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ABSTRACT 

 

Osteoarthritis (OA) is one of the most prevalent debilitating joint diseases affecting over 7.6% 

of the global population. This disease is primarily characterized by cartilage degeneration, 

leading to pain, inflammation, and stiffness in affected joints. Current commercial treatment 

options for OA are mainly symptomatic and palliative. These include the pain and inflammation 

medicines acetaminophen, nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, 

and opioids. However, these are associated with limitations such as gastric ulceration and 

acute kidney injury with classical NSAIDs, increased risk of cardiovascular disease with 

cyclooxygenase-2 (COX-2) selective inhibitors and the need for repeated intra-articular (IA) 

injections with glucocorticoids which, apart from increasing the risk for exposure to infections, 

are not cost-effective and often results in low patient compliance. However, to mitigate some 

of these drawbacks, stimuli-responsive drug delivery systems, such as nanocomposites, offer 

a promising approach to effective and sustainable treatment of OA. 

 In this study, we investigated the use of dexamethasone (DEX)-loaded tNPs nanoparticles 

(tNPs) incorporated in a Pluronic F-127/hyaluronic acid (PF-127/HA) hydrogel to treat OA. 

DEX, a potent anti-inflammatory and immunosuppressive agent, has been used for treatment 

of various inflammatory disorders, including OA. 

DEX-loaded transfersomes (tNPs) were synthesized using thin-film hydration and 

incorporated into a thermo-responsive hydrogel composed of Pluronic F-127 (PF-127) and 

hyaluronic acid (HA). The formulation was evaluated for morphology, particle size, zeta 

potential, encapsulation efficiency, physiochemical characteristics, rheological properties, 

syringeability and drug release. In vitro release studies were conducted using a knee joint 

simulator to mimic physiological conditions. Biocompatibility was assessed using RAW 264.7 

macrophages via MTT and IL-4 quantification assays to determine cytotoxicity and anti-

inflammatory potential. 

From the microscopic analysis (Scanning electron and transmission electron microscopy), the 

DEX-loaded tNPs had a hydrodynamic size of 76.43 ± 0.48 nm depicting a smooth and 

spherical morphology. Moreover, these tNPs had a remarkable EE of 98 ± 0.31%. The DEX-

loaded tNPs also demonstrated high stability with insignificant changes in size, size 

distribution, and zeta potential over a period of 3 months. The amount of force required to 

extrude the hydrogel from a standard 22-gauge needle was 24 N, suggesting the required 

ease of injection. The drug release kinetic profile of these tNPs showed approximately 90% 

DEX release after 72 hrs, which, however, improved to approximately 2 months (7 weeks) 
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upon incorporation into the hydrogel matrix.  In a knee joint simulator, the in vitro DEX release 

was confirmed to be 2 months from this nanosystem. 

 The rheological analysis showed promising mechanical properties such as stress sweep, 

thixotropy, yield stress, and frequency sweep, signifying the suitability of the hydrogel for the 

IA administration in OA joints. Furthermore, cell culture studies showed that the 

nanocomposite was biocompatible with RAW 264.7 macrophage cells, maintaining cell 

viability above 70%. Interleukin-4 (IL-4) quantification revealed that Blank-tNPs hydrogel 

induced the highest anti-inflammatory response, while DEX encapsulation slightly reduced IL-

4 secretion  

Taken together, the results from this study suggest that the developed DEX-tNPs-P127/HA 

hydrogel exhibited ideal physicochemical, rheological, and drug release properties for 

sustained IA delivery in OA. The formulation holds promise as a novel IA therapy, reducing 

injection frequency while maintaining therapeutic efficacy. However, further in vivo studies are 

warranted. 
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CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

 

1.1. The Background of Osteoarthritis Drug Delivery 

Osteoarthritis (OA) is the most prevailing form of chronic degenerative joint disease, which 

significantly impacts the quality of life thus limiting daily activities (He et al., 2020). OA is most 

frequently observed amongst middle and older populations and can be sub-categorized into 

primary and secondary OA based on etiology. Primary OA, prevalent in individuals aged >55, 

is a result of the natural aging process and mechanical “wear and tear”, whereas secondary 

OA develops due to external factors such as joint injuries and underlying diseases. As a result, 

secondary OA is common amongst younger individuals (PIzzorno et al., 2016). The primary 

risk factors associated with OA include gender, age, diet, obesity and genetic predisposition 

(Palazzo et al., 2016). 

Although the exact pathogenic mechanism of OA is unclear, the disease is largely associated 

with the progressive breakdown of articular cartilage. Articular cartilage physiologically acts 

as a shock absorber that mediates frictionless joint motion, (Dieppe, 2011; Tong et al., 2022).  

Thus, joint pain is the most prominent symptom of OA, which often worsens with movement 

and is exacerbated after periods of inactivity, a phenomenon known as the "gelling effect" 

(Pujalte, 2013). Under normal physiological conditions, synthetic and degradative enzymes 

within the cartilage matrix are balanced; however, in OA, this equilibrium is disrupted, and 

shifts, favouring the synthesis of degradative enzyme, ultimately leading to a net degradation 

and loss of matrix constituents (Martell-Pelletier et al., 2008). The early stages of OA are 

characterized by cartilage softening, fissures, and a reduction in cartilage thickness 

(Kleemann et al., 2005). As the disease advances, synovial inflammation leads to the influx 

inflammatory fluids in the joint capsule, thereby causing swelling, stiffness, and severe pain 

(Glyn-Jones and Palmer, 2015).  

Current commercial OA treatments aid symptomatic and palliative care rather than modifying 

disease progression (Valderrabano and Steiger, 2010). The treatment primarily focuses on 

improving the overall quality of patients’ lives by reducing pain, correcting deformities, and 

attempting to improve the functionality of the affected joints (Kloppenburg and Berenbaum, 

2019). The standard pharmacotherapy used for OA includes acetaminophen, COX-2 selective 

inhibitors, NSAIDs, opioids, corticosteroids, and hyaluronic acid (HA) injections (Sinusas, 

2012). The use of intra-articular (IA) corticosteroids can provide short-term (4-6 weeks) pain 
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relief and can also be injected in conjunction with local anaesthetics to provide immediate 

relief (Orchard, 2020). However, these injections are only limited to up to four annually due to 

potential joint damage and heightened risk of infection (Guermazi et al., 2023). The IA 

administration of an anti-OA drug offers several advantages over the systemic route such as 

improved systemic adverse reaction profiles and bioavailability of therapeutics due to the 

direct targeting of the affected joint (Fajardo and Di Cesare, 2005).   

Corticosteroids such as dexamethasone (DEX) exert their anti-inflammatory actions by down 

regulating pro-inflammatory transcription factors while upregulating anti-inflammatory 

transcription factors. At lower doses, corticosteroids provide anti-inflammatory benefits, 

whereas prolonged use at higher doses result in immunosuppressive effects (Yasir et al., 

2018). 

Despite these benefits, challenges associated with IA drug delivery remain. The complex 

composition of the joint and high viscosity of the synovial fluid, interfere with the drug diffusion, 

as a result, drugs are cleared from the synovial fluid at an accelerated rate. Additionally, the 

extracellular matrix (ECM) of cartilage consists of a dense network of proteoglycans and 

collagen fibers that hinder drug absorption (Li et al., 2021). Furthermore, cartilage ECM has a 

net negative charge (anionic) as a result of densely packed negatively charged molecules. 

This ananionic charge hinders the diffusion of anionic drugs into the cartilage, reducing their 

therapeutic effects (Li et al., 2021). The most effective way to increase the therapeutic efficacy 

of such drugs is by repeated injections. However, frequent injections heighten the risk of joint 

infections, joint structural damage, and impose a financial burden on patients. 

To address these obstacles that are linked to conventional dosing methods, innovative 

delivery systems have been explored to enhance the retention, bioavailability, and targeting 

efficiency of the administered therapeutic agents. Nanotechnology-based strategies, including 

nanoparticle (NP) formulations, have emerged as a promising alternative (Li et al., 2021).  In 

this regard, NPs, typically ranging between 1-100 nm in size, have shown potential for 

improving OA therapy by optimizing drug delivery and retention in joint (Li et al., 2021).  

NPs have been widely applied in drug delivery for various diseases, utilizing diverse 

administration routes to optimize pharmacokinetic properties of therapeutics (Yuan et al., 

2019). These nanostructures have the potential to solve issues with current delivery systems, 

which include poor solubility, low drug retention time, and drug efficacy (Bonifacio et al., 2014). 

Furthermore, NPs are highly stable (long half-life) and can be engineered to integrate both 

hydrophobic and hydrophilic therapeutic agents thus increasing their solubility (Gelperina et 

al., 2005). Drugs can also reach their targets more effectively as they can be protected from 

proteolytic degradation. Specifically, nanostructures such as tNPs have gained attention in OA 
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treatment due to their high drug entrapment efficiencies and prolonged drug release profiles 

which make them ideal for the pharmacotherapy of OA (Rajan et al., 2011). By maintaining 

stable therapeutic drug concentrations over extended periods, tNPs enhance treatment 

outcomes while minimizing systemic toxicity and injection-associated complications (Rudnik-

Jansen et al., 2017). This, in turn, improves patient compliance and reduces overall treatment 

costs. 

In addition to tNP-based delivery systems, incorporating HA into OA therapies can potentially 

provide a complementary therapeutic approach. HA is a naturally occurring 

glycosaminoglycan found in tissue and has numerous functions, including lubrication to 

reduce bone to bone friction, inflammation modulation, cartilage generation, and restoration 

of rheological properties, i.e., viscoelasticity in the synovial fluid (Gupta et al., 2019).  In OA-

affected joints, HA concentrations are significantly reduced compared to healthy joints thus 

compromising joint function and exacerbating inflammation (Li, et al., 2021). This suggests 

that exogenous HA can be administered to restore viscoelasticity and for 

viscosupplementation. Supplementing with exogenous HA can potentially enhance 

chondrocyte synthesis, provide chondrocyte protection, promote cartilage regeneration, and 

reduce pro-inflammatory mediator production. HA can also alleviate pain and improve joint 

mobility, making it a valuable adjunct in OA treatment (Gupta et al., 2019).    

Using the concepts from nanotechnology and stimuli-responsive hydrogel technology, this 

study aimed to design and develop a delivery system by encapsulating DEX, a model anti-

inflammatory drug, into the nano-sized tNPs incorporated into a bio-mimetic hydrogel that has 

in situ gelling properties, for IA administration in OA. Among the materials explored for such 

advanced delivery systems, the polymer - Pluronic F-127 (PF-127), stands out due to its 

thermo-responsive properties. This non-ionic tri-block can transition from sol to gel at higher 

temperatures, making it particularly suitable for smart drug delivery applications as it has low 

toxicity, and high biocompatibility (Brandani and Stroeve, 2003; Singh-Joy and McLain, 2008).  

1.2. Rationale and Motivation  

Current pharmacological treatments and drug delivery systems targeting OA have inadequate 

therapeutic efficacy. Symptomatic pain management is used as a first-line treatment; however, 

poor drug bioavailability and associated adverse effects hinder their long-term application. 

Most analgesics are administered orally, undergo hepatic first-pass metabolism which reduces 

their concentrations that reach the site of action (Adebajo, 2012). The diminished drug 

concentrations result in poorer therapeutic outcomes while frequent dosing can further 

contribute to poor patient compliance.  Acetaminophen, NSAIDs, and COX-2 inhibitors have 

been reported to subdue pain and improve joint function. However, NSAIDs heighten the risk 
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of gastrointestinal bleeding and renal impairment (Adebajo, 2012), whereas COX-2 inhibitors 

elevate the risk of cardiovascular diseases (Deeks et al., 2002) and opioids pose a risk of 

dependence (Evans and Cahill, 2016).  

 The IA route of administration offers several advantages over oral or systemic delivery. By 

evading first-pass metabolism, IA drug delivery improves the bioavailability of drugs and 

ensures direct access of treatment to the cavity of the affected joint. Corticosteroids such as 

DEX and bioactive agents such as hyaluronans are administered via IA injections; however, 

these agents undergo rapid elimination from the cavity as a result of the complex composition 

of the synovial cavity (Sinusas, 2012). To address these limitations, we hypothesized that 

delivery of anti-OA drugs using precision-engineered nano-constructs modified for a controlled 

and targeted manner, is a potential solution to enhance therapeutic outcomes.  

Thus, in this study, we investigated the potential of combining DEX-loaded tNPs and PF-

127/HA to formulate an injectable in situ thermo-responsive hydrogel for IA application in OA 

treatment. In this approach, anti-inflammatory effects of DEX is complemented by HA’s ability 

to mediate chondrocyte synthesis and joint lubrication. Additionally, the bio-viscous hydrogel 

forms a lubrication layer between the joint surfaces to reduce friction and alleviate pain.  The 

thermo-responsive polymer (PF-127) transitions from sol to gel at physiological temperature, 

facilitating localized and sustained drug release upon IA administration. An illustrative 

representation of the HA-based gel model investigated in this study is shown in Figure 1.1. 

 

Figure 1. Schematic illustration of in situ forming hydrogel joint cavity administration. Incorporation of 

DEX-loaded tNPs into the PF-127/HA in situ hydrogel. IA administration of the gel and its transition from 

sol-to-gel in the joint. 
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This proposed nanosystem has the potential to increase the residence time and efficacy, 

improve the side effect profile of DEX, and provide a cationic environment to improve drug 

delivery. Figure 1.2 shows the chemical structures of HA (a) and DEX (b). 

a b  

Figure 1.2. The chemical structures of (a) HA and (b) DEX. 

1.3. Aims and Objectives 

1.3.1.  Aim 

This study aimed to design and develop the DEX-loaded cationic nano-sized tNPs fixated 

within an HA-based colloidal hydrogel as an in situ thermo-responsive transitioning gel for the 

IA injection in the treatment of OA.  

To achieve this aim, the following objectives were set: 

1.3.2.   Objectives 

Objective 1: To synthesize the biocompatible and degradable DEX-loaded cationic nano-

sized tNPs delivery system by thin film hydration and encapsulate these into PF-127/HA 

in situ to form an injectable hydrogel. 

Objective 2: To characterize the tNPs and tNPs-PF-127/HA hydrogel by determining their 

size, morphology, surface charge, physicochemical properties, entrapment efficiency 

(EE), and DEX release kinetics.   

Objective 3: To investigate in vitro cytotoxicity and anti-inflammatory effects of the DEX-

loaded tNPs and hydrogel on RAW 264.7 macrophages. 

1.4. Potential benefits of the study  

• The development of a target-specific delivery system with enhanced DEX joint residence 

time and a sustained DEX release, thereby decreasing frequent injections and chances of 

infections and increasing patient compliance. 
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1.5. Novelty of study 

• Enhanced drug penetration: The concept of enhancing DEX penetration in the dense 

and complex joint cartilage by tNPs, especially from the IA administration, is innovative 

and novel.  

• Knee joint simulator: The use of novel and ground-breaking technology such as the 

knee joint simulator in this study helped to provide more accurate results of DEX 

release kinetics because unlike conventional drug release methods, it takes into 

consideration the environment of the joint. 

1.6. Synopsis of the dissertation 

Chapter 1 will provide a background of the study and outline the conventional treatments 

of OA. It also highlights the gap within the field which formed the rationale of this research. 

Furthermore, it will also detail the objectives of the study.  

Chapter 2 is a literature review outlining the challenges associated with conventional 

treatments of OA while highlighting advances in therapies for OA.  

Chapter 3 focuses on bridging the gap addressed in Chapter 1. It presents pre-formulation 

studies and details the materials used for synthesizing the tNPs, providing a rationale for 

the selection of specific materials. Furthermore, it comprises the designed and developed 

optimized formulations as well as their various characterizations.  

Chapter 4 is a comprehensive conclusion of the study, along with the limitations and future 

perspective and recommendations 

1.7. Concluding Remarks 

This chapter provided an introduction, rationale, and insight into the significance of the 

research undertaken. This study provides insight into designing and developing a drug delivery 

system that can overcome the current challenges with conventional drug delivery systems.  

The use of tNPs offers significant advantages, such as enhanced drug stability and targeted 

delivery, with the tNPs enhancing DEX penetration in the dense and complex joint cartilage, 

which are crucial for improving the therapeutic outcomes in OA treatment. The use of the 

hydrogel as a vehicle for the DEX-loaded tNPs provides a platform for the delivery system to 

therapeutic and structural properties, as the hydrogel can assist with sustained DEX release 

and offer lubrication between bones at the site of administration in OA. We hoped to 

demonstrate a novel approach to potentially attenuate OA and improve patient quality of life. 
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CHAPTER TWO 

Recent Advances in Intra-Articular Bioactive Delivery for the Treatment of 

Osteoarthritis 

 

2.1.  Introduction 

Osteoarthritis (OA) is the most prevalent form of chronic degenerative joint disease that 

ultimately leads to an overall decline in the quality of life (He et al., 2020). As of 2019, a 

staggering 528 million individuals worldwide suffered from OA (WHO, 2023). A demographic 

lens indicates that 73% of OA patients are aged 55 and older, with a striking 60% comprising 

females. Moreover, knee OA is the most prevalent type, affecting approximately 365 million 

individuals, followed by hip and hand OA (WHO, 2019). There is currently no definitive cure 

for OA, and pain generally correlates with disease progression (Hawker and Lohmander, 

2021).  OA is classified into two major categories: primary and secondary OA.  Primary OA 

arises from age-related mechanical stress and cartilage degeneration. (Loeser, 2010). When 

cartilage degenerates, it flakes and develops crevasses that lead to pain, inflammation, and 

friction between bones. In contrast, secondary OA is triggered by external factors such 

congenital disabilities, joint injuries, or underlying diseases. As a result, secondary OA affects 

people of all ages (Leung et al., 2014).  

Conventional treatment strategies for OA include physiotherapy, aerobic exercise, the use of 

non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, biologics, and, in severe 

cases, joint replacement surgery. Among these approaches, the administration of various 

small-molecule drugs in oral dosage forms is still considered the standard treatment for OA. 

While their advantages are widely acknowledged, they pose significant drawbacks such as, 

non-specific drug delivery, poor bioavailability, short half-life, and the necessity for high 

dosages which can lead to severe adverse reactions such as gastrointestinal bleeding. In 

contrast to oral delivery, IA injection stands out as a favourable method for treating OA. This 

approach involves directly administering bioactives into the affected joints, offering several 

benefits over systemic treatments. These include enhanced safety, decreased joint 

inflammation, and improved joint function. IA injections also allow for prolonged drug action 

time with minimal exposure to other parts of the body, cost reductions, and enhanced 

treatment effectiveness. 

While IA delivery has many benefits, it faces challenges, such as the rapid clearance of the 

injected therapeutic agent solution from the joint cavity, causing short intra-joint retention 

times, often lasting only a few hours. Given that OA is a chronic condition, frequent injections 
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are necessary to maintain effective drug concentrations, but this can increase the risk of 

infections at the injection site or damage to the cartilage, often resulting in poor patient 

compliance. Consequently, research on sustained-release formulations for IA injections is 

critically important. Researchers have dedicated significant efforts toward developing 

innovative strategies that enhance the effectiveness of IA. OA treatment, viz., the quality of 

life for OA patients. 

This review provides comprehensive insights, exploiting various advanced drug delivery 

systems such as NPs and colloidal hydrogels suitable for IA delivery of anti-OA drugs and 

biologics in OA therapy. In vitro and in vivo experiments were investigated to determine the 

effects of the delivery systems on OA models. Investigations include their anti-inflammatory 

effects, chondrogenesis, cartilage, and tissue regeneration. Key challenges were identified 

while offering valuable suggestions and insights to overcome these obstacles contributing 

towards advancing the attenuation of OA development using NPs and hydrogel-based delivery 

systems. 

2.1.1. Anatomy and Pathogenesis of OA 

It was previously believed that OA was only characterized by articular cartilage damage, but 

recent research suggests that the condition involves histopathological changes in the whole 

joint (Dieppe, 2011). Apart from the progressive deterioration of articular cartilage, OA is 

accompanied by subchondral bone remodeling, osteophyte formation, synovial membrane 

inflammation, and hypertrophic bone changes (Man and Mologhianu, 2014; Chen et al., 2020; 

Gao et al., 2022). 

2.1.2.  Articular Cartilage Degeneration 

Articular cartilage is an aneural connective tissue that serves as a shock absorber and 

mediates frictionless motion at the joints. It mainly consists of chondrocytes, which are 

responsible for the secretion of cartilage matrix and maintenance of extracellular matrix 

(ECM). The ECM primarily consists of approximately 70% water along with collagen (COL) 

and glycosaminoglycans such as aggrecan (ACAN), chondroitin sulfate, and hyaluronic acid 

(HA) (Jin, 2020). The large amount of water is essential for the maintenance of resilience in 

the joint tissues, lubrication, and nutritional purposes (Martell-Pelletier et al., 2008). Moreover, 

the integrity and activity of chondrocytes are influenced by numerous factors that include 

cytokines, polypeptide growth factors as well as structural and physical stimuli. 

Cartilage degradation is exacerbated by biological factors such as reactive oxygen species 

(ROS), pro-inflammatory enzymes, and proteolytic enzymes (Jin, 2020). While ROS are 

physiological by-products of mitochondrial respiration in normal metabolism, their excessive 
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production has been shown to be one of the primary mechanisms of cartilage damage 

(Henrotin et al., 2005). ROS can induce mitochondrial senescence, leading to increased 

permeability of the mitochondrial membrane, resulting in the increased influx of ROS into the 

chondrocyte cytosol (Ansari et al., 2018; Dan Dunn et al., 2015). Once within chondrocytes, 

ROS disrupts the mitotic phase of the cell cycle, leading to chondrocyte apoptosis 

(chondroptosis) (Kang et al., 2020).  

Mechanical stimuli, inflammatory cytokines, as well as oxidative and nitric oxide-mediated 

stress result in a redox imbalance, which also induces chondroptosis (Charlier et al., 2016). 

Inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumour necrosis factor (TNF)-α 

are simultaneously produced with ECM-degrading enzymes like matrix metalloproteinases 

(MMP) (e.g., MMP-3 and MMP-13) as well as disintegrin and metalloproteinase with 

thrombospondin motifs (ADAMTS) (Figure 1) (Li et al., 2021). IL-1 and TNF-α are potent pro-

inflammatory cytokines with the ability to induce the synthesis of MMPs by chondrocytes 

(Jabłońska-Trypuć et al., 2016). The MMPs are secreted as pro-enzymes, which require 

proteolytic cleavage for activation (Campana and Iredale, 2015).  

Under natural conditions, matrix synthetic and degradative enzymes are at equilibrium. 

However, due to the enhanced synthesis of MMPs in the case of OA, the equilibrium is shifts 

in favour of the degradative enzymes (Martell-Pelletier et al., 2008).  This equilibrium shift 

results in decreased amounts of proteoglycan and collagen in the ECM. Given this, the 

collagen network weakens, further aiding the degradation process of cartilage. During the 

initial degenerative stages of articular cartilage, there is cartilage softening, fissuring, and 

thinning of cartilage (Kleemann et al., 2005). Importantly, this collagen loss ultimately leads to 

chondroptosis. As the disease progresses, inflammatory fluids fill the cavity, therefore causing 

swelling, stiffness, and heightened pain (Glyn-Jones and Palmer, 2015). Lastly, the 

destruction of articular cartilage is intricately linked to subchondral bone remodeling in the 

pathogenesis of OA (Man and Mologhianu, 2014).   
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Figure 2.1. Comparison between a normal joint and an OA-affected joint. 

