Recent developments in natural and synthetic polymeric drug delivery systems used for the treatment of osteoarthritis
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Abstract
Osteoarthritis (OA), is a common musculoskeletal disorder that will progressively increase in older populations and is expected to be the most dominant cause of disability in the world population by 2030. The progression of OA is controlled by a multi-factorial pathway that has not been completely elucidated and understood yet. However, over the years, research efforts have provided a significant understanding of some of the processes contributing to the progression of OA. Both cartilage and bone degradation processes induce articular cells to produce inflammatory mediators that produce proinflammatory cytokines that block the synthesis of collagen type II and aggrecan, the major components of cartilage. Systemic administration and intraarticular injection of anti-inflammatory agents are the first-line treatments of OA. However, small anti-inflammatory molecules are rapidly cleared from the joint cavity which limits their therapeutic efficacy. To palliate this strong technological drawback, different types of polymeric materials such as microparticles, nanoparticles, and hydrogels, have been examined as drug carriers for the delivery of therapeutic agents to articular joints. The main purpose of this review is to provide a summary of recent developments in natural and synthetic polymeric drug delivery systems for the delivery of anti-inflammatory agents to arthritic joints. Furthermore, this review provides an overview of the design rules that have been proposed so far for the development of drug carriers used in OA therapy. Overall it is difficult to state clearly which polymeric platform is the most efficient one because many advantages and disadvantages could be pointed to both natural and synthetic formulations. That requires further research in the near future.
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1. Introduction
Osteoarthritis (OA) is one of the most disabling joint diseases and has been considered for a long time to be a "wear and tear" disease that leads to the destruction of cartilage [1, 2]. Despite the prevalence of this disease, to date, no comprehensive treatment has been reported for OA, and its clinical management is challenging [3, 4]. Many approaches have been reported for developing the non-surgical treatment strategy to reduce the stage and pain of OA patients. Up to now, arthroplasty, as a surgical procedure, is the only applicable option for patients with advanced OA who do not respond to non-operative treatments [5, 6].  Although OA is a common articular joint disorder for middle-aged and elderly populations, younger people can also be affected by the as a consequence of overuse of body joints and injury, or different genetic diseases (such as dwarfism and hypermobility) [7-9].  OA has significant effects on the quality of life, especially by limiting many necessary daily activities such as walking or running [10]. As a result, its occurrence is expected to be the most common reason for disability in the world working population by 2030 [11]. 
On the contrary to rheumatoid arthritis, the most common inflammatory arthritis disorder, the progression of OA is controlled by a multi-factorial pathway that has not been completely elucidated and understood [12-14]. However, based on intensive research and clinical observations, some processes have been recognized as being responsible for the development and progression of  OA. Besides, it has become clear that OA progression is driven by both mechanical and biological factors [15]. Although, the underlying mechanisms are complex and beyond the scope of this review, in short, both tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) are commonly pro-inflammatory cytokines in OA, secreted by immune cells (macrophages), bone cells (osteoblasts, osteoclasts, osteocytes, and osteoprogenitor), healthy cartilage cells (chondrocytes), and synovial fibroblasts cells [16]. The concentrations of IL-1β and TNF-α in the synovial fluid obtained from human arthritic knees are much higher than those observed in healthy joints. Consequently, a variety of inflammatory proteins and enzymes are produced by IL-1β and TNF-α induced-cells such as matrix metalloproteinases (MMPs; MMP-3, MMP-7, MMP-13) and aggrecanases (ADAMTS-4 and ADAMTS-5) [17]. Those inflammatory cytokines inhibit the synthesis of collagen type II and aggrecan, the major components of cartilage, by triggering the apoptosis of chondrocytes and synovial fibroblasts (Figure 1) [18]. 
Synovial fluid, the viscous liquid found in synovial joints, provides a medium for bone and cartilage to release the soluble inflammatory mediators which can spread throughout the whole joint [19]. Indeed, several biomarkers are released in the synovial fluid, and these biomarkers  (proteolytic enzymes, cartilage, and bone degradation proteins) are now used for the diagnostic and monitoring of the progression of OA  [20].
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Figure 1: Schematic depiction of the OA process throughout the whole joint. The cartilage and bone degradation products (IL-1β and TNF-α) induce the joint cells, and a variety of inflammatory proteins (cytokines) are produced and secreted in the synovial fluid. The released inflammatory cytokines promote cartilage and bone degradation, either directly or indirectly. Anti-inflammatory agents could suppress the enzymatic pathway of human cartilage degradation and control the OA progression before chondrocytes and synovial fibroblasts apoptosis occurrence (image inspired by Ref. [21]).
Radiography, magnetic resonance imaging (MRI), optical coherence tomography (OCT), and ultrasound (US) are medical imaging techniques used for analyzing bone structures and visualizing the disease onset and progression [22]. The progression of OA is predominately assessed by radiography as a clinical standard. The articular space between the joints depends on the location inside the joint and varies between 2, 3, and 4-5 mm in the hip, knee, and shoulder joints, respectively [23-25]. Therefore, joint space narrowing is an important metric for OA radiographic classifications. The Kellgren and Lawrence system, a standard radiological grading system approved by the World Health Organization (WHO), classifies the severity of knee OA into four categories, from 1 to 4, in addition to using grade 0 for healthy joints [26, 27]. Figure 2 presents the differences between the four different grades of knee OA. 
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Figure 2: Different stages of knee OA. (A) Grade 1: Doubtful OA; minimum disruption with less than 10% cartilage loss. (B) Grade 2: Mild OA; the cartilage is beginning to break down. (C) Grade 3: Moderate OA; gaps in the cartilage can expand until they reach the bone. (D) Grade 4: Severe OA; 60% of cartilage is already lost.
In most pharmacological treatment, largely focused on pain relief, mild-to-moderate OA symptoms are treated with acetaminophen because it is safe, inexpensive, and effective [28]. As second-line drugs, nonsteroidal anti-inflammatory drugs are also commonly used, especially after acetaminophen failure [29]. Glucosamine and chondroitin supplements are also recommended for moderate to severe knee OA when taken in combination with other drugs. Local drug administration (topical medication) and systemic administration (oral medication) are the two administration routes currently used in all OA treatments. Patients with knee OA are also treated via intraarticular injection to provide higher local drug concentrations, compared to systemic administration, also because this administration route reduces the risk of systemic side-effects [16]. However, intraarticular injections of small molecules are often inefficient because of the low retention time and durability of the drug in the joints [30]. The inability to stop OA progression may eventually result in surgery, which is the ultimate way to control OA by replacing the joint completely [5]. 
The limitations and inefficiencies of current pharmacological treatments have powered the development of novel materials that could mitigate the OA progression by improving drug therapeutic efficacy. In this review, a list of natural and synthetic polymers commonly used as anti-inflammatory drug delivery systems is disclosed and their advantages and disadvantages are discussed. Furthermore, polymers with advanced architectures are also introduced as they provide potential platforms for drug delivery systems and as lubricating agents for the treatment of OA.

2. Anti-inflammatory agents
The drugs, or substances, that reduce inflammation (redness, swelling, and pain) in the body are called anti-inflammatory agents. These agents block specific inflammatory pathways and are widely used for the treatment of many different conditions [31]. Aspirin is the first agent used for inflammatory diseases and it inhibits several protein pathways, such as cyclooxygenase (COX) and nuclear factor-kB (NF-kB), which are responsible for producing inflammation mediators in the body [32]. Many other effective anti-inflammatory agents are also available in the market, including synthetic drugs such as non-steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids, additionally, some natural herbal extracts. Many more drugs are also under development [33]. 
2.1. Synthetic anti-inflammatory agents
NSAIDs are still the primary and most common drugs used by clinicians for joint and spine related inflammatory pain. A variety of anti-inflammatory drugs exist to control inflammation, but they often have side effects and may not always be practical. Side effects include increased risk of infection, mood change, depression, stomach ulcers, and osteoporosis. To reduce the side effects, low treatment dosages of NSAIDs are recommended in clinical situations. Commonly recommended NSAIDs are ibuprofen and celecoxib with dosages that have been already reported [34]. Corticosteroids are another class of synthetic drugs that decrease inflammation, and in some cases also reduce immune system activity [35]. Because of the reduction of swelling, itching, redness, and allergic reactions, doctors often prescribe corticosteroids to treat asthma and arthritis. Glucocorticoids, a class of steroid hormones such as hydrocortisone, triamcinolone, dexamethasone, are also widely used as anti-inflammatory agents, even though they have many side effects [36].
2.2.  Natural anti-inflammatory agents
Natural compounds that are present in nature also demonstrate anti-inflammatory potential [37]. Plant and animal-derived nutritional supplements have been used for the development of the new drugs for several years due to their potential curative effects [38]. Almost half of the new drugs on the market are inspired by nature and include natural products, derivatives, and biomacromolecules [39]. These supplements are often recommended due to their chemical diversity and low side effects as compared to synthetic types. However, their solubility in the blood is often low, therefore they show poor bioavailability [40, 41]. Furthermore, clinical studies and knowledge of their potential interactions with other drugs and prescription medications are also needed [42]. Natural compounds that are present in certain plants have the potential to be anti-inflammatory agents similar to NSAIDs and can be used as drugs for OA. Some natural compounds are curcumin, capsaicin, berberine, sinomenine, rapamycin, white willow bark, etc. and their pharmacological results have been already reported [42]. 
Protein‐derived bioactive peptides can inhibit and down-regulate the expression of some inflammatory biomarkers and/or regulate the activity of their transcription factors. Generally, protein-based drugs taken orally are subjected to a high risk of deformation, denaturation, and degradation in the gastric system as a result of gastric enzymes and proteases effects. Thus, almost all drugs, especially protein-based bio-drugs, have low plasma half-lives and rapid renal clearance [43]. Some other agents, including melanocortin, neoflavones aconitum, sesamin, genistein, amurensin, and casticin, offer a new avenue for OA treatment due to their anti-inflammatory effects in joints. They have been shown to alleviate arthritis-related cartilage degeneration by inhibiting several signaling pathways in vitro and in vivo [44-50][50]. 
2.3. Disease-modifying drugs 
Recent studies have demonstrated that various pro-inflammatory cytokines could be good potential targets involved in OA therapy. This requires the design, development, and usage of specific drugs with the capability of inhibition of these pro-inflammatory cytokines. For example, an anti-IL-1 antibody or an IL-1 receptor antagonist (IL-1Ra) protein, as disease-modifying OA drugs, could inhibit the matrix metalloproteinase gene expression in chondrocyte cultures and control cartilage degradation [17, 51]. However, these drugs are not commonly used in OA treatment due to their mitigated clinical results [52]. Their molecular weights are more than 150 kDa and they are probably too large to facilitate penetration to the cartilage before rapid clearance from the synovial fluid [53, 54]. 

