the OA progression was 
similar to that of a once-every-
three-day injections

[127]

PLGA Sulforaphane (SFN) Surgically induced OA (ACL 
transection) in rats/local delivery 
(or injection)

Treatment with SFN-PLGA 
microspheres inhibited the 
mRNA and protein expression 
of COX-2, ADAMTS-5 and 
MMP-2 induced by LPS in 
articular chondrocytes. Intra-
articular SFN-PLGA 
microspheres delayed the 

[128]
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Polymer Type Drug Model/Route of Delivery Outcome Reference

progression of surgically 
induced OA in rat.

PLGA siRNA against TNF-a preclinical model of RA/local 
injection

PLGA microspheres slowly 
released siRNAs effectively 
inhibited the expression of 
TNF-a in arthritic joints

[129]

Chitosan Flurbiprofin Rat knee joints/IA Injection significant extended release of 
flurbiprofen from 
microspheres in comparison 
with its solution

[110]
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