2.1.3. Subchondral Bone Remodelling 

The subchondral bone is the bony layer situated beneath the cartilage and the tidemark, 

comprising the bone marrow space, underlying trabecular bone, and the subchondral bone 

plate (Hu et al., 2021). Subchondral bone modeling and thickening are considered as 

secondary changes in OA pathogenesis (He et al., 2020). Over time, as cartilage deteriorates, 

it becomes thinner and eventually exposes the underlying subchondral bone plate, leading to 

increased mechanical stress and pain (Man and Mologhianu, 2014). Transforming Growth 

Factor-β (TGF-β), is a key enzyme secreted by subchondral bone cells that plays a crucial 

role in maintaining articular cartilage homeostasis and structural integrity. In OA, excessive 

levels of TGF-β have been observed. In excess, this enzyme can stimulate the production of 

MMP-13, an enzyme implicated in cartilage degradation (Hu et al., 2021). Several theories 

have been postulated to explain the potential role of subchondral bone remodelling in the 

pathogenesis of OA. One theory suggests that subchondral bone recovering from a trabecular 

microfracture or abnormal metabolism of osteoblasts is stiffer and ineffective as a shock 

absorber, which causes cartilage damage. Another hypothesis posits that by-products 

produced by osteoclasts, mononuclear cells, and osteoblasts from the subchondral bone can 

leak through channels and fissures between the cartilage and bones, thereby inducing OA 

(Ge et al., 2006; Zhu et al., 2021).  
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2.2.  Current Approaches and Key Limitations of Current OA Therapies  

Conventional treatment for OA is palliative, given no curative avenue is available (Chen et al., 

2021). Treatment aims to improve the overall quality of patients’ lives by alleviating symptoms, 

delaying the progression of the disease, reducing pain, attempting to correct deformities, and 

improving the functionality of affected joints (Maqbool et al., 2021).  

Acetaminophen is the standard treatment of care for mild OA because of its efficacy, safety 

profile, and low cost (Salgado et al., 2021). Acetaminophen is indeed a well-tolerated drug 

with a mild adverse effect profile (Towheed et al., 2006). However, where acetaminophen is 

ineffective, intolerable, or symptoms are severe, NSAIDs are recommended. NSAIDs pose a 

risk of adverse effects, which may include renal dysfunction, elevated blood pressure, and 

gastrointestinal bleeding (Pujalte, 2013). Alternatively, COX-2 selective inhibitors, under the 

NSAIDs class are recommended due to their improved gastrointestinal side effect profile. 

However, COX-2 selective inhibitors have an increased risk of cardiovascular diseases. 

Moreover, the COX-2 inhibitors are less cost-effective than the aforementioned options 

(Deeks et al., 2002).  

In cases where both acetaminophen and NSAIDs are ineffective, or the side effects are 

intolerable or contraindicated, opiate drugs can be prescribed with caution (Chen et al., 2021). 

The lowest possible dosage should be used for the shortest period possible to avoid 

dependence and abuse (Dydyk et al., 2023). The challenge is that OA is a chronic disease 

often requiring long-term management (Charlesworth et al., 2019).  

Interestingly, the administration of IA class of anti-inflammatory agents, corticosteroids, can 

also provide short-term (4-6 weeks) pain relief. These are often injected along with local 

anaesthetics to provide immediate relief (Orchard, 2020). However, administration of 

injections is only limited to four injections annually (Sinusas, 2012). Repeated injections 

increase the risk of infection, are not cost-effective, and can potentially lower patient 

compliance (Martin et al., 2000). As a result, it is widely acknowledged that it is crucial to 

develop a modified-release system for IA OA therapies such as corticosteroids (Bruno et al., 

2022; Huang et al., 2022; Liu et al., 2023). Drugs that are delivered through the IA route have 

fewer systemic adverse effects and an increased drug concentration at the joint space (Rai 

and Pham, 2018).   

Glucosamine and chondroitin, primary substrates in the biosynthesis of proteoglycan - a 

constituent of cartilage, can be taken individually or in combination as supplementation, aiding 

the delay in the natural progression of OA (Meng et al., 2023). Glucosamine and chondroitin 

assist in the biosynthesis, elasticity, and function of articular cartilage, potentially acting as 

chondroprotective agents and disease-modifying OA drugs (DMOADs) (James and Uhl, 2001; 
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Meng et al., 2023). Another important IA OA treatment option is HA, an endogenous 

glycosaminoglycan found naturally in animal tissue. It has numerous functions, including 

lubrication to reduce friction between bones, reducing inflammation and stimulation of 

cartilage, and restoration of rheological properties in the synovial fluid (Gupta et al., 2019). 

Since osteoarthritic joints have a lower concentration of HA compared to healthy joints (Li, et 

al., 2021), exogenous HA can be administered to restore viscoelasticity and cushioning effects 

in the joints (Bowman et al., 2018). Additionally, HA has the ability to induce chondrocyte 

synthesis, provide chondrocyte protection, promote cartilage regeneration, and reduce pro-

inflammatory mediator production (Testa et al., 2021). HA can relieve pain and improve OA 

joints' functionality (Kou et al., 2019). Adverse reactions are rare but may arise as severe 

acute local reactions characterized by acute joint pain, swelling, erythema and restricted 

mobility of joints following IA HA administration. The onset of these symptoms ranges 

anywhere from 4 hours to several days post administration (Glinkowski and Tomaszewski, 

2025). MonoviscTM and Orthovisc®, high molecular weight (HMW) exogenous HA 

formulations, are some of the Food and Drug Administration (FDA)-approved IA HA 

formulations for OA treatment.  

Moreover, apart from those previously discussed treatment options, a more recent tool of OA 

treatment of OA is platelet-rich plasma (PRP) IA injections (Abbas et al., 2023). Specifically, 

leukocyte-poor PRPs, which possess the capacity to promote cartilage regeneration while 

decreasing concentrations of pro-inflammatory cytokines (Gupta et al., 2023; Su et al., 2023).  

The endogenous nature of PRP makes them desirable as it utilizes patient blood products to 

stimulate the production of autologous growth factors (Smith, 2016). This is appealing because 

the risk of rejection is low as the injection is a derivative of the patient’s own blood (Foster et 

al., 2009). Notably, NSAIDs are contraindicated with the use of PRP. This is because they 

impair normal platelet function in patients on PRP injections leading to a decline in the amount 

of growth factors released (Schippinger et al., 2015). 

Although there have not been any DMOADs currently approved by regulatory bodies such as 

FDA and European Medicines Agency (EMA) for the treatment of OA, these have shown 

potential for therapeutic efficacy in ongoing research (Li et al., 2023; Rodriguez-Merchan, 

2023). In general, these drugs aim to exploit the hallmarks of OA by inhibiting the progression 

of the disease and providing symptomatic relief by either reducing pain or improving the 

physical functioning of the joint (Oo et al., 2018). DMOADs target, among others, matrix-

degrading enzymes, inflammatory cytokines, and inducible nitric oxide synthase (iNOS) 

(Yazici et al., 2017; Oo et al., 2018). However, DMOADs face some hurdles that impede their 

translation into clinical application (Gao et al., 2022). Insufficient bioavailability of DMOADs in 
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the joint cavity upon systemic administration has proven to be a prominent challenge, which 

results in inadequate therapeutic efficacy and unwanted adverse effects (Gao et al., 2022). 

2.3. Challenges in IA Delivery 

The complex composition of the synovial joint, along with the viscosity of the synovial fluid, 

presents an unfavourable pharmacokinetic environment for most drugs (Siefen et al., 2022). 

Often, this results in rapid clearance from the synovial cleft into the systemic circulation 

through lymphatic and blood vessels (Cao et al., 2021). This mandates repeated dosing of 

drugs at high dosages, which in turn results in toxicity and reduced patient compliance. The 

short residence times of drugs in the OA joint have also been associated with a synovial 

membrane where macromolecules larger than 100 kDa are well-retained, but smaller 

molecules, such as NSAIDs, easily leak through the systemic circulation (Rabei et al., 2021). 

The proteoglycan and collagen fibers of cartilage ECM form a dense network with an overall 

negative charge, which presents a hurdle for the absorption of the drugs and supplements that 

are negatively charged at physiological pH into the cartilage (Theocharis et al., 2016; Li et al., 

2021). These include dexamethasone (DEX), diclofenac (DIC) and HA (Al-Owaidi et al., 2021; 

Basheeruddin et al., 2022; Hintze et al., 2022).  As a result, the therapeutic efficacy of such 

agents is maintained by repeated injections, which are indeed unfavourable in terms of cost 

and increased risk of infections and joint destruction (Martin et al., 2000). It is evident that drug 

delivery systems with the potential to overcome such obstacles to optimize the IA OA 

treatment are urgently needed. Since small molecules such as corticosteroids and NSAIDs 

are not effectively retained for sustained periods to exert the required therapeutic effects, using 

these drugs in their free forms for IA injections faced numerous pharmacokinetic challenges 

(Mancipe et al., 2020).  

To this extent, particulate-based technologies for OA therapy have been explored. However, 

large particles are not considered optimal carriers for IA drug delivery. Although these could 

be retained for a relatively long period, their larger size impedes their penetration into intricate 

spaces such as the ECM thus lowering their efficacy (Geiger et al., 2018; Huang et al., 2022). 

However, the nanoparticle (NPs) carriers have shown better potential for achieving this goal. 

Due to their smaller size, they are more permeable and, therefore, able to reach their target 

sites efficiently in OA joints (Wen et al., 2023). Taking into consideration, the recent advances 

in the particulate IA OA therapy space, this study reviews the potential of IA particulate-based 

therapies to overcome aforementioned problems and attain better therapeutic responses.  

2.4.  Colloidal Systems for Targeted and Site-Specific OA Therapy 

NPs are approximately a thousand times smaller than chondrocytes (Li et al., 2021). NPs have 

the potential to solve issues associated with conventional drug delivery systems, which include 
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low solubility, retention time, and efficacy of drugs, as well as their susceptibility to acidic or 

enzymatic degradation (Bonifacio et al., 2014). Furthermore, these submicron particles have 

relatively high stability (long shelf life) and can encapsulate both hydrophobic and hydrophilic 

drugs (Gelperina et al., 2005). NPs not only effectively shield drugs from enzymatic 

degradation, extending their lifespan but have also been shown to be biocompatible and 

biodegradable. They can induce controlled and sustained release of encapsulated cargo and 

improve site-specificity in turn and improve the side effect profiles of the encapsulated drugs 

(Mohanraj and Chen 2007, Wilczewska et al., 2012; Gu et al., 2013). NPs are more effectively 

uptaken by cells such as macrophages, primary inflammatory mediators in OA, than 

microparticles. This cellular uptake can result in the phenotypic reprogramming of 

macrophages from the M1 subtype to the M2 subtype, triggering an anti-inflammatory 

response in OA (Gambaro et al., 2021).  

There are various nanocarriers, which are made from different types of biomaterials and 

therefore offer a variety of properties, including size, morphology, and functionalities (Wang 

and Wang, 2014). In describing the hierarchical pore structure within cartilage, DiDomenico et 

al. (2018) mentioned that it has a gap ranging from 4 to 6 nm between glycosaminoglycan 

chains and from 50 to 100 nm gap between collagen fibers. Therefore, particles with a size 

equal to or less than 100 nm would be ideal for penetration (Rothenfluh et al., 2008; Sophia 

et al., 2009; DiDomenico et al., 2018). On the other hand, the entry of macromolecules and 

larger-sized NPs can be challenging (Sophia et al., 2009). However, larger molecules (MW up 

to 500 kDa) have been shown to diffuse through the dense cartilage matrix, although the 

transport mechanism is still unclear due to the unsolved complex structure of articular cartilage 

(DiDomenico et al., 2018). Either way, unlike with microparticles, the relatively small size of 

NPs allows their easy penetration through the dense matrix of the ECM to reach target sites, 

which can potentially improve their retention time and chondro-regeneration for those that 

possess such properties. Apart from size, the surface charge is also an important factor as 

the ECM is negatively charged; cationic NPs have the potential to improve the cellular uptake 

of negatively charged drugs (Honary and ZAhir, 2013). Importantly, the electrostatic 

interactions between cationic NPs and ECM increase the retention of the drug (Lei et al., 

2022).  

Forming electrostatic forces with endogenous HA, a negatively charged molecule, Bajpayee 

and co-workers (2014) showed that NeutrAvidin, the neutral counterpart of Avidin, exhibited a 

400-fold lower absorption than Avidin (a highly cationic protein). Furthermore, cartilage 

explants retained >90% of the absorbed Avidin for at least 15 d (Bajpayee et al., 2014).  As a 

result, cationic molecules have shown higher uptake and faster penetration as well as 

prolonged release profiles and retention times compared to their neutral and anionic 
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counterparts (Vedadghavami et al., 2020). However, this can lead to excess accumulation of 

the cationic NPs leading to cytotoxicity through cell membrane disruption and ultimate cellular 

death (Guo et al., 2024).   

In general, NPs as carriers can be used to improve the pharmacokinetic profiles of drugs for 

IA administration into the joint space. Interestingly, their size is well suited to evade the dense 

network of the ECM, allowing drugs to reach the site of action at required therapeutic 

concentrations and possibly extend their retention times. Different types of nanosystems, 

including micelles, liposomes, polymeric and lipidic NPs, exosomes, and inorganic NPs 

(Figure 2.7), have been previously studied for application in the treatment of OA and further 

discussed below and summarized in Table 2.1. 
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Table 2.1. Summary of recent (2019-2024) advances in OA drug delivery systems with potential IA application. 

Type of NPs Components Bioactive Observed biological activities Reference 

Micelles 

 

 

 ACP micelles  Curcumin • Reduction in the concentrations of ROS 

in the RAW264.7 cells and in levels of 

TNF-α and IL-1β in OA mice models. 

This leads to reduced inflammation both 

in vivo and in intro. 

 

Kang et 

al.,2020 

sPLA2 inhibitor-loaded micellar 

NPs 

 Thioetheramide-PC • Prolonged retention of thioetheramide-

PC in the joint space of OA mice. 

• Decreased concentration of ECM 

degrading MMP-13, and ADAMTS-5 

in-vitro in OA mouse cartilage explants 

lead to inhibition of cartilage 

degradation. 

• Increased expression of COL2A1 and 

ACAN in OA mouse cartilage explants 

promoting cartilage regeneration. 

Wei et al., 2021 

Liposomes 

 

 

HA-Lipo-DIC/DEX Dexamethasone and 

Diclofenac 

• The in vitro cytotoxicity profile of HA-

Lipo-DIC/DEX was superior to that of 

free DIC/DEX in SW 1353 

chondrocytes. 

• HA-Lipo-DIC/DEX showed visibly 

reduced inflammation on the front paws 

of mice more effectively than free DIC 

and DEX 

 

Chang et al., 

2021 

DEX-loaded liposomes DEX • Improved from 24 to 72 h showing 

sustained release. 

• In vivo macrophage repolarization 

reduced pro-inflammatory cytokines 

Teng et al., 

2023 
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TNF-α, IL-1β, and IL-6 levels in OA 

mice models. 

• Enhanced in vivo expression of anti-

inflammatory cytokine IL-10 in OA mice 

models. 

Lipo-RvD1 Resolvin D1 • Improved retention of Resolvin D1 in 

the joint cavity of mice for 11 d.  

• M1-to-M2 polarization of macrophages 

resulting in:  

➢ Reduced synovitis as a 

result of M2 macrophage 

infiltration in 

chondrocytes. 

➢ Suppression of ADAMTS-

5 and MMP-13 suggesting 

blockage of cartilage 

degradation in 

chondrocytes of OA mice 

models. 

➢ Suppression of the 

formation of the 

osteophytes, thus slowing 

OA progression in vivo.  

 

Dravid et al., 

2023 

 Triamcinolone acetonide-

liposomes  

Triamcinolone 

acetonide 

• Retention for 28 d in joint cavity  

• Macrophage polarization from M1 to 

M2  

• Decrease in pro-inflammatory 

cytokines, chemokines, and matrix-

degrading proteins: 

➢  TNF-α, IL-1β, and IL-6,  

Deng et al., 

2023 
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➢ Chemokine (C-X-C motif) 

ligand 2 and chemokine 

(C-C motif) ligand 2  

➢ MMP-1, MMP-3, MMP-

13, ADAMTS-3, 

and ADAMTS-14  

Polymeric NPs 

 

 

 

 

Self-assembled polymeric NPs Triamcinolone 

acetonide 

• In vivo inhibition of MMP-3 and MMP-

13 expression: 

➢ inhibition of pro-

inflammatory cytokines IL-

6, TNF-α  

➢  promotion of anti-

inflammatory cytokines IL-

4, IL-10, and IL-13 

 

Seo et al., 2021 

Berberine Opsonized NPs Berberine  • Improved berberine release profile 

• Effective reduction of the mRNA 

expression of iNOS, TNF-α, IL-1β, and 

IL-6 

•  Effective promotion of anti-

inflammatory mediators IL-10 and Arg-

1 compared to the untreated control 

and LPS stimulation group 

•  The M1 to M2 polarization 

signaled by A significant increase in the 

Arg-1 of the macrophages occurred 

Kou et al., 2022 

PLGA-PEG-PLGA ETX • Higher expression of COL2A and 

ACAN in the ETXNPs group of isolated 

human OA chondrocytes. 

• A decline in the expression of MMP-13 

and ADAMTS-5 in the ETXNPs group 

of isolated human OA chondrocytes. 

 

Liu et al.,2019 
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Rh-PLGA-NPs@NH4 Rhein • Sustained release of Rhein for over 20 

d.   

• Significant reduction of pro-

inflammatory markers ROS and IL-1 in 

human chronic myeloid leukaemia cell 

lines like THP-1 leading to 

reduced inflammation in OA. 

• Slight decrease in levels of pro-

inflammatory cytokine TNF-α in the 

THP-1 cell line. 

Hu et al., 2020 

PDA NPs Polydopamine  

• Reduced in vitro chondrocyte apoptosis  

• Reduced levels of ROS, a mediator for 

cartilage degradation.  

• Elevation of the levels of proteoglycan 

suggesting ECM regeneration. 

• Inhibition of subchondral bone 

remodeling in OA rat models.  

 

Wang et al., 

2021 

Carboxymethyl chitosan-

assisted MnOx 

Carboxymethyl • Increased expression of ACAN and 

COL2A1 promoting chondrogenesis in 

chondro-induced BMSCs.  

• Decreased expression of MMP-13 

suggesting decreased cartilage 

degeneration in OA rats. 

Lin et al., 2022 

Rebamipide-loaded NPs Rebamipide  • In vitro and in vivo dose-dependent 

reduction in the mRNA levels of MMP-

3 and MMP-13 and pro-inflammatory 

cytokines IL-1β, IL-6 and TNF-α 

Kim et al., 2022 
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•  Reduction of pro-inflammatory 

mediator cyclo-oxygenase-2.  

• Attenuated cartilage degeneration 

better than the pure rebamipide 

solution 

HA-NPs HA • Resistance to digestion by 

hyaluronidase 

• Reduced PGE2 production 

• HA-NPs outperformed free high 

molecular weight HA  

Kang et al., 

2021 

Superoxide dismutase 

polymersomes 

Superoxide dismutase • Prolonged retention of superoxide 

dismutase in mouse joint   

➢ Accumulation occurred in 

the synovium rather than 

the articular cartilage 

Gui et al., 2022 

Inorganic NPs 

 

 

 

Gold NPS Gold • Reduced concentrations of pro-

inflammatory cytokines 

• Enhanced levels of:  

➢  liver and kidney indices 

➢  oxidative stress markers 

 

Abdel-Aziz et 

al., 2021 

Triamcinolone-gold NPs Triamcinolone • Superior expression of anti-

inflammatory cytokines IL-10, IL-4, and 

Arg-1 in fibroblast-like synoviocytes. 

• Reduced expression of pro-

inflammatory cytokines TNF-α, IL-1-β, 

IL-6, MMP-1, and matrix degrading 

protein MMP-3 in fibroblast-like 

synoviocytes. 

 

Park et al. 2020 

PEG-MnO2 NPs MnO2 • Decreased levels of matrix-degrading 

entities NOS, MMP-1, MMP-13, and 

ADAMTS-5 in chondrocytes  

Kumar et al., 

2019 
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• Retention for 7 d in the joint cavity of 

OA rat models.   

TP-Au@PCN Tea polyphenol • Effective repair of cartilage-damaged 

mitochondria and promoted cartilage 

regeneration in chondrocytes: 

➢ TP-Au@PCN showed a 

significant reduction in 

levels of ROS compared 

to pristine tea polyphenol. 

➢  MMP-13 was reduced 

significantly in 

chondrocytes treated with 

TP-Au@PCN compared 

to other treatment groups. 

➢ . TP-Au@PCN 

significantly increased the 

expression of COL2 and 

SOX9 in chondrocytes.  

Xu et al., 2023 

Microspheres  (sPL)-loaded 

PLGA/chitosan/gelatin 

microspheres 

Growth factors: 

IGF, TGF, and VEGF 

• Elevation of COL2A1, ACAN, and 

SOX9 promoting cartilage proliferation. 

• Reduced number of osteophytes and 

subsequent reduction of OA 

progression of in rat models.   

• Cartilage regeneration presented by 

smoothened cartilage surfaces and 

increased integrity of cartilage. 

Li et al., 2021 

Microplates DEX-loaded microplates DEX • Inhibition of pro-inflammatory cytokines 

IL-1β, IL-6, and TNF-α in ATCD5 

chondrocytes. 

• Inhibition of pro-inflammatory cytokines 

IL-1β, IL-6, and TNF-α in conjunction 

with matrix degrading protein MMP-13 

in over-load induced mice. 

Di Francesco et 

al, 2021 
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2.4.1.  Micelles 

Micelles are amphiphilic nanostructures composed of a hydrophobic core and a hydrophilic 

shell, typically ranging between 10 and 200 nm in size (Owen et al., 2012). Accordingly, this 

structural composition allows for the encapsulation of hydrophobic drugs in the lipophilic core, 

while hydrophilic drugs are bound to the hydrophilic shell (Ghezzi et al., 2021). This means 

that, unlike most types of NPs, micelles can carry a variety of types of cargo, making them 

advantageous for OA therapy. Given their low critical micelle concentration, polymeric micelles 

are more stable and enforce controlled and sustained drug release (Jones and Leroux, 1999). 

Nevertheless, the application of micelles is limited because of their toxicity, dependence on 

critical micelle concentration, poor uptake by cells, loading efficiency, and stability (Kim et al., 

2010).  

In an effort to harness the benefits of micelles, Wei et al. (2021) employed cationic secretory 

phospholipase A2 inhibitor (thioether amide-PC)-loaded micellar NPs (sPLA2i-NPs) for an IA 

injection in OA mouse models. Their findings showed a significant decrease in overall OA 

progression, whereby articular cartilage degeneration was attenuated. Comparatively, groups 

treated with sPLA2i showed increased subchondral bone plate sclerosis and osteophyte 

formation, effects that were not observed in the sPLA2i-NPs group. This indicates the 

attenuation of late-stage OA by sPLA2i-NPs compared to free sPLA2i. In comparison to free 

secretory phospholipase A2 inhibitor, the phenotype and integrity of the articular cartilage 

improved whereby the cartilage surface was almost completely intact with no proteoglycan 

loss for up to 4 months following the NP-based drug injection in surgically induced OA mice 

(Wei et al., 2021). Given the current challenges in achieving complete cartilage regeneration, 

these results highlight the potential of micellar systems for long-term OA management (Wei et 

al., 2021).  

Curcumin, the main active component of turmeric, has been reported to have favourable 

therapeutic properties, such as potent antioxidant and anti-inflammation activities, for the 

treatment of OA (Tanvir et al., 2017; Peng et al., 2021). Despite its potential, the effectiveness 

of curcumin is hampered by its low retention, rapid metabolism, poor absorption, and low water 

solubility (Tabanelli et al., 2021). As a result, the potential of polymeric micelles to overcome 

these drawbacks was explored by developing an acid-activatable curcumin polymer, an anti-

inflammatory polymeric prodrug of curcumin (ACP) (Kang et al., 2020). Interestingly, polymeric 

prodrugs have been shown to retain approximately 60% of the drug as the polymers degrade, 

which helps with the sustained release of the drug (Luliński, 2017). 
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In this study, ACP could self-assemble into micelles under aqueous conditions and 

disassemble under acidic conditions which would allow for a targeted release triggered by 

changes in pH found in synovial joints of osteoarthritic joints. Previous work has stated that 

the pH of synovial joints of osteoarthritic joints can be weakly acidic because of the resulting 

inflammation (Xiong et al., 2020), though conflicting reports indicate no significant pH 

differences between normal and osteoarthritic joints (Gerwin et al., 2006; Milošev et al., 2017). 