3. Synovial joints in osteoarthritis
Synovial fluid is usually present in a minimal amount in the synovial cavity, even in large joints, the average amount in humans is 0.13-3.5 mL. Typically, this fluid is pale yellow, clear, viscous, and contains soluble substances, including hyaluronic acid (contains 3–4 mg/mL in normal synovial fluid), growth factors, and cytokines [55]. The viscosity of hyaluronic acid can be 5.7 to 1160 times higher than water, and the pH of the normal and inflamed fluid is in the range of 7.31-7.74 and 6.0-6.8, respectively [56]. The components are very similar to blood plasma in many aspects, but it does not contain any fibrinogen or prothrombin, two substances related to blood clotting mechanisms [57]. Synovial fluid from OA patients has a different composition, function, and shows variations in the cytokine and growth factor composition. Abnormal synovial fluid may also be cloudy and thicker or thinner than normal fluid. Its cloudiness indicates the presence of crystals, excess white blood cells, or microorganisms.
Several biological features characterize the arthritic joint microenvironment, such as the overexpression of matrix metalloproteinases-13 (MMP-13) which has a significant impact on cartilage degradation. The amount of over-expressed MMP-13 in an arthritic joint is correlated to the different stages of OA. It has been shown that MMP-13 is at a higher level during OA (10 × 103 pg/mL) in comparison to concentrations in a normal joint [58, 59]. Furthermore, neutrophils secrete several proteinases such as elastase, with the capability to degrade elastin, collagens, and proteoglycans [60]. However, recent studies also showed that reactive oxygen species (ROS) might participate in the initiation and progression of OA [61]. 

4. Polymeric drug delivery systems for OA therapy
Varied formulations have been used for polymeric drug delivery systems, applied for OA therapy. The most typical are hydrogels, particles both in micro and nano dimensions, or topical gels used in transdermal systems. Hydrogels are cross-linked polymer with three-dimensional architecture that could retain water inside and swell similar to living tissues [62]. They are divided into two main categories; natural and synthetic biomaterials based on their sources [15]. Controlled delivery and release of loaded drugs within the hydrogel networks can be made by altering some parameters such as pore size, density, and degradation kinetics [63]. Mechanisms and methods used for loading drugs in hydrogel-based materials is another crucial parameter to affect the drug-releasing behavior. There are some methods proposed for drug loadings such as physical encapsulation, electrostatic interaction, and chemical conjugation. The first two methods demonstrate initial burst release that often results in a short-term release in the joint due to the diffusion of drugs through the pores. However, the third one shows a sustained drug release with a long-term release in the joint because of controlled polymer degradation and cleaving of the chemical bonds between drugs and polymers [64]. 
Biodegradable polymeric particles used in drug delivery systems have also been studied extensively in recent years. Because these materials are biodegradable and show prolonged drug release, they are still interesting for biomedical applications [65]. Microparticle-based drug delivery systems with a diameter bigger than 5 µm retain the carrier from rapid clearance. Additionally, these systems show a better drug release profile, increased half-life period, and prolonged therapeutic effect [66]. Similar to micro-carriers, nano-based drug delivery systems have also many advantages and could show prolonged release, controlled release, and enhanced half-life in the joint. However, the retention time of the nano-sized particle is lower than micro-sized particles because of their smaller particle size [67]. 
5. Natural polymer-based delivery systems for OA therapy
Natural polymers, such as proteins, polysaccharides, and even DNA, are materials commonly produced by nature as the organic macromolecular matter of animals, plants, and microbes  [68]. Nowadays, polysaccharides derived from plants are considered to be novel biodegradable and biocompatible biomaterials substrates [69]. Interestingly, polysaccharides also demonstrate biological activities, antioxidation, and anticoagulation effects, that can mitigate the response of the human immune system [70]. Besides, they show unique chemical variety and adaptability, along with their complex structures, which cannot be found in other classes of polymers [71]. The most common polysaccharides used in OA treatment, are sodium hyaluronate, chondroitin sulfate, chitosan, and sodium alginate (Figure 3) [72]. The uses of these natural polymers as therapeutic delivery agents for OA are presented in the following sections.
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Figure 3: Common polysaccharides used in drug delivery systems for OA treatment with various forms of formulations and functional groups (sodium hyaluronate, chondroitin sulfate, chitosan, and sodium alginate).