The ACP micelles displayed an increase in size in the acidic conditions, further illustrating their 

dependence on pH as a result of protonated tertiary amine groups in the ACP’s backbone. 

The release profiles at different pHs showed that in acidic conditions (pH 6.0), the ACP 

micelles released four times more drug in 7 d than at physiological pH (7.4) conditions. 

 Biological studies showed that ACP micelles demonstrated better viability against RAW 264.7 

cells compared to free curcumin at equivalent concentrations making them more 

biocompatible. Although curcumin could suppress the ROS production independently, it was 

more effective than the ACP micelle. The study further showed that ACP micelles reduced the 

pro-inflammatory markers TNF-α and IL-1β levels better than the free curcumin suggesting an 

improvement in biological activity. More interestingly, the NPs did not show any toxicity to 

chondrocytes (Kang et al., 2020).  

2.4.2. Liposomes 

Liposomes, typically formed with phospholipids, are spherical lipid vesicles with at least one 

lipid bilayer that surrounds an aqueous center (Pande, 2023). Since they have both 

hydrophobic and hydrophilic moieties, liposomes can encapsulate both hydrophobic and 

hydrophilic drugs (Sercombe et al., 2015). For example, hydrophilic DIC sodium and 

hydrophobic DEX can be co-encapsulated in the same liposomal system with high 

entrapments (Chang et al. 2021). Liposomes fuse with the cell membrane at the site of 

inflammation to release the payload (Liu et al., 2021). This unique ability is useful for targeted 

drug delivery as it would enhance the efficiency of drug delivery in OA joints. Although 

liposomes are good carriers, they have drawbacks, such as leakage of cargo and short shelf 

life. This means that they cannot be used for chronic diseases as they degrade quickly, and 

the leakage of drugs would not be sustainable. Liposomes and other lipid-based NPs can also 

be exploited as potential lubricants as a result of phospholipids present within thus reducing 

bone-to-bone friction in OA.  

In a study, Chang et al. (2021) developed hyaluronan-loaded liposomal dexamethasone–

diclofenac NPs (HA-Lipo-DIC/DEX) with HA of MW from 130,000–150,000 to target OA intra-

articularly. DIC is an NSAID that is generally viewed as an alternative to DEX, a glucocorticoid, 

for the anti-inflammatory effects in OA (Alsaif et al., 2021;). The liposomes, of ~103nm, 
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displayed an impressive DIC and DEX entrapment efficiency (EE) of 90.5 ± 5.6% and 94.7 ± 

2.4%, respectively. In vitro studies exhibited sustained release of DIC and DEX over 160 h. 

Importantly, HA-Lipo-DIC/DEX demonstrated superior chondrocyte cell survival rates (93.65 

± 3.77%) compared to free DIC/DEX-treated groups (65.48 ± 4.01%) at 24 h with equivalent 

concentrations. This nanosystem displayed continued cell viability for 72 h, exhibiting 

improved biocompatibility compared to that of the combination of the free drugs. The in vivo 

studies on mice further validated the HA-Lipo-DIC/DEX nanosystem’s anti-inflammatory 

effects by significantly reducing OA-induced inflammation better than free DIC and DEX on 

the paws of mice (Figure 2.2) (Chang et al., 2021). 

 

Figure 2.2. Effects of HA-Lipo-DIC/DEX in suppressing OA in the paws of mice (adapted from an open 
access article; Chang et al., Copyright @ 2021 Adapted under a Creative Commons Attribution (CC 
BY)). 

In another study, Teng et al. (2023) conducted a study on DEX-loaded liposomes on OA 

(Figure 2.3A). The in vitro drug release profile of the DEX-loaded liposomes showed sustained 

release whereby 80% of free DEX was released within 24 h; it improved to 72 h in the DEX-

loaded liposomes. Immunofluorescent staining of DEX-loaded liposomes showed a prominent 

decrease in expression of CD86, an M1 macrophage marker, compared to that of cells treated 

with free DEX. Notably, there was an increase in the expression of M2 macrophages (Figure 

2.3B). This supports a phenotypic change from M1 to M2 macrophages, which promoted anti-

inflammatory activity in mice. This was corroborated by the quantification of pro- and anti-

inflammatory cytokines, where the DEX-loaded liposomes reduced TNF-α and IL-1β levels 

better than free DEX while IL-6 levels were similar in both treatment groups, and the 

expression of anti-inflammatory cytokine IL-10 was improved after treatment of the mice with 
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DEX-loaded liposomes compared to free DEX. This indicated that the DEX-liposome could 

suppress OA inflammation better than free DEX and, therefore, ameliorate OA more efficiently 

(Teng et al., 2023).  

 

Figure 2.3. Effects of DEX-Liposomes on expression levels of (A) TNF-α, IL-1β, and IL-6 in the femoral 
head and the (B) Concentrations of TNF-α and IL-10 in the serum, reprinted from Teng et al., Copyright 
© 2023. Reproduced with permission from The Journal of the American Chemical Society. 

Since small molecules are rapidly cleared by the lymphatic system thus mandating repeated 

IA administrations/injections (Rabei et al., 2021). Dravid et al (2023) encapsulated Resolvin 

D1 (RvD1) into liposomes, forming a Lipo-RvD1 formulation to achieve sustained release of 

RvD1. This formulation attained prolonged release of RvD1 for ~11 d with close to 10% of the 

drug still available at that endpoint. Lipo-RvD1 promoted the M2-type polarization of 

macrophages in the synovium which exerts anti-inflammatory effects. Lipo‐RvD1 also reduced 

the levels of pro-inflammatory M1 cells more effectively as compared to free RvD1 joints. Since 

M1 macrophages are a major source of pro-inflammatory cytokines which contribute to 

cartilage damage, their reduction suggests that inflammation and cartilage damage were 

mitigated in the treated mice. Additionally, Lipo-RvD1 reduced synovitis, a hallmark of OA, by 
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preventing the infiltration of leukocytes into the inflammatory milieu in obese mice (Dravid et 

al., 2023). 

Similarly, Deng et al. (2023) targeted synovial macrophages and fibroblasts to attenuate OA 

(Deng et al. 2023). In this effort, triamcinolone acetonide was encapsulated into apoptotic 

neutrophil membrane-camouflaged liposomes and administered intra-articularly to rodents. 

Findings reveal that the liposomes were successfully retained in the joint cavity for 28 d while 

facilitating the effective repolarization of M1-type macrophages to the M2 phenotype. Free 

triamcinolone acetonide demonstrated moderate downregulation of M1-related pro-

inflammatory cytokines (TNF-α, IL-1β, IL-6, and iNOS) in RAW 264.7 cells. The macrophage 

repolarization was proven by upregulation of the genes of M2 macrophage markers such as 

CCAAT/enhancer-binding protein beta and suppressor of cytokine signaling 2.  

Upon induction, pro-inflammatory M1-type macrophages secrete pro-inflammatory cytokines 

including IL-12, IL-6, IL-1β and TNF-α. Conversely, M2-type macrophages secrete IL-4 and 

IL-10 which exert anti-inflammatory effects (Mushenkova et al., 2022). There was a marked 

decrease in TNF-α, IL-1β, and IL-6 levels, alongside reduced expression of chemokines 

CXCL2 and CCL2. Moreover, the genes encoding ECM-degrading proteins such as MMP-

1, MMP-3, MMP-13, ADAMTS-3, and ADAMTS-14 were also significantly downregulated in 

OA joints compared to the control group. Dissimilarly, genes associated with M2-type 

macrophages were upregulated, supporting the presence of decreased inflammation in 

triamcinolone acetonide liposome-treated rodents compared to the free triamcinolone 

acetonide. This suggested that the triamcinolone acetonide liposomes had a better 

inflammation inhibitory effect compared to free triamcinolone acetonide (Deng et al., 2023). 

2.4.3. Polymeric NPs 

Polymeric NPs (PNPs) are solid NPs with a size of 10-1000 nm synthesized from 

biocompatible and biodegradable synthetic and natural polymers (Zielińska et al., 2020). 

PNPs with smaller sizes can be efficiently delivered through the tightly wound ECM making 

them particularly suitable for IA delivery in OA joints. Synthetic polymers include poly (lactide) 

(PLA), poly (lactide-co-glycolide) copolymers (PLGA), poly (ε-caprolactone) (PCL) and natural 

polymers including albumin, chitosan, alginate, and gelatin. As a result of their biocompatibility 

and biodegradability, PNPs reduce the risk of accumulation in OA joints, mitigating possible 

adverse reactions such as toxicity. There are two types of PNPs, namely nanocapsules and 

nanospheres (Gagliardi et al., 2018, Palma et al., 2018). Encapsulated drugs are uniformly 

dispersed within the polymer matrix of nanospheres, within a reservoir core, or bound to the 

inner surface of nanocapsules (Jin, 2020). This enables the efficient delivery of a variety of 

therapeutics, including hydrophilic and hydrophobic drugs and compounds of varying 
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molecular weights, such as proteins and small molecules directly to the affected joint cavity, 

improving efficacy and reducing systemic side effects (Wang and Wang, 2014).    

Targeted therapy can be advanced further through functionalization of the surface of PNPs by 

adding specific ligands which are compatible with inflamed tissue or cartilage, enhancing 

specificity thus minimizing off-target adverse effects (Wen et al., 2023). An example is how 

Seo et al, 2021 encapsulated triamcinolone acetonide into self-assembled polymeric NPs 

through the interaction between the hydrophobic core of the polymer- 

poly(organophosphazene) with hydrophobic parts of the TCA to induce chronic anti-

inflammatory modulation in OA (Seo et al., 2022). A one-time injection of the NPs exhibited 

improved inflammation profiles with in vivo promotion of the expression of IL-4, IL-10, and IL-

13 and the suppression of IL-6, TNF-α MMP-3 & 13 expression (Seo et al., 2022). This 

repolarization mechanism effectively mitigates inflammation in macrophages and 

synoviocytes by suppressing pro-inflammatory responses while amplifying anti-inflammatory 

signaling pathways (Yuan et al., 2024).  

 Kou et al investigated a similar approach by encapsulating berberine, an anti-inflammatory 

agent, within opsonized NPs made from a bilirubin grafted polylysine biomaterial (oxidant-

responsive) and a layer of immunoglobulin IgG (IgG/Bb@BRPL) (Kou et al., 2022). The 

system prolonged the release of berberine, whereby free berberine was completely released 

after approximately 50 h; at the same period, only a maximum of approximately 57% of 

berberine was released from the system. Although free berberine and the blank NPs both 

exerted had an anti-inflammatory effect on macrophages, the nanotherapeutic system loaded 

with berberine reduced the mRNA expression of iNOS, TNF-α, IL-1β, and IL-6 and promoted 

IL-10 and Arg-1 more effectively compared to the control groups but similar to that of free 

berberine (Figure 2.4 A-F). It is possible that polylysine and berberine exerted a synergistic 

anti-inflammatory effect. A significant increase in the Arg-1 signals and the diminished 

fluorescence of CD86 staining confirmed that macrophage polarization had occurred which 

signified an anti-inflammatory response thus attenuating OA (Figure 2.4 L).  



50 
 

 

Figure 2.4. In vitro In vitro assessment of the anti-inflammatory effects of IgG/Bb@BRPL. The 
experimental groups include untreated RAW 264.7 macrophage cells (column 1), LPS-stimulated cells 
(column 2), free Bb treatment (column 3), BRPL treatment (column 4), Bb@BRPL treatment (column 
5), BSA/Bb@BRPL treatment (column 6), and IgG/Bb@BRPL treatment (column 7) (Kou et al., 2022). 
Adapted with permission from Elsevier. 

Liu and colleagues (2019), encapsulated etoricoxib (ETX), a COX-2 selective NSAID, in PLGA 

and polyethylene glycol (PEG) (PLGA-PEG-PLGA) triblock copolymeric NPs for application in 

the treatment of OA. The ETX release kinetics indicated that there was a burst release of ETX 

within the first 3 d but showed sustained release over approximately 30 d (Liu et al., 2019). 

The cell viability study demonstrated high biocompatibility of ETX-loaded NPs towards 

chondrocytes (Liu et al., 2019).  The study revealed a higher expression of COL2 and ACAN 

in the ETX-loaded NPs group in comparison to the free ETX groups. This suggested that the 

integrity of the matrix in the chondrocytes improved, and therefore, the ETX-loaded NPs 

attenuated OA. Additionally, the expression of ECM-degrading enzymes MMP-13 and 

ADAMTS-5 in the ETX-loaded NPs group was more suppressed in comparison to the free 

ETX group. This indicated that the ETX-loaded NPs could inhibit the activity of ECM degrading 
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enzymes, hence maintaining the cartilage integrity. The mice treated with ETX-loaded NPs 

also showed superior osteochondral interface compared to the free ETX-treated subjects, 

supporting cartilage regeneration as a result of ETX-loaded NPs (Liu et al., 2019). 

Hu et al. (2020) used Rhein (Rh), an anti-inflammatory drug, to develop pH-sensitive Rh and 

ammonium bicarbonate (NH4HCO3) laden PLGA NPs (Rh-PLGA-NPs@NH4).  An improved 

Rh release profile was observed in a synovial fluid environment with lower pHs. Rh-PLGA-

NPs@NH4 showed more sustained release in a simulated synovial fluid environment than in 

a buffer with pH 7.4 and pH 5. and a more rapid release in a Notably, the Rh-PLGA-NPs@NH4 

improved the release profile kinetics of Rh from 1 d to 30 d (Figure 2.5). There was a significant 

reduction of OA markers ROS and IL-1 and a slight decline in the concentrations of TNF-α. 

Interestingly, the toxicity study revealed an increase in cytotoxicity that was directly 

proportional to the concentration of Rh. However, Rh-PLGA-NPs@NH4 exerted a higher 

toxicity than Rh-PLGA-NPs, as a result of the addition of NH4 (Hu et al., 2020).  

 

Figure 2.5. In vitro release profile of Rh from Rh-PLGA-NPs@NH4 under different conditions: (A) 
phosphate buffer at pH 7.4, (B) phosphate buffer at pH 5.4, and (C) simulated fluid environment (SFE). 
Figure adapted from Hu et al. (2020) and distributed under the terms of the Creative Commons CC BY 
license). 

In a different study, Wang and colleagues (2021) introduced a polydopamine NPs (PDA NPs) 

antioxidative/anti-inflammatory dual task nanoplatform to treat OA. The PDA NPs acted as a 

dual task platform by serving as reducing agents directly scavenging ROS and by regulating 

ROS generation in mitochondria resulting in antioxidant and anti-inflammatory effects. The 

treatment exhibited excellent biocompatibility of PDA NPs at low doses and lower incubation 

periods and reduced chondroptosis (53.72%) and intracellular ROS levels compared to the 
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lipopolysaccharide group. This suggested that the PDA NPs had a potent in vitro 

chondroprotection effect against lipopolysaccharide-induced chondrocyte apoptosis. In vivo, 

studies showed increased levels of proteoglycans and effects against subchondral bone 

remodeling, and which are typically decreased during OA and result in matrix degradation, 

and this supported the alleviation of OA (Wang et al., 2021). 

Lin and co-workers (2022) assessed the potential of carboxymethyl chitosan-assisted 

manganese oxide NPs (WY-CMC-MnOx NPs) in early OA management. Having shown good 

viability of the tested MC3T3-E1 and L929 cells, the WY-CMC-MnOx NPs elevated the 

expressions of ACAN better than the carboxymethyl chitosan group by upregulating SRY-box 

transcription factor 9 (SOX9), a pivotal transcription factor in the synthesis of the ECM of 

cartilage (Lefebvre et al., 2019). Therefore, these NPs could further promote the in vitro 

synthesis of cartilage ECM. Furthermore, the WY-CMC-MnOx NPs also induced a superior 

mRNA expression of ACAN and COL2 in comparison to the pristine carboxymethyl chitosan, 

suggesting that the NPs had a better impact on attenuation of OA. (Lin et al., 2022).  

PLGA NPs have emerged as promising vehicles in the targeted delivery of small molecules 

for treating OA. Kim and colleagues (2022) entrapped rebamipide in NPs that were 

synthesized by using a blend of polymers - PLGA and methoxy poly(ethylene glycol)-b-

poly(D,l-lactide) (mPEG-PDLLA) to attenuate joint cartilage destruction and progression of OA 

in rat models (Kim et al., 2022).  Rebamipide, an amino acid analogue of 2 (1H)-quinolinone, 

possesses antioxidant effects that can help combat oxidative stress and inflammation, key 

factors recognized in the development and progression of OA (Kudur et al., 2013). In vitro and 

in vivo results showed a dose-dependent reduction in the mRNA levels of MMP-3 & 13 and 

pro-inflammatory mediators IL-1β, IL-6, and TNF-α and COX-2. Moreover, macroscopic, 

radiographic, and histological evaluations confirmed that IA injections of rebamipide-NPs 

effectively prevented cartilage degradation more than the pure rebamipide solution. This 

indicates that the rebamipide-NPs improved the inflammatory response while simultaneously 

decreasing joint degradation and OA progression (Kim et al., 2022).  

 It has been well established that endogenous concentrations and distribution of HA in OA 

decrease as OA progresses (Altman et al., 2015). In response, Kang and colleagues (2021) 

used self-assembling HA-based NPs (HA-NPs) with HA with MW of 10 000 Da to combat 

cartilage degradation in OA.  HA-NPs demonstrated resistance to hyaluronidase-mediated 

degradation and exhibited prolonged retention within the knee joint. Additionally, they inhibited 

IL-1β and CD44-induced NF-κB activation, leading to reduced collagenase activity and 

prostaglandin E2 (PGE2) production. Since PGE2 is highly secreted in the subchondral bone 

of OA patients and promotes OA progression through osteoclast-induced angiogenesis (Sun 
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et al., 2022). Intriguingly, HA-NPs showed better protection against OA than free high MW HA, 

a current treatment option of OA.  Given the data, HA-NPs provided in vitro and in vivo 

protection against CD44-mediated cartilage destruction (Kang et al., 2021). 

Although not extensively researched in OA therapy, polymeric systems such as 

polymersomes have shown great promise in OA therapy showing prolonged retention time 

compared to phospholipid liposomes. This property is essential because OA treatment is 

usually not retained in the joint for a sustained period, creating a need for repeated injections 

resulting in poor patient compliance. In an investigation by Gui et al (2022), polymersomes 

were used to deliver exogenous superoxide dismutase, the major catalytic antioxidant in joint 

tissues whose delivery is hindered by factors such as low retention and rapid degradation. 

Superoxide dismutase scavenges ROS by catalyzing the conversion of superoxide radicals to 

hydrogen peroxide. The Superoxide dismutase-NPs exhibited prolonged retention in mouse 

joints, with the majority of the system accumulating in the synovium rather than the articular 

cartilage, thus effectively targeting the disease. The porous nature allowed for improved 

intrinsic membrane permeability, allowing the superoxide dismutase to penetrate the joint 

tissues and have full access to ROS once delivered. The study demonstrated that the porous 

superoxide dismutase polymersomes were more efficient than free superoxide dismutase in 

the treatment of OA (Gui et al., 2022).  

PNPs have emerged as a promising therapeutic strategy for the treatment of OA. Their ability 

to deliver drugs in a targeted and controlled manner directly to the affected joint enhances 

therapeutic efficacy while minimizing off-target side effects. 

2.4.4.  Inorganic Nanoparticles (INPs) 

INPs are composed of inorganic materials such as metals and carbon compounds. INPs 

exhibit high biocompatibility and good stability; however, concerns regarding their potential 

toxicity and poor solubility persist (Wen et al., 2023). Common types of INPs include 

superparamagnetic iron oxide NPs (SPIONs), metal NPs, carbon fibers, and mesoporous 

silica NPs (Slowing et al., 2007).   

Some INPs have shown anti-osteoarthritic activitiy (Sarkar et al., 2019; Abdel-Aziz et al., 

2021), potentially enhancing delivery of OA treatment through synergistic mechanisms. For 

example, gold NPs (GNPs) possess antioxidant activities and have been shown to suppress 

IL-1β, PGE2, and COX-2, which have been proven to contribute to the etiology of OA (Sarkar 

et al., 2019). Abdel-Aziz et al (2021) showed that the combined treatment of Diacerein® 

(anthraquinone IL-1 inhibitor-Rhein) and GNPs improved levels of cytokines, kidney and liver 

function markers as well as oxidative stress markers associated with OA better than either 
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treatment alone. Diacerein® is an anti-OA drug possessing anti-inflammatory, and anabolic 

properties on cartilage and subchondral bone (Pavelka et al., 2016). 

 In their study, untreated OA rats showed a notable rise in renal and hepatic indices (Alanine 

Aminotransferase, Aspartate Aminotransferase, Alkaline Phosphatase, creatinine, and urea). 

While the administration of Diacerein® and GNPs individually led to a reduction in all these 

markers in healthy rats, GNPs alone significantly increased hepatic and renal markers in OA 

rats. However, the combined treatment of Diacerein® and GNPs (Diacerein®-GNPs) proved 

more effective than individual treatments, significantly improving hepatic and renal oxidative 

stress markers (superoxide dismutase, malondialdehyde, and glutathione peroxidase). A 

significant decrease in inflammatory cytokines (IL-1β, IL-6, and TNF-α) was observed in rats 

that received Diacerein®-GNPs compared with the untreated group. The combination therapy 

(Diacerein®-GNPs) proved more effective than either treatment alone, demonstrating superior 

anti-inflammatory and subchondral bone-protective effects s (Abdel-Aziz et al., 2021). 

Taking this further into OA drug delivery application, Park et al. (2020) synthesized 

triamcinolone-loaded GNPs for IA delivery of OA. The triamcinolone-loaded GNPs elicited 

greater levels of anti-inflammatory cytokines (IL-10 and IL-4) and arginase 1 in synoviocytes 

accompanied by a reduction of pro-inflammatory cytokines (TNF-α, IL-1-β, and IL-6) and ECM 

degenerating enzymes (MMP-1, and MMP-3). Unlike free triamcinolone, which failed to elicit 

an anti-inflammatory response or induce macrophage repolarization, the triamcinolone-loaded 

GNPs formulation effectively mitigated OA progression by reducing inflammation and 

inhibiting cartilage degradation (Park et al. 2020).  

Despite their potential, GNPs present safety concerns. Zhang et al. (2014) reported that 

exposure to GNPs in osteoblasts led to elevated Alkaline Phosphatase levels, which are 

already heightened in OA. Although not directly linked to the disease, elevated Alkaline 

Phosphatase contributes to bone remodeling, potentially exacerbating OA progression (Zhang 

et al., 2014).     

Following articular damage, the occurrence and accumulation of oxidative stress within the 

OA joint eventually leads to the progression of OA. Excessive ROS causes mitochondrial 

damage to chondrocytes, leading to the impaired function of chondrocytes, resulting in 

apoptosis (Hou et al., 2021). Therefore, the effective scavenging of ROS can be instrumental 

in treating the treatment of OA. Xu and co-workers (2023) developed a near-infrared light-

sensitive tea polyphenol-modified zirconium-based porphyrin metal-organic framework (TP-

Au@PCN) to repair impaired chondrocytes in OA (Xu et al., 2023). Tea polyphenol is a free 

radical scavenger that prevents oxidative damage mediated inflammation (Musial et al., 2020). 

Although both pristine tea polyphenol and TP-Au@PCN showed significant reduction in levels 
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of ROS, the TP-Au@PCN was more effective in reducing the levels of ROS than pristine tea 

polyphenol. Both pristine tea polyphenol and TP-Au@PCN significantly reduced ROS levels, 

however TP-Au@PCN exhibited superior efficacy, reducing MMP-13 expression while 

increasing COL2 and SOX9 levels, thereby effectively promoting cartilage repair. (Hou et al., 

2021).  