5.1. Natural polymers with gel-based formulations
Injectable hydrogels have been widely used for biomedical applications, especially as intra-articular drug delivery systems [73, 74]. In particular, they have been used for the controlled release of various agents to targeted cells; such as growth factors, chemotherapeutic drugs, and antibiotics [75]. The gelation of hydrogels can be performed in situ via Schiff-base crosslinking, enzyme-mediated crosslinking photo-crosslinking, or by using thermosensitive polymers. Several bio-polymers are convenient materials for this application, especially chitosan, alginic acid, hyaluronic acid, gelatin, etc. [76].
Chitosan is an attractive biomaterial with interesting properties, including biocompatibility and biodegradability. On the other hand, hyaluronic acid is a non-sulfated glycosaminoglycan (GAG) and is a main part of the extracellular matrix (ECM) with a specific role in articular cartilage lubrication [77]. Interestingly, these biopolymers can form in-situ a hydrogel simply by blending without using any external cross-linking agents (photo-initiator, photosensitizer, oxidizing agents, irradiation, or heat). Hyaluronic acid is commonly used in injectable polymers and its performance in mitigating OA course could be enhanced by adding anti-inflammatory agents, alone or in a combination form, such as ropivacaine hydrochloride and triamcinolone acetonide [78]. Recently, a biocompatible, biodegradable, and injectable hydrogel based on carboxymethyl hexanoyl chitosan (CHC) and hyaluronic acid (HA) was developed and evaluated for the delivery of berberine, an anti-apoptotic and anti-arthritic drug. The results showed slow and pH-dependent release profiles in physiological and inflamed conditions with pH values of 7.4 and 6.0, respectively. Even though hydrogels usually do not show any affinity towards other surfaces once fully hydrated, the resulting CHC-HA hydrogel can adhere to the cartilage surface because both polymers have cell-binding moieties that promote cell adhesion. Therefore, it was shown that the gel could protect cartilage against sodium nitroprusside-induced apoptosis [79]. 
In humans and murine models of OA, expressions of autophagy regulators are reduced that has motivated the use of sirolimus agents to reactivate autophagy and controlling disease outcomes [80]. Due to the protective mechanism of autophagy in healthy and normal cartilage, autophagy activation by drugs is a convenient approach for OA treatment [81]. Therefore, the local administration of drug delivery systems would be more desirable for decreasing the side effects of systemic drug administration, immunosuppression, and bone growth factors [82]. Chitosan microspheres are efficient carriers that have the capability of acting as transfer agents and releasing agents in a controlled and sustainable manner [83]. (Meth)acrylate-conjugated polymers such as gelatin methacrylate (Glt-MA) and hyaluronic acid methacrylate (HA-MA) can be used for facilitating the injection of chitosan microspheres and forming in situ photo-crosslinked hydrogels with similar properties to the native extracellular matrix after exposure to light irradiation. Sinomenium and cordycepin, two natural anti-inflammatory agents, were encapsulated in chitosan microspheres and injected to arthritic knees via a photo-crosslinked Glt-MA and HA-MA hydrogel, respectively [84, 85]. A gelatin-based hydrogel incorporating rapamycin-micelles was also reported with a controlled release profile correlating with the hydrogel degradation in the presence of a collagenase enzyme. Even though a high initial rate of a release causes a limitation in OA treatment due to the reduced long-term analgesic efficacy, it could still be developed as a new therapeutic strategy for treating OA patients [86]. 
  Chitosan and polycaprolactone microparticles have also been combined to form an injectable gel with a dual-function, a visco-supplement, and a drug depot. A gel loaded with etoricoxib injected into the joint region could retain the drug longer and ameliorate treatment issues [87]. In another study, chitosan/gelatin-based hydrogel loaded with glutathione was developed as a thermosensitive injectable delivery system. The results suggested that glutathione could treat Cisd2-/- chondrocytes even at low concentrations (100 µM) by scavenging the reactive oxygen species and decreasing OA progression [88].
Contrary to the smooth surface of normal cartilage, a cartilage surface affected by OA has a rough and uneven surface that exposes collagen fibrils and provides conditions for surface adhesion. Therefore, hydrogels have been considered as a medium for facilitating cartilage tissue regeneration by forming a gel layer on the surface of the cartilage via electrostatic interactions, covalent bonds, and/or physical interactions [89, 90]. Therefore, adhesive gels can provide a promising way of delivering active compounds to articular cartilage to inhibit OA.
5.2. Natural polymers with nanoscale formulations
OA disease causes not only cartilage damage and inflammation but also creates bone disorders and iron deficiency due to the depletion of iron and calcium. Glycoproteins with iron-binding properties such as lactoferrin, an important immunomodulatory protein, can inhibit inflammation and shows good potential to treat chronic rheumatic disorders [91, 92]. However, they have some critical drawbacks, including cardiac, neuronal, and hepatic complications, and non-specific distribution. To overcome such drawbacks, a compatible drug delivery system is needed to convey and preserve the active drugs within the synovial joint tissues. Polymeric drug delivery systems with the nano-sized dimension are well-established carriers for the sustained release of active agents. A nano-sized delivery system based on alginate-chitosan nanoparticles has several advantages; such as non-toxicity to cartilage cells, escaping gastric digestion, and an efficient controlled release of protein. This orally administered nanoparticle could be absorbed by intestinal cells and delivered to the target joint and be internalized into the cells by endocytosis and receptor-mediated endocytosis pathways [93].
Chitosan has a similar structure to cartilage glycosaminoglycans, both are long linear polysaccharides consisting of repeating disaccharide units [94]. Because of such similarity, many research studies have reported the use of this polymer for bone and cartilage repair [95, 96]. Chitosan nanoparticles also qualify as suitable candidates for the delivery of anti-inflammatory agents such as berberine, dexamethasone, and kartogenin with the different forms of nano-formulations, including chitosan cross-linked nanoparticle, chitosan/MoS2 nano-sheet, and chitosan-drug conjugation nanoparticles [97-99]. The use of low molecular weight drugs intraarticularly causes the limited distribution of drugs to the periphery of the diseased joint. Thus, it is convenient to couple the drugs covalently with high molecular weight compounds to change the drug pharmacokinetics in the body. Furthermore, the conjugation of hydrophobic drugs such as kartogenin to a hydrophilic polymer such as chitosan is recommended to increase the solubility and permeability of kartogenin. The release of chitosan-kartogenin prodrugs was investigated in both nanoparticle and micro-particle forms, and the results showed that microparticles have faster drug release and transport due to their porous structure in comparison to nanoparticles [100]. However, both forms showed sustained release behavior. The retention time of particles was more than three weeks and demonstrated the enhanced therapeutic efficacy of kartogenin, as well as regenerative and protective effects [99]. 
Pluronic, which has thermo-responsive properties, is another example of polymer able to increase the solubility of hydrophobic drugs [101, 102]. A drug carrier based on alginic acid/chitosan/pluronic nanoparticles was reported for the controlled delivery of meloxicam. The different mass ratios of alginic acid to chitosan and pluronic were blended to obtain the appropriate particle size and the surface charge. After optimization, the values of the average particle size, zeta potential, drug entrapment efficiency, the mean dissolution time were 283 nm, 216.9 mV, 55%, and 8.9 hours, respectively. This nanocomposite showed a sustained release behavior and released 85% of the loaded-drugs within 96 hours which makes it suitable for OA treatment [103]. 
Chitosan is also considered to be a good candidate as a safe gene delivery system in gene therapy and has attracted much attention due to its potential advantages [104, 105]. Gene therapy is an efficient approach for OA therapy to target specific propagation mechanisms, by treating the causes of OA rather than the symptoms [106, 107]. Both chitosan/DNA and hyaluronic acid-chitosan/DNA complexes have low transfection efficiencies, so chitosan modification is often required to mitigate this drawback. Although hyaluronic acid has more transfection efficiency towards chondrocytes via facilitating a receptor-mediated endocytosis pathway, it could not overcome this limitation as efficiently [108]. Hyaluronic acid-chitosan nanoparticles are recognized as good candidates for the delivery of cytokine response modifier A (CrmA) pDNA. The nanoparticles can protect pDNA from degradation and can improve the transfection capacity [109]. Polyethylenimine (PEI), is also a known cationic non-viral vector that provides DNA protection against nuclease degradation and facilitates the endosomal escape [110]. A non-viral vector based on both PEI and chitosan was also developed and studied in both in vitro and in vivo procedures for OA therapy [111].
A water-soluble heteropolysaccharide named Astragalus polysaccharide is extracted from the stems or dried roots of Astragalus Membranaceus. It is a natural active component and shows bioactivity and multiple pharmacological effects [112]. Both, hyaluronic acid and astragalus polysaccharides contribute to the viscoelasticity of synovial fluid and inhibition of the inflammation. Therefore a delivery system consisting of both polymers was developed. Because polysaccharide drugs are promising candidates for OA in early and mid-term stages, astragalus polysaccharides can act not only as a carrier but also as therapeutic agents [113]. Hyaluronic acid-astragalus nanoparticles can effectively protect and promote the survival of chondrocytes by regulating cytokines and proteinase [114]. Hyaluronic acid has a crucial role in the biomechanics of normal synovial fluid and the joints are often affected by the breakdown and decrease of the production of hyaluronic acid during OA. Thus, conjugation of hyaluronic acid to thermosensitive polymer is a convenient method by the formation of nanoparticles at the physiological condition. Just as an example, dexamethasone was loaded in thermo-responsive nanoparticles of HA and released under enzymatic degradation condition in an OA-induced mice model [115].
Soluble polysaccharides such as chondroitin sulfate (ChS) have been proposed as targeting for the delivery of anti-inflammatory agents to articular tissue. ChS is widely distributed within the ECM of body tissues and in articular cartilage structures [116, 117]. On a cellular level, it also has anti-inflammatory effects and can inhibit certain enzymes involved in the break-down of cartilage by downregulating the expression of MMP-1, MMP-3, MMP-13, and aggrecanase-2 enzymes [118, 119]. Therefore, those factors make ChS attractive, both as a potential carrier or targeting agent for OA drug delivery systems [117, 120].
5.3. Natural polymers with microscale formulations
Recently, injectable gelatin microspheres with anti-inflammatory cytokines were reported for controlled drug release in the presence of proteolytic enzymes overexpressed during OA disease. Due to the prevalent inflammation, the levels of the matrix-degrading catabolic enzymes are higher in OA joints. Therefore, the gelatin microsphere network could be degraded in an enzyme concentration-dependent manner. These microspheres were spherical with the same size as mammalian cells (10-30 μm) and had a net negative charge, responsible for loading the anti-inflammatory cytokines through electrostatic interactions. Using less-toxic cross-linking agents, such as genipin, caused the final microspheres to be biodegradable and rapidly eliminate from the synovium after digesting by the catabolic factors [121].
The biodegradability and efficiency of the gelatin microsphere as drug carriers were improved with the presence of silk fibroin. Gelatin and Thai silk-fibroin microspheres (100-300 µm) were prepared via water in oil (w/o) emulsion techniques with a glutaraldehyde crosslinking agent. Interestingly, gelatin/Thai silk-fibroin microspheres had a slow-degrading rate in a simulated synovial fluid in comparison to gelatin microspheres due to the stability of the hydrophobic β-sheet structure of silk fibroin protein and the absence of biological enzymes responsible for its degradation. Both microspheres degraded slowly in the first three days, however, gelatin microspheres showed a fast-degrading rate; only 46% of microspheres remained after 14 days. However, gelatin/silk fibroin microspheres showed higher stability along the same incubation period, and around 80% of spheres lasted under the same condition. The obtained microspheres were loaded with curcumin (2 µg curcumin per 1 mg of microsphere) and showed a sustained release in simulated synovial fluid. The release of curcumin seemed to be controlled by the degradation mechanism as a consequence of a delay in articular cartilage degradation for 8 weeks [122].
Chitosan/tripolyphosphate microspheres containing lornoxicam were reported as drug carriers with sustained in vitro drug release over 8 days. They were retained in the joint throughout the study period (21 days) which employed tripolyphosphate as a non-toxic polyanion gelling agent. This formulation could be effective in the treatment of chronic pain and inflammation occurring subsequently after various orthopedic joint related surgeries, or in decreasing long-term joint diseases such as OA [123]. 
Table 1 summarizes the common formulations of the hydrogel-, nanoparticle- and microparticle-based drugs in OA therapy
Table 1: Hydrogel-, nanoparticle- and microparticle-based formulations of natural polymers for OA treatment. 
	Formulation
	Agent
	Mechanism of Treatment
	Model
	Ref.