Other metals possess properties that can be beneficial for the attenuation of OA, these metals 

can be used in conjunction with OA therapies to combat OA. Kumar and colleagues (2019) 

utilized manganese dioxide (MnO2) NPs to evaluate their ability to penetrate and be retained 

in the joint. Findings revealed that MnO2 NPs exhibited no cytotoxic effects on murine 

chondrocytes, synovial cells, mesenchymal stem cells (MSCs), or bone marrow-derived 

macrophages. Furthermore, treatment with these NPs significantly reduced the expression of 

key cartilage degradation markers, including nitric oxide synthase (NOS), MMP-1, MMP-13, 

and ADAMTS-5 (Figure 2.6). The PEG-MnO2 NPs demonstrated prolonged in vivo retention 

in the joint cavity for at least 7 d after IA administration (Kumar et al., 2019). The incorporation 

of an OA drug would help exploit the properties of a nanosystem of this kind and possibly 

improve the properties of the drug.   

 

Figure 2.6. Effects of PEG-MnO2 NPs on expression of catabolic mediators (A) iNOS, (B) MMP-1, (C) 
MMP-13, (D) ADAMTS-5and (E) ADAMTS-4 in chondrocytes (Kumar et al., 2019).  Reproduced with 
permission from Elsevier. 
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Figure 2.7. Structures of nanoparticles used as drug delivery systems in the treatment of OA (image 

adapted from the open-access article; Guo et al., 2022). Adapted under the terms of the Creative 

Commons Attribution License (CC BY). 

Microparticles are defined as spherical particles between 1 and 1000 µm in diameter mainly 

classified as either microcapsules or microspheres (Cao et al., 2021). The particle size 

presents an advantage over NPs because of the larger surface-to-volume ratio (Stack et al., 

2019). This large size allows the entrapment of larger molecules such as proteins and peptides 

in greater quantities compared to NPs, which is essential for chronic diseases such as OA. 

Furthermore, once administered, microparticles are less likely to be rapidly eliminated via 

small capillary networks provided that they can penetrate the ECM in the joint, therefore 

improving retention of biologics delivered, a property necessary for chronic diseases such as 

OA (Colella et al., 2020).  

Li and collaborators (2021) used super-activated platelet lysate (sPL)-loaded 

PLGA/chitosan/gelatin microspheres for IA delivery to inhibit and promote cartilage repair in 

OA rats. Growth factors IGF, TGF, and VEGF were released from the sPL-loaded 

microspheres within the first 3 d followed by stabilization and sustained release of all three 

growth factors thereafter for the remaining 17 d of the study. Treatment with the sPL-loaded 

microspheres resulted in increased expression of COL2A, ACAN, and SOX9 in OA 

chondrocytes which promote cartilage synthesis better than in the control group. The Micro-

CT scan results (Figure 2.8) showed new cartilage filling within deeper cartilage layers as well 

as smoothened joint surfaces, and minimal osteophytes (Li et al., 2021).  
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Figure 2.8. Micro-CT scans showing the effect of the microspheres on bone and articular cartilage 
injury. (Adapted from an open-access article; Li et al., 2021, licensed under a Creative Commons 
Attribution 4.0 International License). 

Another avenue of microparticles is microplates; Di Francesco and colleagues (2021) 

deployed DEX-loaded microplates for the IA delivery in OA mice (Di Francesco et al., 2021). 

Although both free DEX and DEX-loaded microplates suppressed the amount of pro-

inflammatory cytokines (IL-1β, IL-6, and TNF-α), the DEX-loaded microplates were more 

effective in inhibiting IL-6, and TNF-α than free DEX in ATCD5 chondrocytes. In vivo studies 

on over-load induced mice also showed that the DEX-loaded microplates had more effective 

inhibitory properties of IL-1β, IL-6, and TNF-α, as well as key matrix degradation protein MMP-

13 than the free DEX. This suggested that DEX-loaded microplates were more effective as 

anti-inflammatory and anti-matrix degradation agents than free DEX in OA mice (Di Francesco 

et al, 2021).    

In general, NPs and microparticles bear potential for their application in OA IA-delivered 

therapies due to their unique properties, such as targeted delivery and controlled and 

sustained drug delivery, all while minimizing systemic side effects.  

2.5.  Specialised Bioactives’ Carriers in OA Therapy 

Although much progress has been made, traditional drug delivery systems (e.g., liposomes) 

still have limitations such as short half-life, low encapsulation efficiency of hydrophobic drugs, 
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membrane instability making them leaky, and lack of flexibility (Opatha et al., 2020). To 

overcome these drawbacks, novel vesicular drug carriers such as exosomes, tNPs, and 

niosomes have emerged as promising platforms due to their unique structural properties and 

mechanisms of action.  

2.5.1. Exosomes 

Exosomes are extracellular nanovesicles with an average size of ~ 100 nm. These vesicles 

can be secreted by almost all cell types and are found in all body fluids and tissues including 

blood, urine, and adipose tissue (Kalluri and LeBleu, 2020). Exosomes have various 

endogenous functions, which include transporting nucleic acids (DNA, mRNA, siRNA, 

microRNA, and IncRNA), proteins, metabolites, and bioactive lipids (Tran et al., 2020). 

Additionally, exosomes have low immunogenicity, good tissue penetration, low toxicity, and 

are stable under physiological conditions (Chen et al., 2021; Hu et al., 2020). Exosomes are 

usually harvested from chondrocytes and MSCs for OA treatment (Liang et al., 2024). Liang 

et al. (2022) developed chondrocyte-targeting exosomes (Figure 2.9 A) to encapsulate and 

intra-articularly deliver CRISPR/Cas9 plasmid (Cas9 sgMMP-13). Upon delivery to 

chondrocytes, the plasmid Cas9 sgMMP-13 knocked down MMP-13. This resulted in the 

prevention of COL2 degradation and the increase of ACAN (Figure 2.9 B), preventing cartilage 

degradation in vitro and in vivo (rat) OA models (Liang et al., 2022). 
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Figure 2.9. Schematic illustration of the concept and function of chondrocyte-specific genome editing 
by the synthesized hybrid exosomes (B) The effect of Cas9 sgMMP-13 on MMP-13, ACAN, and COL2 
levels in chondrocytes of the knee joints in rats (adapted from an open-access article; Liang et al., 
2022.) Reproduced under the terms of Creative Commons CC BY. 

Kartogenin (KGN) is a small molecule that possesses the capacity to stimulate 

chondrogenesis by inducing chondrocyte differentiation of MSCs (Johnson et al.,2012). 

Despite this, the clinical application of KGN has been hampered due to its poor solubility, this 

makes dose control and administration very complex. Xu et al., (2021) encapsulated KGN into 

E7 peptide-exosomes and delivered into synovial fluid-MSCs to induce chondrogenesis. The 

superior expression of COL2A and ACAN in MSCs treated with E7-Exo/KGN compared to 

those of free KGN led to elevated MSC chondrogenic differentiation. This not only suggests 
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that E7-Exo/KGN has higher chondrogenesis capacity but also shows that the use of 

exosomes as carriers improved the solubility and in turn the bioavailability of KGN. The E7-

Exo/KGN treated group also showed improved cartilage regeneration in OA rat models 

compared to those treated with free KGN. This was evident by the presence of clear layers of 

the perichondrium and smooth cartilage surfaces from E7-Exo/KGN-treated OA rats 

compared to coarse, eroded cartilage surfaces in OA rats treated with free KGN (Xu et al., 

2021).   

Similar to inorganic NPs, non-medicated exosomes have the capacity to induce therapeutic 

effects on OA. For example, He and collaborators (2020) demonstrated the possibility of using 

bone marrow MSC-derived exosomes (BMSC-derived exosomes) as a delivery system to 

target chondrocytes.  This is because MSCs have the capacity to enhance and promote 

endogenous cell regeneration and cell viability. In OA, MSCs function to maintain chondrocyte 

homeostasis, promote cartilage regeneration, and expedite tissue repair. (Lei et al., 2022). 

The BMSC-derived exosomes led to significant in vitro upregulation of COL2A1 and 

downregulation of MM-P13, an enzyme associated with cartilage degradation in chondrocytes. 

Moreover, the BMSC-derived exosomes treated OA rats showed upregulated COL2A1 and 

downregulated MMP-13 compared to untreated rats. In general, BMSC-derived exosomes 

decreased cartilage destruction both in vitro and in vivo followed by inducing a cartilage repair 

in vivo (He et al., 2020).  

Zhang et al (2020) assessed the possibility of repairing cartilage using BMSC-derived 

exosomes that possess bio-actives (proteins, lipids, and nucleic acids). Western blots showed 

enhanced concentrations of COL2 and SOX9 were increased, which promotes cartilage 

synthesis. Further, the results exhibited macrophage polarization to the M2 phenotype, 

subsequently leading to decreased levels of IL-1β, IL-6, and TNF-α (pro-inflammatory 

cytokines) as well as increased levels of IL-10 (anti-inflammatory cytokine), compared to the 

phosphate buffered saline group. The macrophage phenotypic change to M2-subtype favours 

an anti-inflammatory response (Strizova et al., 2023). Therefore, BMSC-derived exosomes 

displayed the potential to act as inflammation mediators and induce cartilage regeneration in 

OA rats (Zhang et al., 2020). 

2.3.5.  tNPs 

tNPs are lipid-based nano-vesicular systems that consists of “at least one inner aqueous 

compartment”, a lipid bilayer (phospholipids) as well as an edge activator (EA) (Rai et al., 

2017). In a literature review, Opatha et al. (2019) discussed that tNPs are both biodegradable 

and biocompatible as they are comprised of natural phospholipids and EAs (Opatha et al., 

2020). Because they are biocompatible, tNPs are well suitable for prolonged retention periods, 
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critical for OA therapy as it will mitigate the need for multiple injections, making patients liable 

to possible infections and reducing patient compliance. The presence of the aqueous layer 

contributes to these vesicles’ elasticity. This property is important as it makes it easy for tNPs 

to distort and wedge through constrictions that are smaller than their own diameter to reach 

the target site intact. This flexibility allows these NPs to be able to evade the dense network 

of the ECM. This results in controlled and sustained drug delivery, thus displaying high 

penetration resulting in targeted drug delivery in the joints (Rajan et al., 2011). Using tNPs that 

have an appropriate size to fit in the ECM, charge for solubility (cationic), and flexibility is 

critical for the treatment of OA as they can manoeuvre around the negative densely packed 

ECM (Li et al., 2021). Phospholipids in the tNPs may also serve as lubricants for the joints to 

assist in combating joint inflammation by reducing bone-to-bone friction in the OA joint 

microenvironment (Petelska et al., 2019). The deformability degree depends on the ratio of 

the EA to the lipid mixture. Because EAs are amphiphilic surfactants with lipophilic and 

hydrophilic moieties, they help with increasing solubility and entrapping of a wide range of 

drugs. EAs bring about membrane ultra-flexibility by acting as membrane destabilizing factors 

(Opatha et al., 2020).  

They also help keep the membranes intact and offer protection against fragmentation of the 

membrane after penetration into pores smaller (up to a tenth smaller) than their diameter whilst 

protecting their cargo from metabolic degradation. EAs also affect vesicle size and drug 

encapsulation efficiency; the higher the concentration of the EA in the formulation, the smaller 

the vesicles formed. Conversely, the encapsulation efficiency decreases with the increased 

concentration of the surfactant (Akram et al 2022). As a result, tNPs can be used to carry a 

diverse selection of molecules almost independent of their size, MW, or structure (Opatha et 

al., 2020). The hydrophilic compartment of tNPs stores hydrophilic cargo such as chondroitin 

sulfate, while the hydrophobic compartment carries hydrophobic cargo such as DIC and 

curcumin within the lipid bilayers (Çağdaş et al., 2014; Chauhan et al., 2018). 

 

Figure 2.10. The general structure of a tNPs. 
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In the treatment of OA, tNPs have been mainly delivered transdermally (Rother et al., 2009; 

Abada et al., 2021; Rasheed et al., 2022). (Marwah et al., 2022). EAs enable tNPs to create 

a trans-epidermal gradient, facilitating the ultra-deformable nanovesicles to squeeze through 

the stratum corneum and carry large molecules across the skin barrier. An osmotic gradient 

is created by the difference in water concentrations between the epidermis and stratum, 

facilitating the passage of tNPs from a higher to a lower gradient, thus delivering the cargo to 

its target across the skin barriers (Walve et al., 2011).  

Rasheed et al. (2022) delivered glucosamine sulfate transdermally using tNPs to investigate 

improved drug delivery for glucosamine for OA treatment in rabbits (Rasheed et al., 2022). 

Similar to IA delivery, transdermal delivery has fewer side effects and potentially higher 

bioavailability compared to oral delivery, given that the drugs bypass hepatic first-pass 

metabolism. Glucosamine sulfate, a precursor of glycosaminoglycans, is well suited as a 

supplement to cartilage ECM, and a study by Towheed et al. (2005) suggested that 

glucosamine sulfate is as symptomatically effective as NSAIDs in the short-term management 

of OA (Towheed et al., 2005).  In the study by Rasheed and colleagues (2022), a tNPs -loaded 

glucosamine sulphate formulation was used to treat OA in papain-induced OA rabbits. One 

month post treatment, results showed an improvement in cartilage regeneration in rabbits 

treated with the transfersomal formulation; while on the other hand, there was no improvement 

in the rabbits treated with the liposomal formulation (Figure 2.11). This could possibly be 

attributed to the lack of permeability across the skin, as liposomes are more rigid than tNPs 

(Rasheed et al., 2022). Additionally, since IA delivery is more site-specific, the transfersomal 

formulations being delivered directly to the joint along with their high permeability across the 

ECM, would increase the concentration of the drug in the joint space.  
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Figure 2.11. Radiological study results and observation before (A) and after treatment of OA rabbits. 

Adapted with no changes from Rasheed et al., 2022 under licensed under a Creative Commons 
Attribution CC BY license. 

2.3.6.  Niosomes 

Usman et al. (2017) defined niosomes as “amphiphilic nanovesicles” capable of improving the 

pharmacokinetic properties of therapeutic compounds (Usman et al., 2017). The lipid bilayer 

in the structure of niosomes is primarily based on the presence of non-ionic surfactants and 

lipid compounds (Akbarzadeh et al., 2021). As a result of their special geometry, niosomes 

can entrap both hydrophilic and hydrophobic drugs (Figure 2.12). Similar to tNPs, niosomes 

also possess the potential to safeguard encapsulated cargo from degradation upon 

administration, provide sustained release of therapeutic agents, are convenient, and achieve 

targeted drug delivery in OA joints. This, in turn, has the potential to mitigate the toxicity of 

administered agents, making them ideal for the treatment of chronic diseases such as OA 

(Masjedi and Montahaei 2021). Niosomes and liposomes have similar structures; however, 

the key difference is that niosomes comprise of non-ionic single-chain surfactants and 

cholesterol, while liposomes are made up of double-chain phospholipids (Gharbavi et al., 

2018). Furthermore, niosomes are considered to be better nanocarriers compared to 

traditional liposomes as have a superior drug entrapment capacity, higher chemical stability, 

and greater bioavailability (Opatha et al, 2020). Therefore, niosomes can carry higher 

quantities of therapeutics, which is helpful for sustained release in OA, reducing the need for 

repeated administration. Although niosomes exhibit great promise as carriers, not enough 

studies have been conducted on their toxicity as they have endless permutations for 

combinations of surfactants and lipids (Gharbavi et al., 2018). However, like tNPs, niosomes 

have been primarily researched for topical delivery in OA, and no research was available 
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during the compilation of this review on their IA delivery in OA, also highlighting an area for 

future exploration by researchers.  

 

Figure 2.12. The general structure of a noisome. 

Niosomes are innovative drug delivery systems designed to hurdle hinderances associated 

with traditional lipid-based delivery systems (Opatha et al., 2020). In general, tNPs and 

niosomes comprise the EAs and aqueous compartments that contribute to their flexibility and 

permeability through the dense ECM, making them suitable for application in IA OA treatment 

(Li et al., 2021; Kazi et al., 2010). The ultra-elasticity of tNPs allows them to traverse through 

constricted areas thus enabling efficient drug delivery (Rai et al., 2017). Conversely, niosomes 

are slightly more rigid but are more chemically stable than other vesicles (Mashal et al., 2023). 

Based on their biocompatibility, biodegradability, and site-specificity, both tNPs and niosomes 

hold great potential as drug carriers for OA treatment (Ag Seleci et al., 2016; Akram et al., 

2022).   

Similar to tNPs and niosomes, hydrogels, a large class of polymers that have a high aqueous 

capacity to aid their structural flexibility hence potential application in OA therapy (Parhi, 2017). 

For this reason, the loading of vesicular OA formulations into the hydrogel systems bears great 

promise, given their compatibility in terms of structural deformability. 

2.4.  Hydrogels in OA Therapy 

Hydrogels are three-dimensional cross-linked polymer networks containing hydrophilic 

functional groups, enabling them to absorb water up to several times their weight (Parhi, 

2017). The extent of water absorption is directly influenced by the number of hydrophilic 

groups within the polymer structure. Due to this property, hydrogels serve as efficient drug 

carriers in smart delivery systems, promoting sustained drug release (Nunes et al., 2022). 

Their key attributes include biodegradability, biocompatibility, non-toxicity, and non-
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immunogenicity, making them suitable for biomedical applications (He et al., 2017). Hydrogels 

can be synthesized from natural or synthetic polymers, with common synthetic polymers 

including polyethylene glycol (PEG), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) 

(PLGA), and polyvinyl alcohol (PVA) (Bashir et al., 2020). Conversely, natural hydrogel 

polymers, such as chitosan, HA, collagen, alginic acid, and carrageenan, are often derived 

from ECM proteins, enhancing their compatibility with the osteoarthritic joint matrix. 

 The high-water content exhibited by hydrogels allows them to undergo swelling and shrinkage 

in response to external stimuli, such as temperature and pH. Temperature-responsive 

hydrogels rely on polymers with a lower critical solution temperature (LCST) (Zhuo et al., 

2022). Above the LCST, hydrophobic interactions cause polymer contraction, leading to phase 

separation and gel collapse. Below the LCST, hydrophilicity increases, causing water 

absorption and hydrogel expansion (Peppas and Hoffman, 2020). This unique property 

enables phase transitions between sol and gel states, facilitating controlled drug release 

(Abou-Shamat et al., 2020). pH-sensitive hydrogels, on the other hand, consist of ionic 

polymers containing acidic (e.g., carboxylic acid) or basic (e.g., amine) functional groups (Tan 

et al., 2022). Under specific pH and ionic conditions, these groups ionize, generating 

electrostatic repulsions that induce gelation and enhance drug release efficiency 

(Bustamante-Torres et al., 2021). 

NP-loaded hydrogel systems integrate the benefits of both NPs and hydrogels to optimize 

drug delivery. A compelling example is the study by Yang et al. (2020), where KGN-loaded 

GelMA@Lipo microgels extended KGN release for over three weeks, significantly longer than 

the 25-day release observed with KGN-loaded liposomes alone. Furthermore, 

GelMA@Lipo@KGN demonstrated the highest proteoglycan accumulation in bone marrow-

derived stem cells (BMSCs), surpassing both Lipo@KGN and control groups, indicating 

enhanced chondrogenesis due to the sustained release of KGN via the GelMA system. The 

formulation also elevated the expression of COL2A1, ACAN, and SOX9, supporting its 

potential to promote chondrogenic differentiation in BMSCs (Yang et al., 2020). Similarly, Han 

et al (2021) developed methacrylate gelatin (GelMA) microspheres embedded with dopamine-

modified poly(N, N-dimethylacrylamide) (DMA) and 2-methacryloyloxyethyl phosphorylcholine 

(MPC) (GelMA@DMA-MPC). This system significantly improved lubrication and provided 

sustained diclofenac (DIC) release in OA rat models (Figure 2.13). Additionally, the delivery 

system upregulated ACAN and COL2A1 expression while downregulating MMP-13 and 

ADAMTS-5, thereby promoting cartilage regeneration and preventing further degradation 

(Han et al., 2021). 
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 Another notable example is the study by Lei and co-workers (2022) in which rapamycin’s 

water solubility was enhanced through encapsulation in cationic liposomes, forming 

rapamycin-liposome-incorporating HA-based hydrogel microspheres (RAPA@Lipo@HMs). 

The results demonstrated that liposomes improved the pharmacokinetic profile of rapamycin, 

while RAPA@Lipo@HMs extended drug release from 21 to 28 d. Interestingly, the 

RAPA@Lipo@HMs also functioned as a bio-lubricant, reducing joint wear in vivo and further 

supporting their potential in OA therapy  

 

Figure 2.13. Formulation process and principle of the GelMA@DMA-MPC microspheres in OA 
(Reprinted from an open-access article Han et al., 2021 rats.  Reproduced under the terms of Creative 
Commons under the CC BY-NC-ND license. 

Li and colleagues (2021) addressed articular cartilage degeneration by utilizing a nano-micron 

system composed of G5-AHP (a multifunctional gene vector modified with arginine, histidine, 

and phenylalanine) and microRNA-140 (miR-140) to form G5-AHP/miR-140 NPs 

encapsulated within hydrogel microspheres. This system demonstrated high gene transfection 

efficiency, increasing COL2 expression by over threefold compared to the control. Additionally, 

ADAMTS-5 and MMP-13 expression levels were reduced by approximately 0.7-fold and 0.5-

fold, respectively, in chondrocyte cells, thereby preserving cartilage matrix homeostasis in a 

murine OA model (Li et al., 2021).  

In another study, Seo et al. (2022) encapsulated triamcinolone acetonide into PNPs within an 

intra-articularly injectable hydrogel to manage OA-related inflammation in mice. This system 

significantly reduced the expression of pro-inflammatory cytokines IL-6 and TNF-α over four 

weeks, whereas free triamcinolone acetonide failed to achieve long-term suppression, 
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indicating inferior efficacy. The hydrogel also enhanced the secretion of anti-inflammatory 

cytokines IL-4, IL-10, and IL-13, further supporting its superior long-term anti-inflammatory 

effects. Additionally, it effectively inhibited matrix-degrading proteins MMP-3 and MMP-13, 

preventing cartilage degeneration. Free triamcinolone acetonide, in contrast, was unable to 

sustain these effects over the same period (Seo et al., 2022).  

Tsubosaka et al. (2020) explored the application of eicosapentaenoic acid (EPA) 

encapsulated within micelles and further incorporated into a gelatin hydrogel for IA OA 

treatment. EPA, known for its anti-inflammatory and immunomodulatory properties, reduced 

inflammatory cytokine synthesis (Curtis et al., 2002). The EPA-hydrogel formulation 

demonstrated superior suppression of IL-1β, MMP-3, and MMP-13 compared to free EPA, 

suggesting its potential in mitigating inflammation and protecting cartilage integrity in OA 

models. (Tsubosaka et al., 2020).  

Cai et al. (2019) synthesized a vinyl sulfone-modified HA crosslinked with dithiol-terminated 

poly (ethylene glycol). While the unmodified HA solution degraded entirely within 2 d, the 

modified HA hydrogel resisted enzymatic degradation for up to 7 d. Additionally, the modified 

HA exhibited enhanced viscoelastic properties, making it a promising candidate for OA 

treatment (Cai et al. 2019).  

Biomimetic viscosupplementation strategies have also been explored to restore joint 

lubrication. Mou and colleagues (2021) formulated an HA-chitosan-based supramolecular 

hydrogel for OA therapy, demonstrating effective pain relief and inflammatory suppression by 

inhibiting TNF-α, IL-1β, IL-6, and IL-17 more efficiently than plain HA. Rat models treated with 

this hydrogel displayed smooth, intact cartilage surfaces with thicker layers, signifying 

enhanced cartilage regeneration compared to HA alone. The formulated HA-chitosan-based 

hydrogel was significantly better than the plain HA-formulation in attenuating OA in rodents by 

decreasing inflammation and inducing cartilage regeneration (Mou et al., 2021).  

Leone and colleagues crosslinked gellan gum (Leone et al., 2020), a water-soluble anionic 

polysaccharide with PVA, yielding improved mechanical properties. The formulation exhibited 

enhanced elastic and viscous moduli compared to the polysaccharide core, indicating superior 

thixotropic properties and resistance to degradation. Approximately 70% of HA was released 

initially, followed by sustained release over the next 23.5 h. (Leone et al., 2020).  