	Hydrogels

	Carboxymethyl hexanoyl chitosan-Hyaluronic acid 
Hydrogel
	Berberine
	The sustained released manner at pH 6.0 and the high rate of degradation at pH 7.4
	Human chondrocyte primary cells
(in vitro)
	[79]

	Gelatin methacrylate
Hydrogel
	Sinomenium
	Reducing MMP13 and ADAMTS-5 expression
	Human cartilage and mouse chondrocytes 
(ex vivo - in vivo)
	[84]

	Gelatin Hydrogel
	Rapamycin 
	Suppressing inflammatory cytokines, and stress-responsive genes expression
	Murine OA model
(in vitro – in vivo)
	[86]

	Hyaluronic acid Hydrogel
	Ropivacaine hydrochloride

Triamcinolone acetonide
	Improvement in knee articular cartilage degeneration and no substantial advantage with HA alone
	Rabbit model of collagenase-induced knee OA
(in vivo)
	[78]

	Chitosan-Polycaprolactone Hydrogel
	Etoricoxib
	No effect of lysozyme on the release rate of the micro-particles
	Human cartilage, murine knee joints, and mouse chondrocytes
(in vitro – in vivo)
	[87]

	Hyaluronic acid-Methacrylate Hydrogel
	Cordycepin
	Reducing MMP13 and ADAMTS-5 expression
	Human cartilage and mouse chondrocytes 
(ex vivo - in vivo)
	[85]

	Chitosan-Gelatin
Hydrogel
	Glutathione
	Enhancing catalase activity, down-regulation of inflammation, and decreasing apoptosis
	Mouse induced pluripotent stem cells-derived chondrocytes
(in vitro – in vivo)
	[88]

	Chitosan/β-Glycerophosphate-Poly(lactide-co-glycolide acid) Hydrogel
	Lornoxicam
	Showing sol-semi-solid transition at 37°C and quickly turn into hydrogel within 5 min.
	Joint cavity leakage
(in vivo)
	[124]

	Nano-sized Particles

	Chitosan-MoS2 
(60-96 nm)
	Dexamethasone
	Downregulating of TNF-α, IL-1β, and IL-8 inflammatory factors
	OA model mice
(in vitro – in vivo)
	[98]

	Hyaluronic acid
 (100 nm)
	Astragalus 
	Increasing the induction of MMP-9, MMP-13, and TNF-α and attenuation the levels of osteopontin and nitric oxide synthase
	-
(in vitro)
	[125]

	Alginate-Chitosan-Pluronic 
(250-450 nm)
	Meloxicam
	Burst drug released at pH 7.4 within 96 hours
	-
(in vitro)
	[103]

	Chitosan 
(50-400 nm)
	Berberine
	Decreasing caspase-3 and Bax expressions and increasing Bcl-2 expression
	OA induction
(in vitro – in vivo)
	[97]

	Chitosan-g-PEI 
(100–300 nm)
	pEGFP Gene
	Transfering the pDNA inside chondrocytes and synoviocytes.
	Healthy rabbit
(in vitro – in vivo)
	[126]

	Polysaccharide Chondroitin sulfate 
(400 nm)
	Diacerein
	Homing to articular cartilage with the drug-targeting property of chondroitin sulfate.
	Chemically-induced OA rat model using sodium iodoacetate
(in vitro – in vivo)
	[117]

	Chitosan
(150 nm)
	Kartogenin
	Sustained drug release for 7 weeks
	Surgically-induced OA rat model
(in vitro – in vivo)
	[99]

	Alginate-Chitosan 
(200 nm)
	Lactoferrin
	Inhibition IL-1b, TNF-a, MMPs, MAPK, and ERK signaling pathways
	Collagen-induced arthritis mice model
(in vitro – in vivo)
	[93]

	Hyaluronic acid –Chitosan
(100-300 nm)
	pEGFP vector
	By increasing pH from 5.5 to 8.0, the particle size and surface charge of the nanoparticles changed significantly
	-
(in vitro)
	[108]

	Hyaluronic acid-Poly(N-isopropyl acrylamide)
(200-400 nm)
	Dexamethasone
	Reducing the VEGF, IL-1β, and TNFα enzymes similar to the control groups
	Healthy and murine OA mice model 
(in vitro – in vivo)
	[115]

	Hyaluronic acid/Chitosan
(100‑300 nm)
	A (CrmA) pDNA
	Attenuation of interleukin‑1β‑mediated inflammation in synoviocytes.
	IL‑1β induced OA model
(in vitro – in vivo)
	[109]

	Chondroitin sulfate conjugated SLNs
(143-154 nm)
	Aceclofenac 
	Specific interactions with CD44, annexin, and leptin receptors attributed to chondroitin sulfate coupling
	Healthy rat
(in vitro – in vivo)
	[120]

	Micro-sized Particles

	Gelatin-Genipin cross-linked  Microspheres
(10-30 μm)
	Cytokines: IL4, IL10, and IL13 
	Reducing chondrocyte inflammation up to 80% by decreasing NO production
	-
(in vitro)
	[127]

	Heparin sulfated
(20-140 µm)
	TSG-6 gene
	A significant role in modulating TSG-6 bioactivity and unsuitable drug release property within 1–3 days for clinical treatment
	Medial meniscal transection injury in a rat model 
(in vitro – in vivo)
	[128]

	Gelatin-Silk Fibroin 
(100–300 µm)
	Curcumin
	Decreasing the level of IL-6 in serum after 1 week of treatment.
	Monosodium iodoacetate-induced OA rat model
(in vitro – in vivo)
	[122]

	Long-acting Chitosan/Tripolyphosphate
(3.57-6.12 µm) 
	Lornoxicam
	Inhibiting cyclooxygenase (COX) with a significant reduction in IL6 values after 7 days 
	Mono-iodoacetate induced OA model in rats
(in vitro – in vivo)
	[123]



5.4. Natural polymers with transdermal formulations
Transdermal drug delivery is another effective route for local delivery of anti-inflammatory agents in the targeted area. Currently, a lot of work has been reported concerning the evaluation of topical drug delivery systems. However, topical polymeric drug delivery systems are rare, [129, 130] as the transdermal absorption of carriers is poor and in many cases local skin irritation is inevitable. Transdermal drug carriers should interact with skin components and effectively deliver the loaded cargo to subcutaneous layers via various mechanisms which are depicted in Figure 4 [131]. Although, the topical transdermal administration can afford a local enhanced drug delivery for the superficial joint tissues by direct diffusion even though it is not sufficient for the deeper tissue, away from synovial fluids [132].
An interesting example of transdermal formulation for OA treatment has been recently reported using methylsulfonylmethane as the active compound which can block the inflammatory process and enhance the activity of cortisol (a natural hormone in the body) [133]. This natural compound has been used alone or in combination with other compounds as a nutritional supplement for OA treatment and cartilage repair [134]. Methylsulfonylmethane-based topical gels with sesame oil and aloe vera were prepared using two different gelling agents, carbopol 940 and carboxymethylcellulose. The carbopol-based gels demonstrated higher drug release and more efficient anti-inflammatory activity against carboxymethylcellulose-based gel.  Both gels were tested in different studies such as skin irritation, short term stability, and an in-vivo on OA patients and proved satisfactory results for treating OA patients [135].
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Figure 4: Various mechanisms of transdermal drug delivery (Copyright © 2014 Kaisar Raza et al.) inspired by reference [131].
4.5. Protein-based formulations
Conventionally, the therapeutic efficiency of biological macromolecules (proteins and oligonucleotides) is often restricted by their short half-lives in the body because of proteolysis and renal clearance [136, 137]. β-casein, an amphiphilic protein, is a good candidate for the delivery of hydrophobic drugs, such as celecoxib, thanks to its capacity to self-assemble into micelles. β-casein is considered to be safe for OA and naturally releases its payload directly at the site of action [138]. Furthermore, avidin, another glycoprotein, also shows ideal characteristics for intra-cartilage drug delivery. This is due to its small size and overall positive charge (Figure 5). It can easily penetrate the thick cartilage layer via electrostatic binding interactions. A prodrug build from avidin covalently conjugated with dexamethasone via a pH-sensitive ester bond ameliorated the catabolic effects and suppressed catabolism in the OA animal model. The prodrug was able to restrain significantly glycosaminoglycan loss compared to the free form of dexamethasone [139].
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Figure 5: The penetration of avidin nanoparticles through the thick cartilage layer is enhanced because of nano-sized avidin and overall positive charge. Avidin-dexamethasone nanoparticles show a weak and reversible electrostatic binding with the negatively charged aggrecan and penetrate the chondrocytes Reprinted with permission from Ref. [139], copyright 2016, Elsevier Inc. All rights reserved.
5.6. Natural polymeric platforms for OA combination therapy
Anabolic (tissue building) and catabolic (tissue destructive) triggers are part of the processes involved in metabolism and cause concerted production and degradation of articular cartilage, respectively [140]. Catabolic triggers are derived from multiple tissues in the entire joints. Recently it was shown that several joint components are involved in OA pathology and each component performs a different mechanism of action [141]. Local drug delivery platforms with two or more therapeutic agents and appropriate ligand functionalization can target multiple catabolic pathways and improve globally joint function. A co-drug delivery system based on chitosan/pluronic nanospheres was tested for the co-delivery of kartogenin and diclofenac. Kartogenin was covalently cross-linked to the outer part of the nanosphere and showed sustained drug release, whereas, diclofenac was loaded inside the core of the nanosphere and showed immediate drug release. [142]. Interestingly, kartogenin and diclofenac showed different drug release manner from the prepared nanosphere with and without cold-shock treatments, respectively. Therefore, the system was shown to be more effective due to the independent temperature-responsive controlled release of each drug. 
It is claimed that the combination therapy because such an approach can promote the safety and efficacy of drugs with fewer side effects comparing with the monotherapy approach [143-146]. Although several randomized controlled trials and meta-analysis studies showed that the combination of anti-inflammatory agents is beneficial, the co-drug delivery systems are an unexplored area in OA treatment [147, 148]. Therefore, very limited research has been reported so far.

6. Synthetic polymer-based delivery systems for OA therapy
Natural polymers have poor mechanical properties and show rapid degradation under physiological conditions. Therefore, many biodegradable and biocompatible synthetic polymers were developed for cartilage repair, including poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), and poly(DL-lactic-co-glycolic acid) (PLGA) [149]. In general, these polymers are can be degraded through hydrolysis of covalent bonds and the hydrolysis rate depends on some factors such as steric hindrance at the cleavage site. Besides, they could be easily modified to fit the biological, physical, and mechanical regulations.
6.1. Synthetic polymers with gel-based formulations
Commonly used OA drug diclofenac is rapidly cleared from the synovial cavity after intraarticular injection [150, 151]. A cross-linked polyurethane-based injectable gel conjugated with diclofenac improved the drug efficacy and reduced gastrointestinal, vascular, and coronary complications side effects. It should be mentioned that the half-life of free diclofenac in the synovial fluid is around 5 h [150, 151]. However, the polyurethane-diclofenac prodrug can stay longer in the knee joint and provide a continuous drug release for at least 2 weeks after post-injection. The cross-linked hydrogels demonstrated prolonged residence time in the joint which led to longer treatment time [152]. Interestingly, in vivo fluorescence imaging results showed that a substantial amount of diclofenac conjugated polyurethane hydrogel remained in the treated joint for 14 days post-injection.
Polypeptide-based hydrogels have good biocompatibility and biodegradability and show temperature-sensitive properties that undergo sol-gel transition at the physiological condition. They can encapsulate hydrophobic or chemically fragile molecules such as flavonoids and sustainably release them. Formulation of quercetin, the most abundant bioflavonoid, in thermosensitive peptide hydrogels showed enhanced protection of chondrocytes against oxidative stress, improvement of antioxidant defense [153]. Thermosensitive polymers based formulations are other interesting options as controlled drug carriers for intraarticular injections due to their critical advantages. In this regard, a kartogenin-loaded thermogel shows a sustained in vitro release for 3 weeks [154]. This thermogel demonstrates a low-viscosity at a low temperature and forms a non-flowing gel at body temperature. Furthermore, a PCL-PEG-PCL hydrogel was also used for the delivery of methotrexate to arthritic joints and showed a temperature-dependent reversible sol-to-gel transition in water. The prepared gel is non-viscous at room temperature and changes to gel form when the temperature is increased to more than 31 ºC and less than 45 ºC, i.e. close to the physiological temperature (37 ºC) [155]. 