Jahanbekam et al. (2023) developed an ultrasound-triggered mixed-micelle HA hydrogel 

containing hydrocortisone for IA OA therapy (Jahanbekam et al., 2023). Ultrasound waves 

elevated the local temperature, triggering drug release by disrupting micelles through shear 

stress. Free hydrocortisone was fully released within 2 h, while hydrocortisone from the HA 

hydrogel and mixed-micelle hydrogels (containing Capryol® and Brij®) exhibited extended 
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release over approximately 4–8 h. The formulation incorporating Tween® 60 exhibited the 

most controlled and prolonged release. This is critical because it shows that the different 

surfactants had an influence on the drug release and that the formulation containing Tween® 

60 will prolong the release of hydrocortisone in the joint, highlighting its potential for reducing 

the frequency of IA injections in OA management.   

Diaz-Rodriguez and colleagues (2021) engineered a HA-based thermos-responsive hydrogel 

that would release beta-lapachone (βLap), a natural naphthoquinone with anti-inflammatory 

activity. This hydrogel transitioned from sol-to-gel at 30 °C. The gel displayed rheological 

properties favourable for the treatment of OA as well as a decrease in the secretion of IL-6 in 

both free βLap and βLap loaded in the HA hydrogel from an ex vivo OA model. This suggested 

that βLap in both states could decrease pro-inflammatory cytokine IL-6; however, hydrogel-

loaded βLap reduced IL-6 secretion better than free βLap. In addition, the secretion of pro-

inflammatory chemokine CXCL8 was more effectively reduced by the hydrogel-loaded βLap 

compared to free βLap. Conversely, free βLap reduced the secretion of matrix-degrading 

protein MMP-13 better than βLap embedded in the hydrogel formulation. Therefore, the 

hydrogel formulation had superior anti-inflammatory effects and slightly inferior cartilage 

regeneration effects compared to free βLap (Diaz-Rodriguez et al., 2021). 

The incorporation of metal NPs into hydrogels has also been explored for OA treatment; Li 

and colleagues (2024) combined the antioxidant properties of cerium oxide-NPs with cartilage-

repairing properties of platelet lysate together with an HA hydrogel for IA delivery in OA (Li et 

al., 2024). This hybrid system increased the expression of COL2 and ACAN while inhibiting 

COL10, MMP-13, ADAMTS-5, and ADAMTS-9 in chondrocytes (Figure 2.14) indicating the 

hydrogel’s potential to effectively promote cartilage regeneration while suppressing matrix 

degradation. (Li et al., 2024).  
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Figure 2.14. The effect of cerium oxide-NPs on mRNA expressions of Col2, ACAN, Col10, MMP-13, 
ADAMTS-5, ADAMTS-9 genes in chondrocytes (Li et al., 2024). Figure adapted an open access article 
and reproduced with permission from Elsevier. 

2.5.  Molecularly Imprinted Materials with Potential to Treat OA  

Amongst many approaches investigated to address drawbacks connected to conventional 

delivery systems in OA, molecularly imprinted materials provide a promising platform for 

potentially target-specific smart drug delivery systems.  

Molecular imprinting technology provides a versatile tool for fabrication of highly selective 

polymeric materials, viz. molecularly imprinted polymers (MIPs) (BelBruno, 2018). The high 

selectivity of MIPs towards target compounds is derived from the chemically modified surfaces 

of resulting material. The surface modification is a result of the synthetic process that is 

executed in the presence of a template molecule (Janczura et al., 2021). MIPs are obtained 

in three key steps:  the synthetic formation of a prepolymerization adduct, polymerization and 

template removal, resulting in modified polymer surface regions that are complementary to 
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the distribution of electrostatic potentials to the template. A prepolymerization adduct can be 

created via two distinct approaches: (i) a covalent strategy, where stable chemical bonds are 

formed between the template and the functional monomers providing a functionalized 

molecule, most commonly, possessing vinyl groups capable of polymerization or a (ii) non-

covalent strategy where different non-covalent interactions, such as van der Waals forces 

hydrogen bonds or electrostatic forces stabilize the prepolymerization complex between the 

template and the monomers. 

The covalent strategy offers high durability of the functionalized compound, making it 

advantageous under harsh polymerization conditions, but requires confirmation of the 

compound's structural integrity and purity prior to the polymerization process. Moreover, the 

template needs to possess functional groups that are able to react with functional monomers 

forming ester or imine bonds. Unfortunately, this method necessitates hydrolysis of the 

template at the removal step, which can potentially alter the polymer's structure. Conversely, 

the non-covalent strategy simplifies the synthesis process and reduces synthesis time, but its 

lower stability often results in greater heterogeneity in the binding sites of the final polymer. 

The selection of a pertinent strategy is largely contingent on the template structural properties, 

availability and the intended application of MIPs (Liu et al., 2024).  

In most cases the template molecule and the target compound used in the synthesis of MIPs 

are the same chemical entities. However, limited availability or high costs of certain templates 

are limiting factors in the synthesis of MIPs. In such a case, MIPs can be obtained using 

structural analogues of target compounds as alternative templates (Chen et al., 201). Careful 

selection of the template also mitigates the risk of template leaching—an undesirable 

phenomenon where residual template molecules affect the performance of the synthesized 

MIP.  Literature has shown the effectiveness of providing selective MIPs. The efficiency of 

molecular imprinting is typically assessed using the imprinting factor, which is calculated as 

the ratio of the template’s adsorption capacity on the MIP to that on a non-imprinted reference 

polymer. To ensure accuracy, the non-imprinted polymer must be synthesized under identical 

conditions, omitting the template molecule (Lamaoui et al., 2024).   

It has to be mentioned that both highly cross-linked rigid polymers and low cross-linked 

hydrogels can be effectively obtained through molecular imprinting. In highly cross-linked 

hydrogels, the rigidity of the polymers maintains the geometry of their modified surface 

regions, preserving electrostatic potential distributions even after template removal, thus 

ensuring selective adsorption of the target molecule. Conversely, low cross-linked hydrogels 

exhibit flexible polymer chains, allowing imprinting to function as a macromolecular memory 

process. Multiple interactions between the template and functional monomers during 



71 
 

synthesis drive the hydrogel’s polymer chains into an energetically favorable conformation. 

Upon template removal, complementary binding interactions between the target molecule and 

the hydrogel network facilitate adsorption through conformational adjustments, ensuring high-

affinity binding (Kakkar and Narula, 2022).  

The desorption of target molecules from MIPs or hydrogels is governed by the diffusion and 

the relaxation of the material network. For highly cross-linked polymers, the degree of cross-

linking affects diffusion, making the desorption process less diffusion-dependent. In contrast, 

low cross-linked hydrogels, the macromolecular relaxation upon medium absorption induces 

swelling of the material. Despite this swelling, numerous spatially oriented functional groups 

within the hydrogel network interact with the target molecule (e.g., a drug), thereby modulating 

its release. The modified kinetics of the drug release process depend on the strength of those 

interactions. The migration of the drug through the polymer matrix, from one macromolecular 

memory region to another with various binding interactions creates a ”tumbling effect”,  

creating efficient complexes by minimizing entropically unfavourable translational and 

rotational free energies (Venkatesh et al.,2008). 

Among the various forms of MIPs, ‘surface imprinting’ has emerged as a notable advanced 

molecular imprinting strategy. This technique allows us to provide a thin molecularly imprinted 

layer on the surface of core forming composite materials (Kumar et al., 2024). Moreover, 

surface-imprinted MIPs provide a versatile platform for ‘epitope imprinting’, a protocol very 

effective for the synthesis of protein-targeted MIPs. Epitope imprinting involves using peptide 

fragments specific to a target protein, thus enhancing the selectivity of the resulting material 

(Dietl et al., 2021). Facile functionalization of MIP layers with different cores is an important 

advantage as this enables further modifications allowing additional properties to the material 

such as integrating magnetic susceptibility properties. Additionally, surface imprinting 

improves the diffusion kinetics, expediting the effectiveness of the adsorption process. This 

technique is commonly applied in cancer diagnostics and therapy, where MIPs are employed 

for targeted drug delivery through the recognition of specific cell surface domains (Balcer et 

al., 2023).  

MIPs exhibit selectivity comparable to that of antibodies while offering greater chemical and 

thermal stability. Unlike biologics, MIPs do not require specialized storage conditions, making 

them a more practical alternative to antibodies and biological receptors. Their robust nature 

compensates for the challenges associated with antibody manufacturing, particularly stability 

and shelf-life limitations (Liu et al., 2024).  MIPs have been extensively utilized in analytical 

chemistry, primarily as selective sorbents in the solid-phase extraction, selectors in 

chromatography and recognition elements of sensors (Sobiech and Luliński, 2024; Su et 
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al.,2024). Despite numerous commercial applications, their potential in drug delivery remains 

an active area of research (Luliński, 2017; Haupt et al., 2020). Recent studies have validated 

multiple MIPs as effective operative diagnostic tools or drug delivery devices. Notably, MIPs 

have not yet been utilized for IA delivery of therapeutics for OA therapy. In OA, MIPs may be 

designed to trigger the degradation of hydrogel matrices to release drugs/drug-loaded NPs 

into target areas upon the recognition of hallmarks of OA, such as pro-inflammatory cytokines 

and matrix-degrading proteins (Gagliardi, 2023). This would potentially allow specific and 

targeted release and enhance retention times of therapeutics by providing a specific binding 

site to trigger their release. Thus, in our opinion, a few approaches discussed below could be 

beneficial to progress IA bioactive delivery for the treatment of OA.   

As mentioned, MIPs reveal potential for facile integration with other materials resulting in 

composites which increases their value by presenting additional advantages. The resulting 

hybrid materials could serve dual functions, such as serving as carriers for delivery of anti-

inflammatory agents and simultaneously as selective adsorbents of the inflammatory 

cytokines. To the best of our knowledge, literature survey shows no reports of MIP-based 

systems that combines these functions for IA treatment of OA thus providing an opportunity 

for further investigations. However, it has to underlined that the investigations of specific MIP 

systems for anti-inflammatory drug deliveries and towards inflammatory cytokines have been 

carried out. Most recent and pronounced achievements are briefly discussed below. 

In a very interesting paper, Parisi and co-workers (2018) developed a ‘smart bandage’ 

incorporating MIPs for DIC, an anti-inflammatory drug, for topical administration, to combat 

localized pain and inflammation. The ‘smart bandage’ prepared using MIP loaded with DIC 

exhibited drug release of 24% within the 6 h and 92% of DIC released after 72 h. In contrast, 

the non-imprinted smart bandage’ loaded with DIC released 51% of the drug within the first 6 

h and was completely released (100%) after 72 h. The MIP-integrated version of the smart 

bandage demonstrated prolonged drug release and improved diffusion kinetics compared to 

the non-imprinted version, ensuring sustained therapeutic effects. (Parisi et al., 2018). 

As an example, for the delivery for steroid anti-inflammatory drug, Wei et al. (2019) reported 

a pH-responsive molecularly imprinted hydrogel for DEX delivery. Dopamine, acrylamide and 

acrylic acid were utilized as functional monomers to synthesize the hydrogel and DEX as the 

template molecule. After immersion in DEX solutions, the molecularly imprinted hydrogel had 

a significantly higher drug loading rate compared to that of non-imprinted hydrogel. While the 

release rate of non-molecularly imprinted exhibited an excess of 80% DEX release after 24 

hrs, approximately 60% of DEX was released from molecularly imprinted hydrogel in the same 

period. The molecularly imprinted hydrogel sustained DEX release for up to 7 days. (Wei et 
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al., 2019). In another study, Zahedi and co-workers integrated MIP NPs within electrospun 

poly(ε-caprolactone) nanofibers for the release of DEX. The MIP NPs were made using 

methacrylic acid and ethylene glycol dimethacrylate as functional monomers and DEX served 

as the template molecule. Biodegradability could be considered as an advantageous property 

of MIPs for drug delivery. Here, poly(ε-caprolactone) combined with MIP prolonged DEX 

release following the Fickian diffusion mechanism, confirming their potential for sustained drug 

release. (Zahedi et al., 2017).  

MIPs have also been explored for cytokine detection. Choi and co-workers (2022) developed 

a double layer MIP-based sensor for IL-1β detection using poly(1,2-phenylenediamine) and 

poly(2-(phenylazo)chromotropic acid) as functional monomers and IL-1β as the template. The 

MIP layer showed high IL-1β adsorption compared to IL-1α, IL-6, and TNF-α (Choi et al., 

2022). In another paper, Chen and co-workers proposed defect‑engineered graphene 

nanoribbons as substrate material to fabricate MIP via electropolymerization, utilizing IL-6 as 

the template and producing a material selective towards IL-6 (Chen et al., 2024). Yang et al 

(2023) fabricated MIP-based chemosensors using gold-dendritic electrodes for TNF-α 

detection, achieving precise cytokine recognition and quantification. The selectivity of these 

sensors was validated against IL-1β and IL-6. (Yang et al., 2023). Simultaneously, Yellin et al. 

(2023) further validated the effectiveness of protein-imprinted polymers in selectively 

adsorbing TNF-α, with in vitro studies demonstrating biocompatibility and reduced TNF-α-

induced cell death (Yellin et al., 2023).  

 

Other studies have extended MIP applications to matrix metalloproteinase (MMP) detection, 

as seen in work by Lee et al. (2023) and Zito et al. (2024), who developed MIP-based photonic 

nanostructures for MMP-1 and TGF-β, respectively. 

 

The potential of MIPs in OA treatment remains largely unexplored. However, emerging studies 

underscore their utility in drug delivery applications with prolonged release profiles. The 

adaptability of MIPs for integration with various biomaterials highlights opportunities for 

designing innovative therapeutic strategies, particularly for inflammatory disease 

management. Future advancements in MIP technology could facilitate the development of 

multi-functional MIP composites tailored for OA treatment, combining targeted drug delivery 

with cytokine modulation for enhanced therapeutic efficacy 

 

2.6.  Current Clinical Trials on Intra-Articular OA Therapy 

In overall, the number of clinical trials on intra-articularly administered drug delivery systems 

for OA is inadequate (Li et al., 2021). Clinical trials focused on OA play a pivotal role in 
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advancing researchers’ progress in understanding the effect of medical interventions on this 

debilitating joint disorder in humans. These trials are critical for developing and evaluating 

novel OA therapies, assisting researchers in gaining insights into essential parameters such 

as their safety, efficacy, and tolerability (Holford et al., 2000). Though a plethora of research 

has been conducted on IA drug delivery in OA treatment, their translation into clinical 

applicability is underwhelming. This failure might be because of the use of small animals for 

testing and absentia of best-practice standards for animal testing (Mak et al., 2014). Small 

animals like mice and rabbits are commonly used in the in vivo studies and can be useful for 

preliminary studies; however, large animals must be used for validity before conducting clinical 

trials in humans. Another possible reason can be the failure to simulate the environment of 

the joint when conducting in vitro tests such as in vitro drug release. The wide translation gap 

remains an enormous hurdle, with concerns such as safety and efficacy at the forefront. As a 

result, the development of strategies that aim to eradicate this gap is of paramount importance. 

Table 2.2 summarizes clinical trials focused on IA drug delivery in OA (ClinicalTrials.gov).  

TLC599, a liposome formulation of dexamethasone sodium phosphate (DSP), showed a 

significant Western Ontario and McMaster Universities Osteoarthritis Index-pain (WOMAC) 

reduction and improved function for up to 24 weeks in a phase 3 clinical study of knee OA 

(NCT02803307) (Table 2.2).  Similarly, Cingal® is a hydrogel that was a formulated as a 

crosslinked HA viscosupplement loaded with a corticosteroid triamcinolone hexacetonide, for 

IA injection (Hangody et al., 2018). Cingal® is Anika Therapeutics next-generation formulation 

constructed from the base of MonoviscTM, their FDA-approved non-drug-loaded HA 

viscosupplementation product. Clinical trial studies showed that Cingal® possessed superior 

WOMAC pain scores than the saline group and exhibited better pain relief for the first 3 weeks, 

followed by similar pain relief through the remaining 23 weeks (ClinicalTrials.gov).  Seikagaku 

co-developed SI-613, a conjugate of HA and DIC (Gao et al., 2022). Safety and efficacy 

studies revealed that Sl-613 outperformed the placebo, showing a significantly improved 

WOMAC pain subscale score over 12 weeks. However, further safety evaluations are needed, 

as anaphylactic reactions were observed (Gao et al., 2022).  

In another study, the safety and efficacy of high‐purity synthetic trans‐capsaicin (CNTX‐4975) 

were evaluated in moderate to severe knee OA (Ghouri and Conaghan, 2019). CNTX‐4975 

exhibited dose‐dependent improvement in knee OA–associated pain through 24 weeks. 

FX006, a formulation of triamcinolone acetonide (TCA) encapsulated PLGA microspheres 

DeJulius et al., 2021). Efficacy studies revealed that FX006 provided sustained clinical 

improvement in knee OA compared to saline-placebo regardless of the baseline inflammation. 

Studies on FX006 also showed that treatment‐emergent adverse events were similar to saline 

elucidating the tolerability of the drug delivery system. Generally, the results from the majority 
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of the aforementioned studies showed longer duration than that reported for existing IA 

treatments in OA (Hangody et al., 2018; Gao et al., 2022). Table 2.2. summarizes clinical trials 

focused on IA drug delivery in OA. 
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Table 2.2. List of clinical trials for IA drug delivery in OA from clinicaltrials.gov. 

Product  

 

 

Aim Drug(s) Delivery system Type of Study Phase OA type Identifier  

TLC 599 Evaluate the 

efficacy and safety 

Dexamethasone 

sodium phosphate 

(DSP) 

Liposomes Randomised, 

double-blinded 

placebo- and active-

controlled 

lll Knee OA NCT02803307 

CiNGAL  Relieve symptoms 

and treatment 

Triamcinolone 

Hexacetonide (TH) 

Hydrogel  Randomized, 

double-blind, 

placebo-controlled 

lll Knee OA  NCT04231318 

CNTX- Capsaincin 

4975 

Relieve OA knee 

pain  

Capsaincin N/A Randomized, 

double-blind, 

placebo-controlled 

lll Knee OA   NCT03429049 

FX006 Efficacy and safety 

assessment  

TCA IR 40 Polymeric NPs Double-blind, 

randomized 

ll Knee OA NCT02357459 

FX-201 Safety and 

tolerability 

assessment  

 

Recombinant 

human interleukin-1 

receptor antagonist 

protein 

 

HDAd vector Non-randomized l Knee OA  NCT04119687 

SI-613 

 

 Efficacy and 

safety assessment  

Diclofenac 

etalhyaluronate & 

HA 

Hydrogel  Randomized, 

double-blind 

lll Knee OA 

 

NCT03209362 
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2.7. Review Summary: Colloidal Systems in OA Treatment  

In OA, nano-, micro-formulations, and hydrogels have been shown, both individually and in 

combination, to be superior to conventional formulations. Therapeutic agents are encapsulated 

into these delivery systems to potentially increase the therapeutic agents’ potency, allow for a 

higher concentration of drugs within the joint, leading to faster and more effective treatment. Given 

that, this, in turn, can potentially improve the side effect profiles of these agents and the frequency 

of administration through targeted and localized delivery of bioactives (Huang et al., 2022). 

 Both in vitro and in vivo studies have shown promising results, with bioactive-loaded delivery 

systems effectively suppressing key pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, and 

iNOS, in OA joints. These findings suggest that targeted drug delivery can alleviate the 

inflammation associated with the pathogenesis of OA and potentially attenuate the progression 

of the disease. Furthermore, certain hydrogel-based delivery systems promoted macrophage 

repolarization from the pro-inflammatory M1-subtype to the anti-inflammatory M2-subtype, which 

is characterized by the secretion of cytokines such as IL-4 and IL-10 (Pérez and Rius-Pérez, 

2022; Strizova et al., 2023).  

Additionally, the reviewed delivery platforms consistently demonstrated the ability to inhibit matrix-

degrading enzymes such as ADAMTS-5, MMP-1, MMP-3 and MMP-13, which are key 

contributors to cartilage degeneration (Kumar et al., 2019; Liu et al.,2019; Park et al. 2020; Wei 

et al., 2021; Lei et al., 2022; Dravid et al., 2023; Deng et al., 2023). The suppression of these 

enzymes in chondrocytes has resulted in cartilage regeneration evident by the restoration of 

previously degraded cartilage in animal OA (Li et al., 2021; Mou et al., 2021; Xu et al., 2021).  

Therefore, delivery platforms such as microspheres and MSC-derived exosomes have the 

capacity to aid the preservation of cartilage integrity and prevention of further cartilage 

degeneration. It was also observed that nano- and hydrogel-based delivery systems improved 

drug retention and provided sustained drug release compared to free drugs within the joint space, 

leading to prolonged therapeutic effects (Kumar et al., 2019; Hu et al., 2020; Wei et al., 2021; 

Teng et al., 2023; Dravid et al., 2023; Deng et al., 2023). 

Considering the aforementioned information, designing a system that enhances controlled and 

sustained drug release is crucial, positioning hydrogels as an ideal candidate (Nunes et al., 2022). 

In OA, hydrogels act as lubricants and shock absorbers, reducing bone-to-bone friction, thus 

alleviating pain and possibly inflammation (Lin and Klein, 2022). However, incorporating NPs and 

microparticles into hydrogels can offer dual structural and therapeutic benefits, as the gel 
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regulates drug release while simultaneously reducing mechanical stress within the joint (Lin and 

Klein, 2022). Moreover, exogenous hydrogel components derived from ECM can help mimic and 

confer desirable properties that can potentially benefit the joint's health.  

Interestingly, hydrogels can be engineered to possess properties that can increase the specificity 

of nano-systems. Modifications include the incorporation of the stimuli-responsiveness 

characteristics to the hydrogel (Kung et al., 2023; Neumann et al., 2023). When acted upon by 

certain stimuli such as pH and temperature, hydrogels can respond by transitioning from solution-

to-gel therefore preventing the likelihood of them clotting in the vessels on the occasion that they 

are administered into the wrong areas (El-Husseiny et al., 2023). Stimuli-responsive hydrogels 

present a compelling strategy for addressing the constraints associated with the traditional 

conventional administration of drugs in OA. They enable site-specific, controlled, and sustained 

release of therapeutic agents, therefore, improving therapeutic efficacy, minimizing premature 

drug release, and reducing systemic toxicity.  

2.8.  Conclusion and Future Research Perspectives   

This literature review explored a selection of developments and advancements in IA therapies for 

OA within the past 5 years. The investigation also sheds light on the innovative strategies and 

therapeutic modalities developed to overcome the complexities of this prevalent and 

incapacitating joint disorder. It is evident that studies mostly focus on articular cartilage, but there 

are other hallmarks that not only affect the primary progression of the disease but also secondary 

developments, such as subchondral bone remodeling. A comprehensive understanding of the 

disease would benefit the advancement of therapies.  

There have been remarkable developments in IA therapies, including viscosupplementation and 

sustained release injections, which involve modern methods of nanomedicine. While NPs and 

microparticles provide a promising platform for IA drug delivery in the treatment of OA, it is, 

however, noted that incorporating the drug-loaded particles into hydrogel achieves superior 

biological results. The examined literature offers compelling evidence supporting the 

effectiveness of advanced drug delivery systems, particularly NP-loaded hydrogels in OA 

treatment. Future studies may invest more in assessing the safety and efficacy of these in clinical 

trials. 
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CHAPTER THREE 

The Design and Development of a Dexamethasone-Tranfersome-PF-127/HA 

Stimuli-responsive Hydrogel for Intra-articular Therapy in Osteoarthritis 

 

3.1. Introduction 

IA administration has gained prominence over systemic administration for various reasons. Such 

treatment is site-specific, minimizing systemic exposure, therefore significantly reducing the off-

target effects of drugs. This approach ensures rapid drug action and improved residence time 

within the joint compared to systemically administered drugs (Jones et al., 2019). However, IA 

treatment face formidable obstacles due to the hostile environment of the joint where therapeutics 

are often lost to systemic circulation upon injection because of drainage via the venules and 

lymphatic vessels in the synovial membrane (Evans et al., 2014). The short residence time 

consequently mandates an increased frequency of injections, which is, however, not cost-

effective (Jones et al., 2019; Rhon et al., 2022). Moreover, the number of IA injections is restricted 

to minimize the risk of infection (Ayhan et al., 2014; Jung et al., 2020). 