6.2. Synthetic polymers with nanoscale formulations
Reactive oxygen species (ROS) are produced as an inevitable byproduct of aerobic metabolism and include hydrogen peroxide (H2O2), single oxygen, and hydroxyl radicals. With this in mind, and taking advantage of OA pathological condition (pH under 7.0 value), an acid-activatable curcumin-PEG polymer prodrug was synthesized (Figure 6). Specifically, curcumin was bonded to the PEG acrylate with a diamine compound as a bridge and formed β-amino ester bonds with cationic moieties. By using the self-assembling approach, nano-sized micelles were formed and showed pH-responsive curcumin release under acidic conditions, more than 95% curcumin release within 7 days. Their dissociation at acidic pH was fast due to the rapid hydrophobic/hydrophilic transition of proton-sensitive amine groups. Ultimately, the released curcumin can control the inflammatory in the joint with different mechanisms (radical scavenging and metal chelating activity)[156]. ROS-induced carrier solubility, ROS-induced carrier cleavage, or ROS-induced prodrug linker cleavage are known drug release mechanisms sensitive to the presence of ROS species [157]. Numerous examples are reported for ROS-responsive polymers, including thioether-containing polymers, selenide- or telluride-containing polymers, and aryl boronic ester-containing polymers, which are suitable for OA inflammatory disease [157].
Kartogenin (KGN) is another natural agent that has been recently tested for OA treatment. KGN can enhance cartilage repair and improve hyaline cartilage production [158]. The intra-articular injection of KGN to the rat OA model revealed that it could reduce cartilage degradation and maintain the subchondral bone changes [159]. Interestingly, no pro-inflammatory effects and less extensive cartilage destruction were observed [160].
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Figure 6: pH-responsive curcumin-PEG polymeric nanoparticle as a therapeutic system for OA treatment. Acrylate modified curcumin was polymerized with PEG acrylate via 4,4′-trimethylene di-piperidine as a bridge. Reprinted with permission from Ref. [156], copyright 2020, Elsevier Inc. All rights reserved.
Proteins and peptides have poor bioavailability as the therapeutic agents in the body because they can be degraded easily under serum and enzymatic conditions. However, drug-loaded nanoparticles provide the biocompatible delivery systems which protect the encapsulated therapeutic agents and deliver them directly to the targeted tissue [161]. Many delivery systems were reported to prevent the therapeutic agent from degradation, and poly(N-isopropyl acrylamide) (PNIPAM) is one of the most common ones [162]. For example, hollow and sulfated-functionalized PNIPAM nanoparticles with 2-acrylamido-2-methyl-1-propanesulfonic acid were shown to be very efficient in loading and releasing peptides, and to successfully protect their payload from proteolytic degradation [163]. On the other hand, peptides can be conjugated to their cargo to specifically interact with the targeted tissue and be used as targeting moieties. A nano-system based on a short cartilage-targeting peptide sequence WYRGRL-linked PLGA NPs was designed to bind directly to type II collagen protein on the cartilage surface and could be employed as targeted drug delivery NPs for OA [164]. 
In another example, block copolymer micelles were modified by covalently grafting an interleukin-1 receptor antagonist (IL-1Ra) to tone down IL-1-based inflammation in OA. An in vitro study showed that the obtained protein-particle conjugate maintained the protein bioactivity and could specifically bind to the targeted synoviocyte cells via surface IL-1 receptors. Importantly, IL-1Ra immobilized nanoparticles have similar results of IL-1 inhibition in comparison to soluble IL-1Ra. Because the -1Ra immobilized nanoparticles can easily stay longer in the rat’s joint and increase the durability of IL-1Ra for more than 14 days. Whereas, the half-life of free IL-1Ra in the joint is less than a day [165]. Furthermore, another study revealed that adenosine-functionalized PLA nanoparticles can bind and activate adenosine A2A and A2B receptors on murine cells as well as adenosine alone. Free adenosine has an extremely short half-life of about one to four seconds in the biological fluid. However, its conjugated form has good stability and prolonged residence time with interesting in vivo results on controlling OA progression [49].
Both, lubrication and drug release features are considered as a promising approach for OA therapy [166, 167]. A novel lubrication-enhanced and drug delivery nanospheres based on mesoporous silica nanoparticles coated with poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC-g-SiO2 NPs) were recently reported for the treatment of OA. Their brush architecture was inspired by an articular cartilage matrix with super-lubrication property, specifically the zwitterionic charges of phosphatidylcholine lipid. This platform demonstrates dual-function properties; lubrication and sustained drug delivery [168]. Furthermore, thermos-sensitive nanospheres based on PNIPAM-PMPC were also reported. Due to the hydration of zwitterionic headgroups, these nanospheres showed a lubrication property. Simultaneously, they could efficiently encapsulate anti-inflammatory drugs and achieve thermos-sensitive drug release. They showed an initial burst drug release, followed by a relatively stable release stage [169]. Overall, these types of formulations can be promising to design the nanomedicines for the effective treatment of OA, because they handle the disease in two independent pathways.
6.3. Synthetic polymers with microscale formulations
Recent literature highlighted that particles with a size range of 35-105 µm are appropriate for intraarticular injection to arthritic joints [170]. Although the local administration of polyesteramide (PEA) loaded with celecoxib as an anti-inflammatory agent was studied in both in vitro and in vivo, the optimal dosage for use in OA treatment was unclear [171]. In a recent study, PEA microspheres loaded with a broad range of celecoxib doses were evaluated on osteoarthritic rat joints. The intraarticular administration of celecoxib could be detectable in the plasma even after 5 days [172]. On the contrary, entrapped PEA microspheres with no drug were observed in the synovium after intraarticular injection for 3 weeks. It was also found out that the microsphere had no necrotic effects on the synovium. After 12 weeks, almost all microspheres had disappeared or shrunk to a very small size (Figure 7) [171].
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Figure 7: Entrapment of microspheres in the synovium. (A) blank PEA microsphere, (B & C) celecoxib-loaded PEA microspheres. The microspheres with a size around 5 μm and up to 20 μm can be easily detected (red marks assumed as giant cells). Reprinted with permission from Ref. [171], copyright 2016, Elsevier Inc. All rights reserved.
Recently, multi-block PLA-PEG-PLA co-polymer microspheres were reported as more effective than PLGA microspheres to deliver Tacrolimus, as a common immunosuppressive drug, to arthritic joints [173] and showed no initial burst release and demonstrated a sustained in vitro drug release for over 5 weeks [174]. The loaded drug has also the potential to treat osteoarthritis by inhibiting calcineurin [175] leading to less cartilage destruction in rheumatoid arthritis in vivo [176]. 
Chondroitin sulfate (ChS), as apart of the human articular cartilage extracellular matrix, can be considered a promising medication for treating OA [177]. Therefore, designing and developing an alternative delivery system that carries ChS directly to the joint can be taken into consideration. By mixing different sizes of PLGA microspheres loaded with ChS, initial burst releases were tuned at distinct periods and sustained release of the encapsulated drugs mimicking multiple intra-articular injections was achieved [178].
From the clinical viewpoint, the design and development of a sustained drug release system for intraarticular injection to the joints is desired. Poly(lactide-co-glycolide acid) (PLGA) particles are good and promising delivery systems due to their biodegradability and biocompatibility [179]. Lornoxicam, a non-steroidal anti-inflammatory drug, provides a dual-action treatment for OA, as it does not only display anti-inflammatory effects but also can reduce the pain in the damaged joints. Moreover, the half-life of lornoxicam in human plasma is about 4 hours and can easily leak out of the joint cavity after injection into the joint [180]. Thus, PLGA-lornoxicam as the intra-articular administration microspheres were synthesized for a local delivery system to the synovial joint and retained for a few weeks, promoting articular cartilage repair [181, 182]. 
The design and development of thermosensitive polymeric hydrogels is another interesting approach for the delivery of a loaded-agent to the targeted region. PLGA microspheres are considered to be useful particles for the delivery and sustained release of therapeutic agents [183]. As discussed in the next section it was proven that the PLGA microspheres have the capability for delivering agents to the inflammatory area in OA. A combination of lornoxicam-PLGA microspheres with chitosan/β-glycerophosphate thermosensitive gels appeared to be very effective because such a system showed sustained drug release for about 14 days during in vitro studies and effectively reduced the drug escape to the systemic circulation. This gel showed a longer retention time and superior anti-inflammatory effects compared to bare PLGA microspheres [124].
Other examples are FDA approved diacerein derivatives which have gained increased attention in recent years because of effective inhibitory action on the pro-inflammatory cytokine IL-1β [184]. Rhein is one of the metabolized products of diacerein derivative in the body which can inhibit the production of ROS and down-regulate the expression of MMP enzymes. Similar to other drugs, it has side effects that provide a barricade of its translation for OA treatment [185]. To improve its low bioavailability, PLGA polymeric microparticles are possible choices to encapsulate the drugs and release them in a controlled manner [186].
Recently, statins were introduced as new candidates to halt OA progression, however, the effect of statin outcomes remains unclear [187, 188]. Despite their severe side effects in high dose administration, PLGA microspheres were assessed for local administration and delivery of fluvastatin, a clinically approved statin. As a result, a potent suppressive effect on MMP13 gene expression was achieved. Due to the time-dependent biodegradability of PLGA encapsulated statin microspheres, they exhibited a gradual-release and reduced OA progression in both in vitro and in vivo studies [189]. PLGA microspheres were also utilized for sulforaphane encapsulation. Sulforaphane is an anti-carcinogen and anti-inflammatory agent obtained from a natural source [190, 191]. It can downregulate many disruptive enzymatic pathways (iNOS, COX, TNF-α, IL-1β, and IL-6) which show anti-arthritic and immuno-regulatory activity [191, 192], but, it has very low stability in warm aqueous solutions; 50% degradation in a 30 ºC aqueous solution [193]. Nevertheless, it could be a great candidate for OA treatment, if it is formulated with a biodegradable polymeric particle such as PLGA. Both in vitro and in vivo results strongly indicated that PLGA-sulforaphane microspheres inhibit the expression of inflammatory markers and could also delay the progression of the OA rat model for a long period [193].
In line with the above delivery systems, PLGA microspheres could also be convenient agents for the delivery of hormones, enzymes, proteins, and peptides. In recent years, controlled-release carrier formulations were developed based on PLGA for sustained release of parathyroid hormone (PTH(1–34)) and potent p38α/β MAPK inhibitor at the therapeutic level which maintained their bioactivity for OA treatment [194, 195]. On the other hand, (PEG)-polyamino acid block copolymer and poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) polymeric (PEO−PPO−PEO) nano-micelles showed effective biological transfer that could be employed for the delivery of RNA, as a disease-modifying osteoarthritis drug, and recombinant adeno-associated virus (rAVV) vector, respectively [196, 197]. Notably, these agents should be delivered to the chondrocytes to become efficient in the treatment of OA [198, 199]. Table 2 provides a summary of synthetic polymer-based drug delivery systems used for OA therapy. 
Table 2: Summary of synthetic polymer-based carriers used for OA treatment with various cargo agents
	Formulation
(Size)
	Agent
	Mechanism of Treatment
	Model
	Ref.

	Hydrogels

	mPEG-Polyalanine 
Hydrogel
	Quercetin
	Antagonizing ROS production and NOX4 expression
	Post-traumatic OA rat model
(in vitro – in vivo)
	[153]

	PLGA–PEG-PLGA
Thermogel
	Kartogenin
	Enhancing expression of Col 2 and AGC genes, and inhibiting the expression of MMP-13.
	Rabbit Knee OA Model
(in vitro – in vivo)
	[154]

	PCL-b-PEG-b-PCL Hydrogel
	Methotrexate
	No macroscopic signs of knee inflammation on healthy rat joints
(Mechanism Not Available) 
	Healthy rat
(in vitro – in vivo)
	[155]

	PEG-based PU Hydrogel
	Kartogenin
	Promoting the expression of lubricin and no pro-inflammatory effects on chondrocytes
	Surgically induced OA rat model
(in vitro – in vivo)
	[160]

	Polyurethane Hydrogel
	Diclofenac
	Moderately effective in reducing pain
	Healthy rat
(in vitro – in vivo)
	[200]

	PEO-b-PPO-b-PEO
Hydrogel
	Glucose amine
	A vital nutrient for chondrocytes
	Mice OA model 
(in vitro – in vivo)
	[201]

	Nano-sized Particles

	PEG Micelle
(170 nm)
	Curcumin
	Suppressing TNF-α and IL-1β expressions and reducing ROS level
	Monoidoacetic acid-induced OA mice model.
(in vitro – in vivo)
	[156]

	PEG-b-PLA 
(129-144 nm)
	Adenosine
	Diminishing IL-1β stimulated activation of NF-kb
	Post-traumatic OA rat model
(in vitro – in vivo)
	[49]

	PEO−PPO−PEO Micelle
(20-30 nm)
	Recombinant adeno associated virus – rAAV
	Promoting higher levels of sox9 transgene expression 
	Human osteochondral defect cultures
(in vitro)
	[196]

	P(2-ethyl-2-oxazoline)-PCL
(120 nm)
	Psoralidin
	Suppressing the expression of pro-inflammatory cytokines, chemokines, and MMPs
	Mice OA model 
(in vitro – in vivo)
	[202]

	PLGA Nanoparticle 
(250 nm)
	WYRGRL
Peptide
	Binding directly to type II collagen protein, chondrocytes, and mouse cartilage tissue
	Human Chondrocytes
(in vitro – ex vivo)
	[164]

	PNIPAM Nanoparticle
(178-469 nm)
	KAFAK Peptide
	Significant reduction in IL-6 
	ex vivo OA model
(in vitro – in vivo)
	[163]

	PEG-Polyamino acid copolymer 
(50 nm)
	mRNA
	Suppressing significantly OA progression
	Mice OA model 
(in vitro – in vivo)
	[197]

	Methacrylate copolymer 
(300 nm) 
	Interleukin-1 Gene
	In vitro inhibitory effects on NF-kB activity
	Healthy rat stifle joint 
(in vitro – in vivo)
	[165]

	PMPC-g-SiO2 Nanosphere
	Diclofenac
	Dual-function properties: Lubrication and sustained drug delivery systems
	Rat OA model
(in vitro – in vivo)
	[168]

	PNIPAM-PMPC Nanosphere
	Diclofenac
	Dual-function properties: Lubrication and sustained drug delivery systems
	Chondrocytes 
(in vitro)
	[169]