With advancements in nanotechnology, NP-based therapy offers a promising platform to address 

obstacles associated with current IA treatment therapies. NPs are nanoconstructs with an overall 

dimension of under 100 nm (Murthy, 2007). NPs can protect encapsulated IA-administrated drugs 

from degradation; help stabilize the incorporated drugs, and attain controlled and sustained drug 

release, leading to increased retention times. This strategy could also improve the side effect 

profile of the administered OA treatment regimens (Wen et al, 2023). 

Concurrently, hydrogels - 3D cross-linked polymer matrices - possess unique abilities including 

their ability to mimic the structure of the ECM and respond to external stimuli, making them an 

appealing platform for OA therapeutic interventions (González-Díaz and Varghese, 2016; El-

Husseiny et al., 2023). Additionally, hydrogels can imbibe and retain large volumes of biological 

fluids (Geckil et al., 2010).  When combined with drug-loaded NPs, hydrogels have the potential 

to alleviate OA by replenishing joint fluid and acting as lubricants to reduce bone-to-bone friction. 

The reduction in joint friction, in turn, relieves pain while the drug-loaded NP-hydrogel system 

offers a sustained drug release achieving enhanced therapeutic effects (Wang et al., 2022; Zhao 

et al., 2022).    
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Responsiveness to the stimuli, particularly the thermo-responsiveness of hydrogels, is a crucial 

property in OA therapy as it may aid the course for targeted delivery. In this study, we exploited 

the thermo-responsive properties of PF-127 in combination with HMW HA. PF-127, a 

biocompatible surfactant polyol, is readily water soluble in low temperatures and can undergo 

gelation at temperatures close to physiological conditions (Kushan and Senses, 2021; García-

Couce et al., 2022). PF-127 has been extensively utilized for controlled drug release mainly due 

to its low immunogenicity and minimal toxicity. However, it has poor mechanical strength and a 

typically short drug-release profile (Chung et al., 2009; Li et al., 2023). Nevertheless, these 

setbacks have been combated by combining PF-127 with complimentary polymers such as HA 

and chitosan (García-Couce et al.,2022). 

HA, an endogenous glycosaminoglycan, is responsible for lubrication in the joint, reducing bone-

to-bone friction, alleviating pain and inflammation (Gupta et al., 2019).  Notably, there is a decline 

in concentrations of HA in OA joints compared to healthy joints (Liu et al., 2021). Agents such as 

corticosteroids and HA are indicated in OA for inflammation and viscosuplementation, 

respectively. Building on this background, this study aimed to address the shortcomings of current 

OA treatments. Specific lipid-based nanocarriers, tNPs, were employed to encapsulate a 

glucocorticoid drug, DEX, into a stimuli-responsive PF-127/HA hydrogel for IA administration in 

OA treatment.    

The tNPs are ultra-deformable lipid-based nano-vesicular systems that consist of phospholipids 

and EAs, resulting in at least one inner aqueous compartment (Rai et al., 2017; Opatha et al., 

2020). Hydrophobic drugs are lodged within the lipid bilayer while hydrophilic drugs are entrapped 

within the aqueous compartment (Fernández-García et al., 2020).  The flexibility of tNPs is crucial 

to their ability to temporarily distort and intricately permeate through the ECM without 

compromising the integrity of its cargo. This allows them to reach their targets unblemished, thus 

effectively assisting with controlled and targeted drug delivery (Rajan et al, 2011). The degree of 

deformability in tNPs is dependent on the ratio of EA to lipid mixture. EAs are amphiphilic 

molecules known to compromise lipophilic and hydrophilic moieties; they help with increasing 

solubility and entrapping a wide range of drugs. EAs bring about membrane ultra-flexibility by 

acting as membrane destabilizing factors (Opatha et al., 2020). Co-surfactants have been 

previously used as EAs. 

In this study, soya phosphatidylcholine was used as the primary phospholipid, while sodium 

deoxycholate and polysorbate 80 were selected as EAs. These co-surfactants are water-soluble. 

Water-soluble surfactants prevent tNP agglomeration by forming a perseverative layer on the 
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surface of tNPs, thereby stabilizing the formulation (Khan et al., 2021). The presence of the 

hydrophilic head group may reduce the high interfacial tension between the tNPs, thus resulting 

in consistent PDIs resulting in the vesicles (Misono, 2019). Additionally, high surfactant 

concentrations have been associated with a small polydispersity index (PDI). A small PDI is 

indicative of a consistent size distribution resulting in a homogenous formulation. 

EAs affect vesicle deformability, size, and entrapment efficiency (Moawad and Salem, 2017). 

Interestingly, at concentrations exceeding 15%, EAs induce micelle formation rather than tNPs 

and often become toxic at concentrations over 25% (Jain et al., 2003; (Rai et al., 2017; Opatha 

et al., 2020). An optimal balance of ratio is important for the formulation of tNPs desired for this 

study. polysorbate 80 and sodium deoxycholate have high hydrophilic lipophilic balance (HLB), 

15 and 16 respectively (Kassem and Ahmed, 2019; Surini et al., 2020). This means that they are 

more hydrophilic and, therefore, tend to stabilize oil-in-water (O/W) formulations Zheng et al., 

2015). NPs formulated using higher HLB values have been shown to produce larger particle sizes 

(Housaindokht and Pour, 2012; Nowroozi et al., 2018). Since polysorbate 80 and sodium 

deoxycholate have a relatively high HLB, particles are expected to enhance the entrapment of 

hydrophilic drugs (Bnyan et al., 2018).  

Phospholipids play a crucial role as a primary vesicle-forming components. Phosphatidylcholine 

was selected as the phospholipid due to well-established safety profile and cost-effectiveness, 

which is excellent for the feasibility of future large-scale production of the tNPs (Opatha et al., 

2020). Previous research has also proven the effectiveness of phosphatidylcholine in exhibiting 

excellent encapsulation capacities and fostering controlled drug release and has shown to act as 

a lubricant, important for reducing bone-to-bone friction in OA (Moqejwa et al., 2022; Uwaezuoke 

et al., 2022). EAs contribute to the flexibility and elasticity of tNPs by destabilizing the membrane, 

resulting in enhanced permeation (Opatha et al., 2020). DDAB was used to improve the surface 

charge of the particles, which would lead to dispersion stability as a result of repulsive forces 

between the tNPs (Silva et al., 2019). Cholesterol was added to reinforce the structure of the lipid 

bilayer of the tNPs, ensuring improved stability of the formulation (Nakhaei et al., 2021).  

3.2. Methods and Materials  

3.2.1.  Materials  

Phosphatidylcholine (≥99% (TLC), cholesterol, dimethyl dioctadecyl ammonium bromide 

(DDAB), polysorbate 80, PF-127, DEX, HA (MW: 850 kDa) were all purchased from Merck 

(Pty Ltd., South Africa). Bovine serum albumin (BSA), Dulbecco's Modified Eagle's Medium 
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(DMEM), fetal bovine serum (FBS), penicillin and streptomycin solution, Dulbecco phosphate-

buffered saline (DPBS, pH 7.4) were all procured from Thermo Fisher Scientific (Waltham, 

MA, USA). The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT reagent) 

and solubilizing agent (acid-isopropanol; 0.04 N HCl in isopropanol), Kit (MTT Cell 

Proliferation Kit I, Roche, Basel, Switzerland) were all purchased from Sigma-Aldrich (St. 

Louise, MO, USA). High-performance liquid chromatography (HPLC)-grade methanol and 

chloroform and dimethylsulfoxide (DMSO) methanol were purchased from Merck (Pty Ltd., 

South Africa). The IL-4 instant ELISA KIT was purchased from Thermo Fisher Scientific 

(Waltham, MA, USA) and RAW 264.7 macrophages were procured from Separation Scientific 

Pty Ltd (Johannesburg, SA). All chemicals used were of analytical reagent grade and directly 

used without prior modification. Double-deionised water was used for all preparations.  

3.2.2.  Methods 

3.2.2.1.  Preparation of tNPs by Thin Film Hydration  

The lipid phase was prepared with a blend of phosphatidylcholine, polysorbate 80, cholesterol 

and DDAB (Figure 3.1). The blend was dissolved into a mixture of solvents, chloroform, and 

methanol, followed by a transfer into a round-bottomed flask. The organic solvents were 

subsequently removed in vacuo using a rotary evaporator at 60°C, which is above the transition 

temperature of 55 °C. This step was carried out until a thin film formed along the interior walls of 

the round-bottomed flask. The round bottom flask was then left overnight to dry out and allow any 

residual solvents to evaporate. To rehydrate the lipid film and facilitate vesicle formation, 10 mg 

of DEX was dissolved in 10 mL of deionized water and added to the film. As expected, this 

hydration collapsed the film, forming the vesicles. The resultant suspension underwent sonication 

on ice using a probe sonicator (Sonics Vibra cell, Newtown, CT, USA) for 10 minutes at 0 pulse 

and 40% amplitude to reduce and homogenize the size of tNPs (Thabet et al., 2022). For the 

blank-tNPs, the same procedure was followed without the entrapment of DEX. 

Table 2. Summary of components of tNPs as well as their functions 

Raw Materials Examples Functions 

Lipids • Soy phosphatidylcholine  

• Cholesterol 

Vesicle forming component  

Surfactant  

• Polysorbate 80 

Increase flexibility and permeability of tNPs  

Alcohol • Methanol Solvent for dissolving raw materials 
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• Chloroform 

Medium • Distilled Water Hydration medium 

Quaternary lipid  • DDAB Cationic lipid for surface charge 

 

 

Figure 3.1. Schematic representation of Thin Film Hydration method employed for the preparation of 

DEX-loaded tNPs. 

3.2.2.2. Determination of particle size, morphology, and zeta potential of the 

tNPs 

The size, polydispersity index (PDI), and zeta potential of the tNPs were determined using 

dynamic light scattering (DLS) on the ZetaSizer NanoZS (Malvern Instruments (Pty) Ltd., 

Worcestershire, UK). The measurements were conducted using a 2:8 dilution of the transfersomal 

suspension solution with phosphate-buffered saline (PBS) at a pH of 7.4 (Tawfeek et al., 2020). 

The diluted sample was transferred into a quartz cuvette to measure the size and PDI, whereby 

a folded capillary cell was also used to quantify the zeta potential of the sample (Tawfeek et al., 

2020). The readings were conducted in triplicates and the mean values were noted. 
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The scanning electron microscope (SEM) was used to determine morphology and confirm the 

size of the tNPs. A sufficient amount of the diluted suspension solution of the tNPs was dropped 

on to cover an aluminum stub and allowed to air dry completely for a few hours while avoiding 

any disturbances and contamination before being coated with gold-palladium and viewed using 

the SEM (Jeol JSM-120, Tokyo, Japan). As an additional measure, transmission electron 

microscopy (TEM) was also used to confirm the morphology and the size of the tNPs. The diluted 

sample in suspension was dropped onto a carbon-coated copper grid. A 2% (v/v) uranyl acetate 

negative stain solution was added to the 3 mM forman-coated copper grid of 300 mesh for 90 

seconds and allowed to dry overnight to be visualized using the TEM (FEI Tecnai T12, FEI 

Company, Hillsboro, OR, USA) (Tawfeek et al., 2020) 

3.2.2.3. Wave Scan (Lambda Max) and Standard Curve of DEX 

Before any UV-Vis assays involving DEX were conducted, a wave scan was conducted to detect 

the lambda max (λ max) of DEX on the instrument, which is the wavelength at which DEX has its 

strongest photon absorption. Subsequently, and prior to the determination of the entrapment 

efficiency and drug release profiles, a standard curve of DEX was determined. The standard curve 

was used to obtain a linear equation y = mx + c to further calculate DEX concentrations. A series 

of concentrations of DEX were prepared from a 100 μg/ml Stock solution, and absorbances were 

determined using UV-Vis. 

3.2.2.4. Drug Loading and Dug Entrapment Efficiency.  

The percent entrapment efficiency (%EE) is the amount of drug entrapped in the formulation 

(Opatha et al., 2020). The indirect approach was used to determine drug EE. This was conducted 

by separating the free drug from the drug-loaded vesicles and using equation (2) to determine the 

%EE. This was achieved using Amicon® Ultra4 centrifugal filter tubes (Millipore Corp., USA) with 

a molecular weight cut-off (MWCO) of 10 kDa (Chen et al., 2016). An amount of 2 mL (n=3) was 

sampled from the suspension into the upper chamber of the mini-column tube and then 

centrifuged at 2500 rpm for 45 minutes. After centrifugation, the supernatant was collected, and 

the drug content was determined through UV-Vis analysis at 245 nm. Ultimately, the %EE was 

calculated using equation (1) below (Garms et al., 2021), and the drug loading was calculated 

using equation 2:  

EE= 
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑 − 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑒𝑒 𝑑𝑟𝑢𝑔

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑 
× 100                           (1)      

    DL =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐷𝑒𝑥 𝑖𝑛 𝑛𝑎𝑛𝑜𝑛𝑎𝑝𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100                                                         (2) 
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3.2.2.5.  Degree of deformability  

This test was conducted to determine the flexibility of the tNPs (Amnuaiki et al., 2018). 

The transfersomal dispersion was extruded through the polycarbonate filter membrane (Sigma 

Chemicals, UK) having a pore diameter of 0.1 µm, and the extruded vesicles were measured 

using DLS. The diameters before and after extrusion were compared and the deformability index 

was calculated using the equation (3) below (Amnuaiki et al., 2018):  

D = 𝐽 × (
𝑅𝑣

𝑅𝑝
)                                                                                                        (3) 

where D = deformability index: J= amount of sample extruded Rv = vesicle size after extrusion 

Rp = pore size of filter. 

3.2.2.6. Physiochemical characterizations of tNPs  

3.2.2.6.1 Thermogravimetric Analysis (TGA) 

Freshly synthesized tNPs were frozen and subsequently lyophilized (Nowak and Jakubczyk, 

2020). To evaluate the thermal degradation properties of the DEX, blank-tNPs, and DEX-loaded 

tNPs, TGA (PerkinElmer, TGA 4000, Llantrisant, Wales, UK) was employed (Saadatkhah et al., 

2020). Approximately 15 mg of the sample was placed in a crucible and kept for 1 minute at 30 

°C after which it was heated from 30 °C to 900 °C at 10°C/minute increments and further held for 

a minute at 900 °C. 

 3.2.2.6.2 Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectroscopy was performed using the Perkin Elmer Spectrum 2000 ATR-FTIR 

spectrometer fitted with a single reflection (PerkinElmer 100, Llantrisant, Wales, UK). Similar 

quantities of the DEX, blank-tNPs, and DEX-loaded tNPs were placed on the diamond stage, and 

analysis was performed within a range of 650-4000 cm−1.  

3.2.2.6.3 X-ray diffraction (XRD) 

The XRD assay was performed to analyze the structural properties (crystalline or amorphous) of 

DEX, blank-tNPs, and DEX-loaded tNPs using powder X-ray diffractometer (PANalytical 3 kW 

X’pert Powder, Cambridge, UK).  Samples were scanned from 2 h to 6 h with an operating voltage 
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of 40 kV and a current of 30 mA. A Cu-Ka radiation source was used, with a scanning rate of (2Ɵ 

/min) and a temperature ramp of 5 °C/min were used.  

 

 

3.2.2.7. Determination of the Physical Stability of DEX-loaded tNPs  

DEX-loaded tNPs formulations were placed both at ambient temperature and at 4 ̊ C over a period 

of 3 months, after which the particle size, PDI, zeta potential, and visual inspections were 

conducted. Ambient temperatures were used because they are typical short-term storage 

conditions, while 4 ̊ C is used to simulate long-term storage conditions (Opatha et al., 2020). Thus, 

observations of any physical changes, such as colour and sedimentation formation, were noted 

from the visual assessment.  

3.2.2.8. In Vitro Drug Release 

A cellulose dialysis membrane was prepared according to the manufacturer’s manual instructions 

to activate its pores. A fresh batch of tNPs was prepared, and aliquots of the DEX-loaded samples, 

blank-tNPs, and free DEX were then dispatched into respective dialysis tubes and placed in 

receivers with PBS pH 7.4 as the release media.  The receivers were placed into a gently shaking 

(20-25 rpm) incubator at 37°C. Samples were withdrawn from the receivers at predetermined 

intervals (0.5 hr, 1 hr, 2 hrs, 4 hrs, 6 hrs, 8 hrs, 10 hrs, 12 hrs, 24 hrs, 48 hrs and 72 hrs) and 

immediately replaced with the same amount of fresh buffer pre-equilibrated at 37°C. The samples 

(n=3) were ultimately assayed using UV-Vis at 245 nm (Omolo et al., 2021). 

3.2.2.9.  PF-127/HA Hydrogel Synthesis 

The cold method was used to synthesize the hydrogel whereby appropriate amounts of PF-127 

were progressively added into deionized water with continual stirring at an equilibrated and 

regulated temperature of 4˚C to form 17% of PF-127 (w/v) (Schmolka, 1972). Then, appropriate 

amounts of HA were added to the PF-127 solution to form 1% (w/v) and kept overnight at 4 °C 

until a clear solution was obtained to allow full hydration of the polymers (Hsieh et al., 2020). 

Finally, the suspension of tNPs was added to the PF-127/HA hydrogel and mixed to form a 

homogenous mixture. Following the successful synthesis of the hydrogel, further 

characterizations were conducted.  
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Figure 3.2. Schematic representation of the cold method employed for the preparation of PF-127/HA 
hydrogel. 

3.2.2.10.  Brunauer–Emmett–Teller (BET) Analysis for Hydrogel Pore Analysis 

The composite's surface area was measured using the BET surface adsorption method (Sinha et 

al., 2019). In brief, the freeze-dried samples were prepared and loaded into the glass tube, de-

gassed, and immersed into a liquid nitrogen bath. The liquid nitrogen was used as an adsorbate 

during the analysis (Brame and Giggs, 2016). 

3.2.2.11.  Determination of the Gelation Time of DEX-tNPs-PF-127/HA Hydrogel 

Aliquots of the composite were put in glass vials and placed into a water bath at 37 °C to determine 

the gelation time. After set time intervals of 30 seconds the vials were inverted to determine the 

gelation time and to verify the sol-gel transition (Panyamao et al., 2020; Giliomee et al., 2021).  

3.2.2.12. Syringeability of DEX-tNP-P127/HA Hydrogel 

Syringeability is defined as the amount of force that needs to be exerted to inject the sample 

solution (Wang et al., 2018). The syringeability measurement was attained using a TA-XT Plus 

texture analyzer (Stable Micro Systems, Surrey, UK) set in compression mode at room 

temperature. A 3 mL syringe, containing 1 mL of a freshly prepared sample of the hydrogel 

composite was set up on the instrument adapter. The sample was extruded through the syringe 

with a 22-gauge needle applying a test speed of 1 mm/s, and the maximum value was analyzed 

from the resulting texture analysis profile (Panyamao et al., 2020).  



108 
 

3.2.2.13.  In Vitro Drug Release Using a Knee Joint Simulator 

3.2.2.13.1.  Construction of Knee Simulator for In Vitro Drug Release Studies  

Conventional drug release methods like simple dissolution or vertical Franz diffusion cells 

apparatus do not necessarily provide an environment that mimics the joint (Larsen et al., 2009).  

On the other hand, the knee simulator (Figure 4.3) can be used to mimic knee movements 

whereby 1 million simulator cycles = 12hr = 1 year of adult walking, running, and folding (Wimmer 

et al., 2015). The joint simulator, designed and developed to mimic a particular joint's movement, 

operation, and conditions, can also be used to simulate in vivo drug release (Liu et al., 2019). The 

knee simulator used in this study was developed in collaboration with Marathwada Mitra Mandal's 

College of Pharmacy, Pune, India very closely to ISO 14243 and ASTM F1223 guidelines, 

excluding load and some dimensional specifications. The main aim of the simulator was to 

perform in vitro drug release studies for the injectable formulation developed for knee arthritis 

conditions. The materials used in the device design are medical-grade high-density polyethylene 

(HDPE) and polyacrylic. The moving HDPE semicircular part has a radius of 24 mm and thickness 

of 25 mm, representing 1 binary large object (LOB) of a knee joint of the femur bone. The 

semicircular cut fixed HDPE part has a radius of 25 mm and a thickness of 25 mm, representing 

the cavity of the Tibia bone for 1 LOB of a knee joint of the femur bone. On the simulator, the 

semicircular cut DHPE part is fixed on a support base made up of HDPE. The fixed HDPE part 

has screw points on both sides to fix transparent acrylic parts forming a watertight chamber 

representing the knee synovial cavity. The moving semicircular HDPE part fits exactly into the 

cavity generated using fixed HDPE, acrylic sheets, and spacer parts. The moving semicircular 

HDPE part is connected to a stepper motor moving at 450 flexion angles on both sides (total 900 

maximum adjustable in accordance with the ASTM F2083 – 21 Standard Specification for Knee 

Replacement Prosthesis) from the center using a specially designed polypropylene part. The 

stepper motor is connected to the controller, which is connected to the DC power source to 

complete the setup of the Knee simulator. The watertight compartment with a moving HDPE part 

can accommodate 10 ml of synovial fluid-like media (SFM). The whole Knee simulator with SFM 

and drug formulation can be placed in an incubator to maintain the temperature of the whole 

system at 37 0C. For this setup, the stepper motor is programmed for 1Hz frequency, representing 

1 gait cycle during the experiment (Wimmer et al., 2015). 
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Figure 3.3. Knee simulator setup developed for the in vitro drug release studies (Indian Design Registration 

no 375583-001). 

 The SFM was prepared by dissolving BSA, phosphatidylcholine, and HA into PBS and 

equilibrated to a pH of 7.4 (Krishna and Sankar, 2023). This medium was used as a release 

medium and loaded into the joint cavity of a knee joint simulator. An aliquot of the hydrogel 

composite was injected into the joint cavity, and the medium was allowed to mix. Samples were 

withdrawn at predetermined intervals (0.5h, 1h, 2h, and 4h, and replaced with fresh SFM 

equilibrated at 37 °C. Samples were evaluated using UV-Vis at a wavelength of 245 nm to 

determine the amount of drug that was released at the set intervals (Al-Owaidi et al., 2021).  

Similarly, in vitro release studies for the hydrogel were conducted using the same method. 

Physiochemical characterizations for the DEX-loaded tNPs and blank-tNPs were conducted as 

described above in Section 2.4. Also, those for hydrogels (Blank-tNPs-PF-127/HA and DEX-tNPs-

PF-127/HA) were performed as detailed in Section 3.2.2. 

3.2.2.14. Rheological Characterization of the DEX-tNPs-PF-127/HA Hydrogel 

An AR 2000 Rheometer (TA instruments, USA) was used to evaluate the rheological properties 

of tNPs-PF-127/HA hydrogel. The samples were sandwiched between two parallel metal plates 

with a 40 mm radius and a spacing gap of 1 mm (Giliomee et al., 2021). Once the samples were 

applied to the stage, they were given 5 minutes to conform to the environment (temperature and 
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relief from the stress applied), and a 35 mm silicon cone was used to cover the sample in order 

to keep the environmental conditions around the sample constant. The linear viscoelastic (LVE) 

region was attained by conducting stress sweep tests with a stress of 0.10% to 1000% at a 

constant frequency of 1 Hz and 37 °C (Panyamao et al., 2020). The LVE was then used to carry 

out the frequency sweep with a frequency ranging between 0.1-100 Hz. The results were 

analyzed as a function of the storage modulus (G′) and loss modulus (G″), two important 

parameters that make up the complex modulus (G*). Since G’ represents elasticity, a higher G' 

indicates a more elastic behavior. On the other hand, G’’ quantifies viscosity; therefore, the higher 

the G'', the more viscous the sample is (Wang et al., 2018). 

3.2.2.15.  Molecular Modeling of the DEX-tNP Complex 

Using the Maestro Materials Science platform of Schrödinger software (version 2023-2), the 

molecular interactions of DEX and the tNPs were assessed (Rants’o et al., 2022). Mimicking the 

in vitro study, the tNP was computationally designed from four components including 

phosphatidylcholine, cholesterol, polysorbate 80, and DDAB. The 3D chemical structures of the 

first three components were obtained from Mol-Insticts chemical database (Samigulina and 

Samigulina., 2020) (IDs: CT1089733823, CT1001897301, and CT1080213202, respectively) 

while that of DDAB was downloaded from PubChem (Govender et al., 2023; Rants’o et al., 2022). 

These were all treated as monomers and subjected to the Polymer Builder tool to form a polymer. 

In the Polymer Builder, the co-polymeric system was randomized in a 1:1 ratio of the monomers 

and a system minimized under the OPLS4 force field. Lastly, the system was optimized for 

Desmond calculations and allowed to form an amorphous cell at a density of 0.5 g/cm3 (Govender 

et al., 2023).  

Next, the final polymer was modeled under the Nanoparticle Builder as a sphere to generate a 

tNP (Lolicato et al., 2017). However, to form a drug-loaded tNP and simulate associated 

interactions, the resulting tNP was submitted to the Disordered System Builder and ran for 

simulation with DEX as a substrate. The disorder options included having the DEX-tNP in an SPC-

buffered water model that mimicked the physiological environment by adding sodium and chloride 

ions to a concentration of 0.15M. The final tNP was then assessed for successful drug loading 

and drug-tNP intermolecular interactions (Govender et al., 2023; Gartner and Jayaraman, 2019).  
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3.2.2.16.  Cytocompatibility Studies 

3.2.2.16.1. Cell Culture  

The 264.7 RAW macrophage cells were grown in growth media of DMEM supplemented with 

10% (v/v) FBS and 1% (v/v) antibiotics (penicillin, and streptomycin) in a 95 % humidified 

incubator (NUAIRE, Radobio, China) at 37 °C with 5% CO2. The culture medium was refreshed 

daily until the desired cell confluency of ≈ 90% was reached.  

 

3.2.2.16.2.  Cell Viability and Proliferation Assay of 264.7 RAW Macrophage 

Cells  

The impact of DEX, Blank-tNPs, DEX-tNPs, Blank-tNPs-PF-127/HA hydrogel, and DEX-tNPs PF-

127/HA hydrogel composites on the viability of RAW 264.7 macrophage cells was evaluated using 

the MTT Cell Proliferation Kit I assay (Roche, Basel, Switzerland). This analysis was conducted 

after 24 hours of incubation in the absence of lipopolysaccharide activation. The MTT assay is 

based on the ability of metabolically active cells to reduce MTT, a yellow tetrazolium salt, into 

insoluble formazan crystals (Ghasemi et al., 2021). These formazan crystals were then dissolved 

in isopropanol and quantified spectrophotometrically at 595 nm (Ngema et al., 2022). 

For the assay, RAW 264.7 cells were seeded in a 96-well plate at a density of 5 × 10^3 cells per 

well. Each well was filled with 90 μL of cell suspension and incubated at 37°C in a 5% CO2 

atmosphere for 24 hours to allow for adequate cellular adherence. Following this incubation 

period, cells were treated in triplicate with 10 μL of DEX, Blank-tNPs, DEX-tNPs, Blank-tNPs-PF-

127/HA hydrogel, and DEX-tNPs-PF-127/HA hydrogel composites at concentrations of 50 μg/mL, 

25 μg/mL, 12.5 μg/mL, and 6.25 μg/mL. A final concentration of 4% (v/v) DMSO was used as the 

negative control, whereas untreated cells served as the positive control. 

After 48 hours of treatment, 10 μL of 5 mg/mL MTT solution was added to each well, and the cells 

were further incubated at 37°C with 5% CO2 for an additional 4 hours. The formazan crystals 

formed within viable cells were dissolved using 100 μL of a solubil izing agent (acid-isopropanol; 

0.04 N HCl in isopropanol). Absorbance measurements were recorded using a TECAN GENios 

multireader (TECAN Group Ltd., Männedorf, Switzerland) equipped with Magellan v7.0 software, 

set at 595 nm. The mean absorbance readings (± standard deviation) were computed and used 

to determine cell viability (%) using Equation (4). 
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Cell viability =
𝐴𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝐴𝑛𝑒𝑔.𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑝𝑜𝑠.𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑛𝑒𝑔.𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 (where, A = absorbance).                                             (4) 

 

3.2.2.16.3.  IL-4 Quantification from RAW 26.4 Macrophage Cells After 

Various Treatments. 

The RAW 264.7 macrophage cells were seeded in a 96-well plate and incubated for 24 h for cells 

to adhere to the base. The cells were then treated in triplicates with 50 mg/mL of either DEX, 

Blank-tNPs, DEX-tNPs, Blank-tNPs-PF-127/HA hydrogel or DEX-tNPs-PF-127/HA hydrogel 

composites for a further 24 hours. Post-treatment, 50 µL of cell culture supernatant was collected 

and subsequently added to the ELISA plate, covered with an adhesive film, and incubated at room 

temperature for 3 hours. The ELISA plate wells were emptied and gently washed with 400 µL of 

wash buffer (PBS, 1% Tween-20) where in each cycle, the wash buffer was kept in the wells for 

15 seconds. The 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate buffer (100 µL) was added to 

the wells and further incubated for 10 minutes at room temperature, avoiding direct light. The 

reaction was stopped by adding 100 µL of stop solution (1M phosphoric acid) with the 

development of a strong dark blue colour from the highest concentration (250 pg/mL). The 

absorbances were read and measured using a microplate reader at 450 nm as the primary 

wavelength and 620 nm as the reference wavelength. 

  

3.3. RESULTS 

tNPs  

3.3.1. Wave Scan (Lambda Max) and Standard Curve of DEX 

The working optimal UV wavelength was detected to be 245 nm. The value corresponded to the 

value reported in the current literature (Watson et al., 2005; Al-Owaidi et al., 2021). The calibration 

curve is shown in the figure below (Figure 3.5). The linear equation was y = 0.0253x + 0.006 with 

a correlation coefficient (r2) of 1, which indicates good linearity.  
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Figure 3.4. Wave scan showing lambda max of DEX. 

The standard curve (figure 3.2.) presented shows that an increase in the concentration value is 

followed by an increase in the absorbance value. The curve was used to quantify concentrations 

of DEX using equation 5: 

𝑦 =  0,0253𝑥 +  0,006                                                                                                                              (5)                                                                                     
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Figure 3.5. Calibration curve for DEX quantification: the curve illustrates the relationship between DEX 
concentration and absorbance. 

3.3.2. Size and Morphology of tNPs 

A DLS study was used to determine the vesicle size, distribution, and surface charge. An increase 

in size from 60.93 nm to 76.43 nm upon loading of DEX into tNPs synthesized with polysorbate 

80, accompanied by a decrease in the zeta potential (from 15.8 mV to 10.58 mV), was observed. 

DEX is negatively charged, thus resulting in the decrease in zeta potential of the tNPs. 

Coincidently, the PDI decreased upon loading DEX into the tNPs, exhibiting a decline from 0.191 

to 0.183 (Table 4.1). The results from DLS showed that tNPs synthesized using sodium 

deoxycholate were in the favourable range (74.62 ± 0.528 nm) and had an excellent polydispersity 

index; however, they possessed an inferior entrapment efficiency (48.93 ± 0.45%). The PDI of 

0.183 ± 0.003 suggests that the particles had a relatively uniform size. Their zeta potential (3.98 

± 0.382 mV) was also close to neutral, suggesting the possibility of low stability and agglomeration 

of the particles. For these reasons, the particles were not characterized further. On the other 

hand, the synthesized tNPs using polysorbate 80 had pristine size (76.43 ± 0.48346) and an 

entrapment efficiency of 98 ± 0.31. Similarly to the sodium deoxycholate tNPs, polysorbate 80 

tNPs had an excellent PDI of 0.183 ± 0.008. The polysorbate 80 tNPs showed desired 

characteristics and were therefore assessed and characterized further. 
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The size and morphology of tNPs played an integral role in the application of tNPs as a drug 

delivery system. The nanosized and spherical morphology of tNPs observed in Figure 3.6 ensured 

an enhanced ability to permeate biological barriers, the capability of drug encapsulation, and the 

potential for sustained drug release – all which are objectives in this study. 

Table 3.2. DLS characterization of the generated tNPs. 

 

The overall morphology of the tNPs was visualized using SEM (Figure 3.6), which showed that 

the particles were spherical and homogenously dispersed (Figure 3.6a-3.6b), supporting the data 

presented by the PDI (0.183 ± 0.008) (Table 3.1). To confirm this observation, TEM imagery was 

obtained which confirmed the successful synthesis of the tNPs by illustrating the size and 

morphology (Figure 3.6 c).  

Co-surfactant  EE (%) Size (nm) PDI Zeta Potential 
(Mv) 

Blank - 60.93 ± 0.370 0.191 ± 0.002 15.8 ± 1.129 

Sodium Deoxycholate 48.93 ± 0.45 
 
 

74.62 ± 0.528 0.183 ± 0.003 3.98 ± 0.382 

Polysorbate 80 98 ± 0.31 76.43 ± 0.48346  0.183 ± 0.008 10.58 ± 0.706 
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Physiochemical Characterizations of tNPs 

3.3.3. Degree of Deformability 

Upon 10 extrusion passes from a mini extruder, the size of DEX-loaded tNPs decreased from 75 

nm to 64 nm. Notably, the PDI was also reduced from 0.183 to 0.134. The vesicles had a degree 

of deformability of 660 µL and a size reduction of 16%.  

3.3.4.  FTIR: Analysis of Identification of Structural Characteristics and Functional 

Groups of the tNPs 

The FTIR analysis was conducted to obtain insights into molecular interactions between the 

excipients and the drug. The outcomes illustrated in Figure 3.7 represent the FTIR profiles for 

DEX, blank-tNPs, and DEX-loaded tNPs. The spectra of both the blank and DEX-loaded tNPs 

exhibited indistinguishable patterns with identical bands identified for functional moieties at equal 

intensities and wavenumbers (Figure 3.7). For both samples, we observed a signal at 3375.35 

cm-1 indicative of the hydroxyl (O-H) functional group and another at 1736.88 cm-1, , a quality of 

the carbonyl (C=O) group present in the transferosome structure. We also observed two peaks 

at 2853.47cm-1 and 2923.14 cm-1, which belong to the Methylene (CH2) functional group and a 

pick at 1243.65 cm-1, which is ascribed to a phosphoryl group (P=O) on the tNPs. Notably, none 

of the distinctive bands associated with DEX are detectable in the FTIR spectrum of the DEX-

loaded tNPs suggesting successful encapsulation of DEX into the tNPs.   

(b)  (a)  

(c)  (d)  

Figure 3.6. Morphology of the tNPs shown by SEM at a scale of 1 µm (a), 200 nm (b) and 200 nm 
annotated with sizes (c) as well as TEM (200 nm) (d). 
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Figure 3.7. FTIR spectra of DEX (green), Blank tNPs (red) and DEX-loaded tNPs(blue). 

3.3.5. TGA: Thermal Stability and Decomposition of tNPs 

The thermograms (Figure 3.8) were derived from the TGA conducted on DEX, blank-tNPs, and 

DEX-loaded tNPs. The TGA was employed to evaluate the thermal stability of the tNPs and DEX 

by continuously monitoring their weight changes while subjected to heating at a constant rate. 

The thermogram of DEX-loaded tNPs exhibited DEX's thermal degradation characteristics. 

Conversely, the blank-tNPs do not exhibit the thermal degradation characteristics of DEX as 

anticipated.     
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Figure 4.8. TGA thermogram of DEX, blank-tNPs, and DEX-loaded tNPs. 

3.3.6. XRD: Analysis of the Crystallographic Structure of the tNPs 

XRD diffractogram (Figure 3.9) of pure DEX shows multiple sharp and intense peaks, while the 

diffractogram of both the DEX-loaded and blank-tNPs showed single broad peaks at the same 

angles (20° and 40°). This propounded that DEX is crystalline while both the blank and loaded 

tNPs were amorphous which further supported the successful encapsulation of DEX into the tNPs.  

 .  
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Figure 3.9. XRD diffractograms of DEX (blue), Blank-tNPs (red), and DEX-loaded tNPs (orange). 

3.3.7. Physical Stability of DEX-Loaded tNPs 

Physical stability studies were conducted over 3 months to assess the structural integrity of the 

formulations (Table 4.4). The size, PDI, and zeta potential of the particles showed changes at 

both 4°C and 25°C, where an increase in PDI was observed with longer storage time, while on 

the other hand, the zeta potential was slightly reduced. The size stayed relatively consistent over 

3 months in both storage conditions. However, there were no physical changes (sedimentation 

and turbidity) observed in the formulation. 

Table 3.3. Effect of storage conditions on DEX-loaded tNPs over three months at 4°C and 25°C.   

 
4°C 25°C 

Days Size (nm) PDI Zeta Potential (mV) Size (nm) PDI Zeta 

Potential 

(mV) 

1 73.43 ± 0.405  0.180 ± 0.006 10,1 ± 0.523 73.43 ± 0.4046  0.180 ± 0.006 10,1 ± 

0.523 

14 73.19 ± 0.570 0.182 ± 0.002 9,84 ± 0.509 73.19 ± 0.57042 0.182 ± 0.002 9.84 ± 

0.509 

21 72.70 ± 0.379 0.184 ±0.004 9,90 ± 0.0442 74.12 ± 0.6521 0.187 ± 0.006 8.58 ± 

0.410 
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30 73.14 ± 0.105  0.184 ± 0.004 9.38 ± 1.17 73.60 ± 0,549 0.185 ± 0.007 8.96 ± 

0,628 

60 73.33 ± 0.650 0.184 ± 0.004 10.6 ± 0.252 73.90 ± 0.5983 0.186 ± 0.004 8.87 ± 

1.123 

90 75.14 ± 
0.364 

0.185 ± 
0.009 

8.26 ± 0.863 74.57 ± 0.364 0.194 ± 
0.002 

6.27 ± 
0.297 

 

3.3.8.  In Vitro DEX Release from tNPs 

The cumulative drug release profiles of DEX in its free form and from the tNPs were determined 

using the cellulose membrane dialysis bag at pH 7.4. This study was conducted to quantify the 

amount of DEX released from the tNPs in comparison to the free drug over time. The release 

profiles showed that the free DEX had a burst release and a complete release within 10 hrs 

(Figure 3.10). Conversely, the release of DEX from the DEX-loaded tNPs showed a burst release 

of approximately 60% within 10 hrs, with the release being more gradual than the free form. 

Approximately 90% of DEX was released within 72 hrs with the remainder of DEX completely 

released after this time frame from the tNPs.  

 

 

Figure 3.10. DEX-release profiles from tNPs (blue) versus free drug (orange).  
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Preparation and Characterization of DEX-tNPs-PF-127/HA Stimuli-Responsive 

Hydrogel (Composite) 

3.3.9.  BET Surface Area Analysis Measurements of DEX-tNPs-PF-127/HA 

Hydrogel 

The BET-generated surface area and porosities of the hydrogel composite indicated that the pore 

sizes of the hydrogel decreased upon loading of DEX-tNPs (Table 3.5).  

Table 3.4. BET measurement results of the hydrogel composite. 

Pore Size Blank-tNPs-PF-127/HA 

(nm) 

 DEX-tNPs-PF-127/HA 

(nm) 

Adsorption average pore width (4V/A by 

BET) 

7.7538  3.96020    

BJH Adsorption average pore diameter 

(4V/A) 

26.7007  19.3421  

BJH Desorption average pore diameter 

(4V/A) 

31.4027  2.16320 

 

The SEM images showed that the morphology of the synthesized blank-tNPs-PF-127/HA and 

DEX-tNPs-PF-127/HA Stimuli-responsive hydrogels and confirmed the porous nature of the 

structure (Figure 3.11).  
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Figure 3.11. Morphological characterization of the (a) Blank-tNPs-PF-127/HA and (b) DEX-tNPs-PF-
127/HA Stimuli-responsive hydrogels. 

 

Physiochemical Characterization of DEX-tNPs-PF-127/HA Hydrogels 

3.3.10. FTIR: Analysis of Identification of Structural Characteristics and Functional 

Groups of tNPs-PF127/HA Hydrogels 

The FTIR analysis was conducted to obtain insights into molecular interactions between HA, PF-

127, as well as blank-tNPs-PF-127/HA and DEX-tNPs-PF-127/HA hydrogels (Figure 3.12). The 

FTIR spectra of both the blank-tNPs-PF-127/HA and DEX-tNPs-PF-127/HA hydrogels exhibited 

identical patterns with the same bands identified for functional groups at the same intensities and 

wavenumbers as that of PF-127, suggesting that HA did not alter the chemical structure of PF-

127 (Figure 3.12). The FTIR spectra of the blank-tNPs-PF-127/HA and DEX-tNPs-PF-127/HA 

hydrogels showed the presence of the majority of characteristics of PF-127, the main constituent 

of the hydrogel with bands at approximately 2881.93; 1979; 1466.69, 1373.01 cm -1 (Dmitrenko et 

al., 2019). On the other hand, the bands at approximately 1620 and 1373.01 cm-1 were 

characteristic of HA (Al-Sibani et al., 2018; Güngör et al., 2019).  Notably, none of the distinctive 

bands associated with the tNPs (Figure 3.7) are detectable in the FTIR spectrum of the DEX-

tNPs-PF-127/HA (Figure 3.12 - green). This suggested successful encapsulation of DEX-loaded 

tNPs within the bipolymeric hydrogel matrix (Figure 3.12).  

 

 

 . 

(a) (b) 
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Figure 3.12. FTIR spectra of HA (orange), PF-127 (red), blank-tNPs-PF-127/HA hydrogel (blue) and DEX-
tNPs-PF-127/HA hydrogel (green). 

The molecular interaction between HA and PF-127 is driven primarily by hydrogen bonding 

(Figure 3.13). The carboxyl and hydroxyl groups interact through hydrogen bonding resulting in a 

thermoresponsive hydrogel with improved viscoelasticity, and controlled gelation behaviour. 

Figure 3.13 shows our proposed molecular interaction between HA and PF-127 to form the PF-

127/HA hydrogel. 
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Figure 3.13. Proposed molecular interactions between PF-127 and HA. 

3.3.11. XRD: Analysis of the Crystallographic Structure of the tNPs-PF-127/HA 

Hydrogels 

The XRD diffractogram of HA showed a broad singular peak while the blank and DEX-tNPs-

loaded hydrogels displayed similar diffractograms (Figure 3.14). Interestingly, the peaks of the 

DEX-tNPs-PF-127/HA and blank-tNPs-PF-127/HA hydrogels were at the same position as that of 

PF-127 (19.3° and 23.4°) but with a significantly lower intensity. 
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Figure 3.14. XRD diffractograms of HA (pink), PF-127 (blue), blank-tNPs-PF-127/HA hydrogel (red) and 
DEX-tNPs-PF-127/HA hydrogel (green). 

3.3.12. TGA: Thermal Stability and Decomposition for tNPs-PF-127/HA Hydrogels 

TGA was conducted to evaluate the thermal degradation properties of the tNPs-P127/HA 

hydrogels (Saadatkhah et al., 2020); the thermograms of the loaded and blank hydrogel exhibited 

thermal degradation traits of both PF-127 and HA which were indicative of their respective 

presence within the formulation (Figure 3.15). The HA groups were not as prevalent in these 

spectra because only 1% (w/v) was used which was too low to be significantly observed.  
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Figure 3.15. TGA thermograms of HA, PF-127, blank hydrogel and loaded hydrogel. 

3.3.13. Gelation Time and Syringeability Evaluation of the DEX-tNPs-PF-127/HA 

Hydrogel 

The in situ hydrogel behaved like a solution with relatively low viscosity at room temperature and 

a physically crosslinked gel upon incubation at 37°C (Figure 3.16). It took the hydrogel 

approximately 150-200 seconds to form a gel and a sol–gel transition was obtained using from 

the tube inversion test to verify the gelation (Figure 4.16a).  Moreover, the syringeability test profile 

attained from the TA showed that hydrogel required a maximum force of 24 N to extrude from a 

standard 22-gauge needle (Figure 3.16b).  
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Figure 3.16. The inverted tube method depicts the sol-gel transition (a) of the composite and 
syringeability profile of the hydrogel (b).  

3.3.14. In Vitro DEX Release Profile from PF-127/HA Hydrogel  

The cumulative drug release profiles of DEX from the tNPs incorporated into the PF-127/HA 

hydrogel from a cellulose membrane dialysis bag at pH 7.4 were determined. The release profile 

showed an initial burst release during the first week (62.5 %) and a more gradual and sustained 

release for the following 6 weeks, with minimal DEX getting released from weeks 5 to 8 (Figure 

3.17).  

(a)  (b)  
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Figure 3.17. In vitro release profile of DEX from the tNPs incorporated into PF-127/HA hydrogel at pH 
7.4. 

3.3.15. In Vitro Drug Release Using a Knee Joint Simulator 

Mimicking the in vivo environment, the knee simulator was used to determine the drug release 

during normal knee movements. The obtained release profile showed a burst release of 48% 

within the first 30 minutes, followed by a more steady and sustained release for a further three 

and a half hrs. (Figure 3.18). According to Indian Design Patent Registration no 375583-00, this 

would mean that within the first week (30-minute simulator cycles), there was a burst release 

followed by a sustained release, summing up to a release of 2 months (Wimmer et al., 2015). 



129 
 

  

 

Figure 3.18. The DEX-release profile was obtained using the knee joint simulator. 

3.3.16. Rheological Characterization of DEX-tNP-PF-127/HA Hydrogels 

To study the dynamic rheological properties of the generated DEX-tNPs loaded hydrogel, the 

temperature ramp, stress sweep, frequency sweep, yield stress, and thixotropy tests were 

conducted. The temperature ramp is an indicator of the gelation point of the hydrogel (Goudoulas 

and Germann, 2017). The temperature ramp showed that the loss modulus (G’’) was initially 

greater than the storage modulus (G’) at lower temperatures until a crossover at 30 °C (Figure 

3.19a). The viscosity of the hydrogel increased with the increase in temperature from 1627,83 

mPas at room temperature to 9295,78 mPas at the gelation temperature (30 °C) and 901754,63 

mPas at body temperature (37°C). The stress-sweep test was conducted to evaluate the LVE 

region, enabling the frequency sweep test to be conducted within the moduli recorded for the 

LVE. The LVE region was identified as a plateau at 9175 Pa (Figure 3.19b) and additionally, the 

LVE regions for the hydrogel ranged between 0.1 Pa and 100Pa. Furthermore, the frequency 

sweep was conducted at 0.1 and 10 Hz within the LVE. The frequency sweep test showed that 

G’ was greater than G’’ as well as a crossover point between G’ and G’’ at higher frequencies 

(Figure 4.19c).  
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Figure 3.19. Rheograms presenting the temperature ramp (a), stress sweep (b), and frequency sweep (c) 
of the DEX-tNPs-PF-127/HA hydrogel. 

On the other hand, yield stress is defined as the minimum amount of stress required to induce 

the flow of a polymer solution (Mouser et al., 2016). The yield stress of the hydrogel was 108.8 

Pa (Figure 3.20a). A hysteresis loop was obtained from the thixotropy test, and the area of the 

loop was used to determine the thixotropy. The area under the curve was calculated as 38170 

Pa·s (Figure 3.20b). 
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Figure 3.20. Rheograms presenting the yield stress (a) and thixotropy (b) of the DEX-tNPs-PF-127/HA 
hydrogel. 