	Micro-sized Particles

	PLA-PEG-PLA Microsphere
(30 μm)
	Tacrolimus
	-
	Healthy rat and horse models
(in vitro – in vivo)
	[174]

	PLGA Microsphere
(10-15 μm)
	p38α/β MAPK inhibitor
	Reducing IL-1β and TNF-α
	Murine OA model
(in vitro – in vivo)
	[194]

	PLGA Microsphere
(1.9-7.9 µm)
	Rhein
	Reducing the synthesis of IL-1β and nitric oxide production
	-
(in vitro)
	[186]

	Polyester amide Microsphere
(10-100 µm)
	Celecoxib 
	Inhibition of the COX-2 and the NF-ĸB pathway
	Rat OA model 
(in vitro – in vivo)
	[171] [172]

	PLGA Microsphere
(7.47 µm)
	Lornoxicam
	Significantly reducing the swelling of the knee joint
	Papain-induced OA rats
(in vitro – in vivo)
	[181]

	PLGA Microsphere
(51–127 µm)
	Parathyroid Hormone
	Decreasing glycosaminoglycan and Col II and increasing Col X
	Papain-induced OA rat model
(in vitro – in vivo)
	[195]

	PLGA Microsphere
-
	Fluvastatin Statin
	Suppressing effect on MMP13 gene expression and increasing the expression of ECM genes
	Rabbit OA model
(in vitro – in vivo)
	[189]

	PLGA Microsphere
(14.5 µm)
	Sulforaphane
	Inhibiting COX-2, ADAMTS-5, and MMP-2
	Surgically-induced rat OA model
(in vitro – in vivo)
	[193]

	PLGA Microsphere
(75–500 µm)
	Chondroitin sulfate
	-
	-
(in vitro)
	[178]

	P(3-hydroxybutyrate-co-ε-caprolactone) Microparticle
	Diclofenac
	-
	-
(in vitro)
	[201]



6.4. Synthetic polymers with transdermal formulations
Many synthetic polymer-based drug delivery platforms are reported for the delivery of pharmaceutical agents. PLGA based self-assembled nanostructures are extensively used in biomedicine fields due to their higher stability than liposomes. The effectiveness of a PLGA-based nano-formulation for the transdermal delivery of bioactive agents has been recently reported. In this regard, employing PLGA NPs introduced them as a prosperous transdermal candidate for long-term drug delivery. Glucose amine is widely used for OA treatment and is commercially available, however, when taken orally over the long term it causes gastric irritation and ulcers. It also goes through hepatic-pass metabolism because of very low bioavailability. Thus, utilizing transdermal delivery of glucose amine via glucosamine conjugated PLGA NPs may be the best alternative route of administration [203]. 

7. Polymers with advanced controlled architecture
Many synthetic polymers have been tested to treat human diseases, however, only a few of them have been utilized in OA treatments such as PLGA, PLA, PU, PNIPAM, PMA. Following the general discussion on synthetic polymers, it should be pointed out that the main challenges refer to the polymer architecture and formulation design as well as their targeted and controlled loading and releasing capacities. Recently a novel class of polymers, called bottle brush polymers (BPs), that are easily synthesized through controlled radical polymerizations, such as atom transfer radical polymerization (ATRP) or reversible addition−fragmentation chain-transfer polymerization (RAFT) methods have been the object of broad research interests [204-206]. BPs are good candidates for the discussed applications as they demonstrate outstanding lubrication properties [207-211]. BPs architecture can be also found in nature, for example in extracellular polysaccharides on bacterial surfaces or in proteins such as aggrecans which are abundant in synovial joints. BPs can be employed in a wide range of drug delivery systems after integration with chemotherapeutic agents via either physical encapsulation or chemical conjugation. As shown previously, they can intermolecularly assemble into nanostructures with versatile properties [212-214]. The lubrication ability, which is the main feature of bottle-brush polymers, can be particularly suitable for OA therapy.
Molecular brushes (also called bottle brushes) prepared via ATRP were reported for the first time in 1998 by Matyjaszewski, and have continued to be the object of broad attention [215]. Three different methods are used for the synthesis of bottle brushes, “grafting to”, “grafting through” and “grafting from”, respectively [216]. These types of brush polymer, with precisely designed architecture and functionality, can be utilized in various biomedical fields [217, 218]. The synthesis routes, various compositions, and their self-assembled architectures are illustrated in Figure 8. 
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Figure 8: Molecular brushes synthesis approaches, compositions, and self-assembly architecture.
[bookmark: _GoBack]Bottlebrush polymers have been used in multiple biomedical contexts. The first report of a bottlebrush drug carrier used a prodrug approach where anticancer drugs doxorubicin or camptothecin were covalently conjugated to the polymer via a photoclivable linker.[219] Since then, different iterations of this concept have been reported,[220, 221] and more recently combining drug delivery and imaging modalities[222, 223], multimodal imaging and stimuli-responsive modalities,[224, 225], or incorporating targeting modality [226]. A large majority of the drug delivery systems making use of bottlebrush polymers have been tested for chemotherapy, while their application to other diseases is still to be explored. In the context of articular diseases, bottlebrush polymers have found a unique niche as therapeutic agent due to their architecture. Early studies demonstrated that comb-like polymers, a subfamily of molecular brush polymers with a much smaller density of side chains, and molecular brush polymers had the capacity to act as excellent boundary lubricants [227-229].  In particular, these studies have identified several key structural features that are essential to good lubrication, which was assessed by measurements of friction coefficients between hard surfaces such as mica or silica. The role of the brush domain in the polymer was shown to be essential for the lubrication as well as the presence of chemical moieties capable of anchoring the polymer onto the surfaces [227, 228]. These observations have led to further developments of new generations of molecular brushes capable of sustaining higher normal loads and exhibiting lower friction coefficients. Compared to monoblock molecular brushes, di- and tri-blocks polymers exhibit must stronger capacity to resist the effects of applied normal load (higher than 10 MPa), a key function to ensure robust lubrication [230, 231]. More recently, Faivre et al. compared mono, di- and tri-block molecular brushes' capacity to sustain normal loads under shearing conditions [209]. The authors showed that the friction coefficient of the polymers were very similar and therefore are not affected by the presence of the anchoring block, as long as the lubricant film was stable. Striking differences were observed when comparing the critical pressure at which the lubricant film failed. The triblock molecular brush was found to sustain a significantly higher load compared to mono and diblock and this difference was even stronger when the polymers were mixed with hyaluronic acid. Even though these early developments were mostly performed by testing the polymers with hard ceramic surfaces, recent reports have shown that molecular brushes are equally efficient to lubricate and protect soft surfaces such as hydrogels [210, 232] or articular cartilage [233, 234]. The compelling body of work that demonstrates the superior capacity of molecular brushes to lubricate surfaces has stimulated their use in the field of viscosuplementation. Bottle brush polymers properties suggest that they could replace or enhance triboprotecting properties of natural lubricin or hyaluronic acid –based supplementation treatments currently under clinical trial or on the market. One study has reported a first proof of concept of bottle brush lubricating fluids tested in vivo in a surgical model of osteoarthritis [235]. The study compared tribomechanical properties and histological structural markers of arthritics joints treated with diblock molecular brushes and random copolymer brushes. None of the molecular brushes triggered any signs of inflammatory response. Several beneficial outcomes were reported depending on the polymer structure such as improved OARSI score for femoral degeneration compared to control or improvement of OARSI score for osteophyte formation. Even though differences between the lubrication capacities of the polymers was not evidenced in this study, the results substantiate the beneficial role of molecular brushes in mitigating the progression of several key biomarkers of OA.
Significant effort has been recently pointed to the progressing of stimuli-responsive molecular brushes with extraordinary features and utilities. This behavior can be observed upon changes in many different stimuli, such as temperature, pH, salt, magnetic or electric field, solvent, or mechanical forces [236, 237]. Therefore, the appropriate design and further development of polymers with such architecture for biomedical applications can provide new perspectives for the very specific behavior of those polymers.

8. Drug delivery strategies for OA therapy 
Regrettably, intra-articularly injected drugs are often cleared very rapidly with the half-lives of 6 minutes to 6 hours via the lymphatics vessels or vasculature vessels which severely limits the possibility of treatment for OA therapy [238, 239].  Liposomes, micelles, hydrogels, polymeric particles (nano and micro-sized) are examples of drug delivery platforms used for enhancing the residence time of drugs in the joints [87, 163, 240]. These systems can enhance the drugs' half-lives 10-30 times compared to their free drugs [239]. Nevertheless, the mentioned platforms have a low penetration rate due to the particular structure of cartilages with dense extracellular matrix (ECM). To improve these drawbacks, drug carriers should pass through the cartilage and reach inside the cartilage before rapid clearance from the synovial fluids occurs. 
A crucial point in OA therapy is the delivery of biological restoration of articular cartilage. Several factors have been involved in the OA delivery systems, including the type of cargo to be delivered, the size, shape, type of carriers, and some other factors. It is therefore imperative to consider evaluating the factors and joints in the OA microenvironment whereby the appropriate carrier could be designed and used for the delivery of agents to the target area. To achieve an excellent specification design, the following points should be considered. 
8.1. Polymer properties 
Drug injection directly to the patients’ joints results in fast pain relief; however, the drug shows low residence time in the joint space with a half-life being shorter than twelve hours because of the low molecular weight of the drugs [239, 241]. Generally, high molecular weight polymers are chosen to encapsulate pain relief agents and release them in a controlled manner. A low molecular weight polymer has less loading capacity for loading drugs, resulting in a short diffusion distance with a rapid and burst release [242]. Therefore, combining the drugs with medium or high molecular weight visco-supplements should enhance the residence time in the injected area. However, the polymer formulations must flow through the injection syringe, with the size range of 18–22 gauge, as used to inject the current visco-supplements [243]. Overall, the drug-polymer formulation should have a viscosity comparable to normal synovial fluid and/or commercially available visco-supplements.
Physically mixed drugs and polymers do not show high residence time of the drugs in the joint and drugs diffuse rapidly out of the joint, because both drug and polymer have not specific interaction between each other [244, 245]. One strategy to improve this drawback is the formation of polymer-drug conjugates to formulate an injectable prodrug. However, chemical conjugation of drugs inactivates the drug and can change the efficacy of drugs or alter the drugs’ mechanism of action in comparison to free drugs[246]. 
8.2. Properties of polymeric particles 
Polymer particles that do not have specifically targeted properties have been extensively tested for the treatment of OA. Microparticles (~10 µm) provide satisfactory long-term durability of drugs (for several months), by contrast, particles with a size smaller than 5 μm can rapidly escape the articular environment, due to the lack of a basement membrane in the synovial joint [247, 248]. But on the other hand, nano-size polymer particles have good capability to penetrate within the tissue and show cellular internalization. The appropriate size for penetrating inside the highly-dense extracellular matrix (ECM) of cartilage, is around 60 nm. It should be noted that the mesh size of collagen II fibrillary networks has a similar size around 60 nm and the size of side chains of the aggrecan proteoglycan network is 20 nm [249, 250]. The aggrecan with bottle-brush structure and collagen network are close to each other and show a substantial steric hindrance to the penetration of drugs and drug carriers [251]. In was demonstrated by using avidin for charge driven transport, the ideal size for avidin nanoparticle is ~ 10 nm, while larger avidin particles could be trapped in the tissue’s superficial zone [53]. However, particles with a smaller size can reduce mechanically-induced drug release and assist the slippery of articular cartilages to help them move smoothly and easily.
For efficient drug penetration to the full depth of cartilage, drugs should pass through the highly packed cartilage tissue made of collagen fibrils (50-60%), negatively charged glycosaminoglycan (30-35%), and additional extracellular macromolecules (1-5%) [53]. Therefore, positively charged polymeric particles would be appropriate candidates for OA treatment because the glycosaminoglycans (GAGs) in cartilage have negative charges that provide the electrostatic interactions leading to targeted drug delivery [251, 252]. Proper choice of the carrier material should be considered since inorganic components such as gold or silica nanoparticles with poor biocompatibility and low degradation rate could increase the inflammatory responses in the joint [253, 254].
8.3. Drug loading capacity
Common drug carriers are designed to enhance the efficacy of loaded drugs, while the size and capacity of these carriers restrict the content of drugs [255]. Generally, the capacity of polymeric nanoparticles for loading drugs is less than ~20 wt%. Such a low value of the drug loading capacity results in the poor therapeutic potential of such materials [256]. In this regard, for stronger therapeutic effects, a large amount of drug carriers should be utilized.  However, at a high dosage, carriers could show toxicity on healthy cells due to their poor metabolism. Hence, great consideration has been oriented to the development and design of carriers that could deliver a large amount of drugs [156].

9. Polymeric drug carriers in clinical trials 
In recent decades, many types of research have been reported on the delivery of pharmaceutical agents. Also, the development of such drug delivery systems including nanoparticulate, microparticulate, transdermals, inhalers, implants, and drug-carrier conjugation has been growing rapidly. Each type of drug delivery system has some advantages and disadvantages that some of them are beginning to enter clinical trials and some others have already reached the market [257]. Although there many patents that have been published in this area, recently [258-261], osteoarthritis treatment still remains a challenge in medical therapy. That may be attributed to some contradictions between in vitro and animal model positive results with disappointing results in OA clinical trials. Many efforts for the clinically successful polymeric carriers are ongoing on and some of them are listed in Table 3.
Table 3: Examples of polymeric drug carriers reported in preclinical and clinical trials
	Name
	Condition or Disease
	Formulation Type
(Agent)
	Stage
	Company

	SB-061 
	Mild-to-moderate osteoarthritis;
	Polymeric formulation; Biological therapeutic
(Peptide)
	Phase 2
	Symic Bio, Inc.

	ZILRETTA
	Osteoarthritis; Pain
	Polymeric microsphere; Small molecule therapeutic; Sustained release formulation
(triamcinolone acetonide)
	FDA Approved
	Flexion Therapeutics

	FX005
	Severe OA; Pain
	Polymeric microsphere; Small molecule therapeutic; Sustained release formulation
(p38 MAPK inhibitor)
	Phase 3
	Flexion Therapeutics

	FX006
	Severe OA; Pain
	Polymeric microsphere; Small molecule therapeutic; Sustained release formulation
(Glucocorticoid)
	Phase 3
	Flexion Therapeutics

	FX007
	Post-operative Pain
	Polymeric microsphere; Small molecule therapeutic; Local administration formulation
(TrkA receptor antagonist)
	Phase 1
	Flexion Therapeutics

	FX301
	Acute postoperative pain
	Polymeric thermosensitive hydrogel; Small molecule therapeutic;
(Funapide)
	Pre-clinical
	Flexion Therapeutics

	EP-104IAR
	Osteoarthritis; Pain
	Polymeric microsphere; Small molecule therapeutic; Sustained release formulation
(Fluticasone Propionate)
	Phase 1
	Eupraxia Pharmaceuticals Inc.

	TLC-599
	Inflammatory disease; Osteoarthritis
	Liposome formulation; Small molecule therapeutic; Sustained release formulation 
(Ropivacaine)
	Phase 2
	Taiwan Liposome Co.

	TIVORBEX
	Osteoarthritis; Pain
	Nanoparticle formulation; Small molecule therapeutic
(Indomethacin)
	Approved
	iCeutica Inc.

	ZORVOLEX
	Mild-to-Moderate Osteoarthritis;
	Nanoparticle formulation; Small molecule therapeutic
(Diclofenac)
	Approved
	iCeutica Inc.

	VIVLODEX
	Osteoarthritis; Pain
	Nanoparticle formulation; Small molecule therapeutic
(Meloxicam)
	Approved
	iCeutica Inc.

	SOLUMATRIX
	Osteoarthritis; Pain
	Nanoparticle formulation; Small molecule therapeutic
(Naproxen)
	Phase 2
	iCeutica Inc.

	OA GEL
	Osteoarthritis
	Drug implant; Gel formulation; Intra-articular formulation; Small molecule therapeutic; Sustained release formulation
(Diclofenac)
	Pre-clinical
	PolyActiva Pty Ltd

	HA-based
	Osteoarthritis
	Drug combination; Intra-articular formulation; Small molecule therapeutic
(Clodronate)
	Pre-clinical
	Abiogen Pharma SpA




10.  Conclusions 
Polymeric materials have changed various aspects of our day-to-day life including medicine. Regarding medicine, polymeric materials offer new platforms to deliver therapeutic agents to the targeted tissue with better and safer treatment outcomes. Certain polymeric platforms, such as chitosan (natural) and PLGA (synthetic) polymers do not demonstrate significant cytotoxicity on the healthy cells, therefore they can be commonly used in the near future. Because currently there is no powerful and convenient approach for OA therapy, the development of new drug delivery systems for safe treatments is required. Only very limited numbers of studies have been focused on OA targeted drug delivery. Development of both, the specific drugs and the delivery systems, are needed to specifically deliver therapeutic drugs to the targeted tissue. Therefore, future research should be focused on designing a new kind of targeting drugs prone to inhibiting activation of the enzymatic signaling pathway relative to OA in the synovial fluids as well as the enhancing synovial joint-specific targeting property. Overall, the application of polymeric materials in OA delivery systems still needs further and deeper in vitro and in vivo studies to facilitate their future clinical trials to provide the enhanced long-term durability of the drug in the joint along with diffusion to the target tissue.

Statement of Significance
Osteoarthritis is a common musculoskeletal disorder that will progressively increase in older populations and is expected to be the most dominant reason for disability in the world population by 2030. Current treatment approaches tend to provide temporary relief for a short time.  Therefore, alternative strategies are required to manage this painful condition via proper and effective treatment. This review summarizes the most relevant studies that utilized the natural and synthetic polymer-based drug carriers as the anti-inflammatory delivery systems to the inflamed joints. Furthermore, it specifies perspectives for designing convenient platforms for the delivery of anti-inflammatory agents for powerful osteoarthritis therapy. A summary of material development, their key advantages, and mechanisms of action are also mentioned.  
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