3.3.17.  In Silico Analysis, the DEX-tNP Complex 

The DEX-tNP complex was successfully built using the molecular modeling technique. This 

started from the initial building of a polymer from four components of the tNP: phosphatidylcholine, 

cholesterol, polysorbate 80, and DDAB. The polymer was transformed into a tNP through the 

Nanoparticle Builder tool after which the DEX loading and its interaction with the tNP was 

simulated through the Disordered System platform. Modeling of the DEX-tNPs complex in the 

physiological solvent system (Figure 3.21a) showed successful DEX loading in the centroid of the 

tNPs (Figure 3.21b). As expected, it was observed that due to being quaternary ammonium 

compounds, both phosphatidylcholine and DDAB introduced and maintained a cationic charge in 

the transfersomal system. Furthermore, a detailed analysis of the DEX-tNP interactions revealed 

that DEX mainly interacted with phosphatidylcholine through nonpolar interactions and with at 

least one hydrogen bond (Figure 3.21c). This suggested a well-balanced interaction between DEX 

and the tNP that is usually regarded as optimum for controlled drug release (Govender et al., 

2023). 
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Figure 3.21. The in silico simulation of DEX-tNP complex. A) shows the DEX-tNP complex in the buffered 

water model. B) shows the successful DEX-loading in the tNP and, C) displays the established molecular 

interactions between DEX and transfersomal constituents (only two monomers closest to DEX selected). 

 

 

 

 

 

 

 

 

(b) 

(c) 
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3.3.18.  Cytocompatibility Studies 

The microphotographs of 264.7 RAW macrophages (Figure 3.22) show the cells actively growing 

with a slightly elongated morphology, possibly undergoing phagocytosis vs. a more rounded 

shape and less spread out 72 hours post-treatment.  

 

 

 

 

  

 

 

 

 

 

 

 

 

The cytotoxic effects of DEX, Blank-tNPs, DEX-loaded tNPs, Blank-tNPs-PF-127/HA hydrogel, 

and DEX-tNPs-PF-127/HA hydrogel composites on the viability of RAW 264.7 were evaluated 

using MTT assay. The results are presented as a percentage of cell viability.  The relative 

metabolic activity of RAW 264.7 cells exposed to varying doses of the various treatments (50 

µg/mL, 25 µg/mL, 12.5 µg/mL, and 6.25 µg/mL) demonstrated that all concentrations of all 

treatments exhibited no cytotoxic effect on cell viability in RAW 264.7 cells (Figure 3.23).  At the 

highest concentration, all treatments maintained relatively high cell viability, with the Blank-tNPs 

hydrogel showing the highest at 107.14%. At lower concentrations, both hydrogel treatments 

continued to show elevated viability compared to other treatments, particularly the Blank-tNPs 

hydrogel. Therefore, all concentrations of the various treatments would be used for subsequent 

experiments to ensure effective and sustained compound activity over the treatment period. 

 

Figure 3.22. Micrographs of 264.7 RAW macrophage cells before treatment at 20× for (a) 264.7 RAW macrophage cells post 72 
hours of treatment 

   100 µm     100 µm 

(a) (b) 
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Figure 3.23. Cell proliferation and viability of murine RAW 264.7 macrophages exposed to DEX, Blank-
tNPs, DEX-tNPs, Blank-tNPs hydrogel, and DEX-tNPs hydrogel composites for 72 hours. 

IL-4 Quantification from RAW 26.4 Macrophage Cells After Treatment. 

The study evaluated the effects of various treatments on the secretion of IL-4 by Raw 264.7 

macrophages. An increase in IL-4 would suggest that the treatment administered exerts an anti-

inflammatory response on the RAW 264.7 macrophages. The negative control group did not 

receive any treatment. The quantified IL-4 concentrations (pg/mL) for each treatment group are 

presented in Figure 3.25. The DEX treatment group resulted in an IL-4 concentration of 

78.27±26.35 pg/mL, while the blank-tNPs treated group produced 107.85 ± 23.17 pg/mL. The 

DEX-loaded-tNPs showed a reduced IL-4 level of 63.37± 60.37pg/mL compared to the blank-

tNPs. However, the change was insignificant. The Blank-tNPs-PF-127/HA hydrogel treatment 

showed the highest IL-4 concentration at 135.51±17.61 pg/mL. The DEX-tNPs-PF-127/HA 

hydrogel treatment resulted in lower levels of IL-4 (107±43.89 pg/mL) compared to their hydrogel 

counterpart. The negative control group showed a negative value of -38.55±10.19 pg/mL, 

indicating that the levels in the samples were below the quantitation limit, thus no IL-4 production. 
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Figure 4.24. Standard curve representative for mouse IL-4 Instant ELISA KIT. 

 

 

Figure 4.25. Quantification of IL-4 secretion by raw macrophages post-treatment with various formulations 
after 24 hours of incubation (Control:Blank/negative control). 
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4. Discussion  

Relevant literature was reviewed involving recent developments in research undertaken for IA 

drug delivery in OA (Chapter 2). It was shown that nanotechnology, in a multitude of modalities, 

has been effective in enhancing the treatment of OA. Furthermore, hydrogels were demonstrated 

to potentiate the efficiency of nanosystems in IA drug delivery treatment of OA. Of the hydrogels 

reviewed, the thermo-responsive hydrogels were better suited for IA administration.  

In this study, we designed and developed a DEX-tNPs-P127/HA stimuli-responsive hydrogel 

suitable for IA delivery in OA. An optimal DEX-loaded tNPs formulation was subjected to studies 

including morphology analysis, physicochemical characterizations, in vitro DEX release and 

stability of the formulation. A stimuli-responsive P127/HA hydrogel was prepared, and the optimal 

DEX-loaded tNPs formulation was incorporated to form the DEX-tNPs-P127/HA hydrogel 

composite.  

Using the Maestro Materials Science platform of Schrödinger software, the Nanoparticle Builder 

and Polymer Builder tools were utilized to model potential molecular interactions between tNPs 

and DEX. A polymer composed of phosphatidylcholine, cholesterol, polysorbate 80, and DDAB 

was constructed and transformed into a tNP, followed by DEX loading simulations via the 

Disordered System platform. The modeling confirmed successful DEX loading at the tNP centroid, 

with phosphatidylcholine and DDAB maintaining a cationic charge due to their quaternary 

ammonium nature. Detailed analysis revealed that DEX primarily interacted with 

phosphatidylcholine through nonpolar interactions and at least one hydrogen bond, suggesting a 

well-balanced interaction ideal for controlled drug release (Govender et al., 2023). This 

confirmation supported the synthesis of tNPs and subsequent DEX loading. 

The tNPs were successfully synthesized employing the thin layer film hydration method. 

Subsequently, SEM and TEM analysis confirmed nanosized and spherical morphology of tNPs, 

which ideal for drug encapsulation and biomedical application. DLS analysis revealed that the 

size of the tNPs increased when the DEX was loaded from an average hydrodynamic size of 

60.93 nm to 76.43 nm with a PDI values less than 0.5 units (Table 3.2). Since the size of the tNPs 

is originally below 100 nm, they are in a desirable range to be delivered and to maneuver through 

the ECM of cartilage in OA drug delivery (Rothenfluh et al., 2008; Sophia et al., 2009; DiDomenico 

et al., 2018). The size difference of the blank vs the loaded tNPs was an indication that the anionic 

drug had been successfully incorporated into the cationic tNPs, while both sets of tNPs had a 

good particle size distribution with PDI values remaining below 0.5, indicating a highly 



137 
 

monodispersed system conducive to uniform drug distribution (Hoseini et al., 22023). 

Interestingly, the PDI of the DEX-loaded tNPs (0.183 ± 0.008) was lower than that of the blank 

particles (0.191 ± 0.002), depicting that the drug had a stabilizing effect on the tNPs, possibly 

reducing agglomeration of the tNPs (Opatha et al., 2020). Unlike conventional lipid nano-carriers, 

tNPs consist of hydrophilic and hydrophobic moieties, which means that DEX (a hydrophilic drug) 

was encapsulated in the aqueous core compartment of the tNPs (Opatha et al., 2020; Buga et 

al., 2021). Furthermore, the zeta potential of the blank-tNPs (15.8 mV) decreased after 

encapsulation of the drug (10.58 mV). Since DEX has an anionic charge, the decrease in the 

surface charge of the tNPs also showed that the drug was successfully entrapped. The tNPs 

maintained their cationic charge with an overall surface charge of 10.58 mV. Cationic NPs can 

traverse cellular membranes more easily compared to their anionic counterparts. This is because 

cationic NPs induce the development of a disintegrated surface unity in the bilayer and hydrophilic 

pores, allowing them to penetrate the cell membrane readily (Lin et al., 2010).   The EE of the 

tNPs was found to be supreme, entrapping a staggering 98 ± 0.31% of the loaded DEX further 

substantiating the suitability of the tNPs for drug delivery. Essentially, this correlates with previous 

studies depicting that tNPs generally have an excellent EE capacity (Gupta et al., 2012; Khan et 

al., 2021; Prashanthini et al., 2023). The tNPs vesicles were also flexible, showing a 16% 

decrease in diameter, which is concurrent with the literature on the flexibility of tNPs (Modi. and 

Bharadia, 2012). This is attributed to the presence of EAs, which bring about membrane ultra-

flexibility by acting as membrane destabilizing factors. Due to their deformability, the tNPs have 

the capacity to adapt to the narrow spaces within the OA joint, enhancing drug penetration and 

distribution.  

Upon the preparation of the PF-127/HA hydrogel, a suspension of DEX-loaded tNPs was loaded 

into the hydrogel solution. The observed reduced pore size of the hydrogel upon the integration 

of the DEX-loaded tNPs suggested a successful incorporation of the tNPs within the network, 

filling up the pores and thus a formation of DEX-tNPs-P127/HA hydrogel (Table 3.4) (Kong et al., 

2020; Zhang et al., 2021). The decrease in the pore sizes suggests that the release of the drug 

from the tNPs happens as the hydrogel network degrades. This suggests that the degradation of 

the hydrogel network was a drug release rate-limiting step from the PF-127/HA hydrogel network 

(Tsubosaka et al., 2020).  SEM micrographs (Figure 3.11) confirmed the porous structure of the 

hydrogel matrix. The porous nature of the matrix is important because it allows a high volume of 

the DEX-loaded tNPs to get diffused through and retained, therefore enhancing the drug-loading 

capacity and improving the rate of drug release (Lee and Hwang, 2023).  
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The FTIR broadband on both DEX loaded and blank tNPs at 3375.35 cm-1 was assigned to 

stretching vibration of O-H bonds, indicating the presence of hydroxyl groups in both cholesterol 

and phosphatidylcholine (Figure 3.7). The two narrow peaks observed at 2923.14 cm-1 and 

2853.47 cm-1 were ascribed to the stretching vibration of CH2 groups. Interestingly, Polysorbate 

80, cholesterol, phosphatidylcholine, and DDAB all contain these hydrocarbon chains within their 

structures (Pereira and Mallya, 2015; Javed et al., 2018; Bide et al., 2021). The intense, narrow 

band at 1736.88 cm-1 was attributed to the C=O (carbonyl) stretching vibration from 

phosphatidylcholine which has ester linkages within its structure (Kanno et al., 2007). None of the 

distinctive characteristic bands associated with DEX are detectable in the FTIR spectrum of the 

DEX-loaded tNPs. This observation indicates that there was no unwanted interaction between 

DEX and excipients in the formation of the tNPs. This finding thereby confirms the compatibility 

of the reagents in the formulation and that no new chemical bonds were formed when loading the 

DEX into tNPs (Uwaezuoke et al., 2022). The absence of DEX-specific bands also validated the 

successful encapsulation of DEX into the tNPs (Wagh and Apar, 2014). 

Nevertheless, the FTIR spectra of the DEX-tNPs-PF-127/HA and blank-tNPs-PF-127/HA 

hydrogels showed the presence of the majority of characteristics of PF-127, the main constituent 

of the hydrogel with bands at approximately 2881.93; 1979; 1466.69, 1373.01 cm -1 (Figure 3.12) 

(Dmitrenko et al., 2019). On the other hand, the bands at approximately 1620 and 1373.01 cm-1 

were characteristic of HA (Al-Sibani et al., 2018; Güngör et al., 2019). On the other hand, the 

medium band at 2881.93 cm-1 corresponds to the presence of C-H stretching vibration. The weak 

band at 1979 cm-1 can be attributed to a stretching C-H bond (Moqejwa et al., 2022). The only 

band indictive of HA at 1620 cm-1 is an illustration of the presence of a stretching C=O bond (Al-

Sibani et al., 2018). Lastly, the 1466.69 cm-1 shows a bending CH2 bond, while 1373.01 cm-1 

corresponds with the presence of a CH3 (methyl group) in the system (Nikafshar et al., 2017). The 

absence of the bands of the tNPs and pure DEX (Figure 3.7) proved that the particles were 

embedded into the hydrogel matrices (Wagh and Apar, 2014).  

XRD diffractograms (Figure 4.9) of pure DEX showed multiple sharp and intense peaks, indicating 

that the structure was highly crystalline, while both the DEX-loaded and blank tNPs could be 

classified as amorphous, displaying diffraction peaks (2θ) at 20° and 40° (Karava et al., 2020). 

The absence of structural characteristics of DEX meant that there was a conversion from 

crystalline to amorphous structure which was indicative of successful encapsulation of DEX into 

the nanosystem. Short-term stability studies revealed a decrease in zeta potential and an increase 

in PDI, meaning that the DEX-loaded tNPs were slightly destabilized at 25°C compared to 4°C. 
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This suggested that 4°C was more ideal than the 25°C storage condition. The formulations had 

no colour changes or phase separation (sedimentation) throughout the study period (Table 3.3). 

This showed that the DEX-loaded tNPs were stable for 3 months. On the other hand, the 

diffractograms of PF-127 and HA (Figure 3.14) suggested that they were crystalline and 

amorphous, respectively. HA presented an undefined hump, while PF-127 had 2 clearly defined 

peaks at 19° and 23.4°. Since the blank-tNPs-PF-127/HA and DEX-tNPs-PF-127/HA hydrogels 

displayed no variation in diffractograms, this further proposed that the drug was successfully 

loaded into the nanosystem (Karava et al., 2020). Interestingly, the peaks of the loaded hydrogels 

were at the same position as that of PF-127 but with a significantly lower intensity meaning that 

PF-127 had decreased crystallinity, possibly from the presence of amorphous HA (Figure 3.14) 

(Islam et al., 2021). However, hydrogen bonds can decrease the peak intensity of diffractograms. 

This effect arises because hydrogen bonding influences the crystal structure and the degree of 

crystallinity of the material. The presence of hydrogen bonds often diminishes the peak intensity 

and sharpness in XRD diffractograms, reflecting a decrease in crystallinity or an increase in 

structural disorder. Based on the proposed interactions of HA and PF-127 (Figure 3.13), the lower 

intensities might support our proposed interactions in Figure 3.13. 

The thermogram (Figure 3.8) of the DEX-loaded tNPs showed their first degradation after 

approximately 120°C, which is indicative of the presence of DEX in the system, which also 

degraded at around 100°C (Pérez-González et al., 2021).  After 350 °C, the DEX-loaded tNPs 

underwent a major decomposition (98% of its mass) which was attributed to the decomposition 

of the main component of tNPs, phosphatidylcholine (Kumar et al., 2018). The presence of DEX 

degradation characteristics showed that the drug was indeed present in the formulation. On the 

other hand, the blank-tNPs had a slightly different degradation profile, with the first point of 

degradation being after 200 °C and no characteristics of DEX degradation. The degradation of 

DEX in the tNPs was minimal compared to that of pristine DEX illustrating that the tNPs enhanced 

the thermal stability of DEX. However, similar to the loaded formulation, the blank formulation also 

lost 98% of its mass after 350 °C since they both consist of phosphatidylcholine (Kumar et al., 

2018). TGA thermograms of the hydrogels showed an initial weight loss at 220 °C which was 

ascribed to loss of H2O molecules (Guillot et al., 2023); the same trait could be observed on the 

thermogram of HA (Figure 3.15). Notably, while DEX-loaded tNPs exhibited major weight loss at 

approximately 220 °C (Figure 3.8), they were stable up to 380 °C when incorporated into the 

hydrogel. This is a trait that could also be observed on the thermogram of the blank-tNPs-PF/HA 

hydrogel and PF-127, the main constituent of the hydrogel. This suggested that the hydrogel was 

stable up to 380 °C which concurred with available literature (Nguyen et al., 2019). 
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The drug release study demonstrated that free DEX was completely released within 10 h, 

whereas DEX-tNPs exhibited sustained release for up to 72 h (Figure 3.10). The burst release 

observed from the profile of the tNPs can possibly be attributed to the encapsulated DEX 

molecules that were close to the inner surface of the tNPs (Kim et al., 2021). Notably, when 

incorporated into the hydrogel matrix, drug release conducted using the dialysis method was 

extended to approximately six weeks (Figure 3.17), indicating significant improvement in 

controlled IA drug delivery. The knee joint simulator model, which better mimics physiological 

conditions, suggested an in vitro drug release duration of nearly two months (Figure 3.18). This 

translates to a reduced frequency of IA injections (approximately three per year), improving 

patient compliance while minimizing the risk of infection associated with frequent IA 

administration. The gelation time (150-200 seconds) of the DEX-tNPs-PF-127/HA hydrogel was 

suitable for IA applications, allowing sufficient handling time while ensuring rapid sol-gel transition 

upon administration. The hydrogel required an extrusion force of 24 N through a 22-gauge needle 

(Figure 3.16b), well within the acceptable limit for IA injections (≤30 N) (El Kechai et al., 2015). 

Figure 3.19a showed that G’’>G,’ indicating that the DEX-tNPs-PF-127/HA hydrogel was a 

solution at lower temperatures, and the cross-over between G’ and G” showed that the solution 

transitioned to form a gel at 30 °C (Goudoulas and Germann, 2017). The crossover point where 

G’=G’’ symbolizes a balance between storage and loss modulus (Ramli et al., 2022). The LVE 

region of the DEX-tNPs-PF-127/HA hydrogel was identified at 9175 Pa between 0.1 Pa and 100 

Pa (Figure 3.19b) of the applied stress suggesting that the hydrogel network could withstand a 

threshold of 100 Pa stress before deformation (Panyamao et al., 2020). The G’ in the frequency 

sweep was greater than the G’’, indicating the viscoelastic and gel-like behavior of the hydrogel 

at 37°C (Figure 3.19c). The yield stress (108 Pa) was relatively low (Di Giuseppe et al., 2015), 

meaning that the hydrogel flowed at relative ease, making it ideal for IA injections through the 

needle, and once injected, the gel could adapt to the contours of the joint (Figure 3.20a) (Weston 

et al., 2017). Moreover, hydrogels with yield stress greater or equal to 25 Pa are considered more 

stable and more robust (Jons et al., 2022). The attained yield stress would potentially allow the 

even distribution of hydrogel solution in the OA joint. The hydrogel exhibited shear-thinning 

properties suggesting that it assumed a non-Newtonian fluid character as its viscosity was 

affected by shear rate (Amoo and Fagbenle, 2020) (Figure 3.20b). Self-healing properties of the 

hydrogel were observed through the inversely proportional relationship between viscosity and 

shear rate, with self-healing occurring at static conditions. The shear-thinning of the hydrogel 

supported the yield stress and syringeability results suggesting a reduced injection force for 
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administration. More importantly, this also suggested that the hydrogel had the potential to 

recover its structure within the joint following its injection. 

 The molecular modeling-based simulation of DEX- tNP complex correlated with the in vitro data 

whereby the generated tNP showed a cationic charge introduced by phosphatidylcholine and 

DDAB (Figure 3.21). This was in agreement with the literature that identified DDAB as an 

ingredient used to optimize the surface charge of tNPs (Silva et al., 2019). Furthermore, DEX was 

shown to interact mainly with phosphatidylcholine, which was previously suggested to achieve 

excellent encapsulation and enhance controlled drug release from the tNPs (Moqejwa et al., 2022; 

Uwaezuoke et al., 2022). Additionally, DEX interacted with phosphatidylcholine through balanced 

polar and nonpolar interactions that are required to achieve controlled drug release (Govender et 

al., 2023). Therefore, these supported the notion that DEX was successfully loaded into the tNP 

and could be easily released in a controlled manner.  

The MTT assay is commonly employed to assess cellular proliferation, as the MTT reagent is 

reduced by metabolically active cells, excluding the non-viable portion of the cell population from 

the measurement. The results indicate that all treatments were non-toxic to RAW 264.7 

macrophages at the tested concentrations (Figure 3.23). Notably, hydrogels and DEX-tNPs 

hydrogels consistently enhanced cell viability, suggesting a possible protective or proliferative 

effect. The DEX-tNPs showed the most significant increase in cell viability at the lowest 

concentration, which might be due to enhanced drug delivery and sustained release properties. 

The primary objective of IL-4 Quantification from RAW 26.4 macrophage cells after treatment was 

to assess the effects of the various treatments on the secretion of IL-4 by the RAW 264.7 cells 

(Figure 3.25). IL-4 plays a vital role in preventing the progression of OA; thus, its levels can be 

used to predict the therapeutic effect of various treatments in OA (Wojdasiewicz et al., 2014). The 

comparative analysis of the results showed notable differences in the section of IL-4 among the 

different treatment groups, which was used to provide valuable insights into their respective anti-

inflammatory potentials. Results from the IL4-quantification suggest that the Blank-tNPs-PF-

127/HA hydrogel had the best effect on the secretion of IL-4. The results suggest that all 

treatments can increase levels of IL-4 production compared to the control group. This means that 

all treatment groups can potentially induce an anti-inflammatory response. Blank-tNPs-PF-

127/HA hydrogel (135.51 pg/mL) had the highest IL-4 production, suggesting that it elicited the 

most anti-inflammatory response. This is possible because of the presence of HMW HA in the 

formulation, which has been proven to induce the M2 anti-inflammatory macrophage phenotype 

(Shahbazi et al., 2018). DEX, a well-known anti-inflammatory agent, had the second highest 
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response, supporting its established role in the regulation of inflammation. Interestingly, both the 

Blank-tNPs and the DEX-loaded tNPs elicited a relatively high response compared to the control 

group, albeit the DEX-tNPs had slightly lower production. This surprising outcome suggests that 

the encapsulation of DEX into the tNPs possibly attenuates inflammation modulation of DEX. The 

same behaviour can be observed in the reduced production of IL-4 by DEX-tNPs-PF-127/HA 

hydrogel compared to Blank-tNPs-PF-127/HA loaded hydrogel, suggesting that the DEX-loaded 

tNPs reduced the system’s anti-inflammatory activity. Further investigations are warranted to 

elucidate the underlying mechanisms. More importantly, the results suggest that the Blank tNPs 

and the Blank-tNPs-PF-127/HA hydrogel, irrespective of DEX encapsulation, may have potential 

as novel anti-inflammatory agents.  
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CHAPTER FOUR 

Conclusions, Limitations, and Future Recommendations 

 

5.1.  Conclusions  

This study explored and demonstrated the extensive development of an innovative and 

efficacious formulation for sustained IA drug delivery. The formulated DEX-loaded tNPs 

possessed a rosy size of 76.43 ± 0.48346 nm, suggesting that once administrated, the particles 

would be able to maneuver through the densely packed ECM. The size corroborated SEM 

imagery that further depicted a uniform, spherical morphology showing that the tNPs were not 

agglomerated. Furthermore, the uniformity of the tNPs was further shown by the PDI of 0.183 ± 

0.008, and the zeta potential of 10.58 ± 0.706 mV further indicated that the tNPs would be stable 

and not agglomerate This data correlates with the physical stability test showing that the nano-

formulation could be stored for as long as 3 months without being compromised. The drug of 

choice, DEX, an anti-inflammatory corticosteroid, was successfully encapsulated within the tNPs 

at an efficiency of 98 ± 0.31%, and the tNPs had a drug loading of 7.14 ± 0.58%, indicating a 

highly efficient entrapment with minimal DEX wastage with a moderate drug loading capacity. The 

drug release of DEX-loaded tNPs showed a vast improvement compared to the free DEX, 

releasing DEX for 72 hrs, more than 62 hrs longer than free DEX. Therefore, the tNPs did indeed 

provide sustained release of DEX.   

The thermo-responsive hydrogel, comprising of HA and PF-127, was successfully synthesized 

using the cold method. DEX-loaded tNPs were integrated into the hydrogel matrix. The hydrogel 

had a sol-gel transition at 30°C; with an increase in temperature, the hydrogel illustrated increased 

viscosity, this implied that the formulation could be easily transported and should be administrated 

at lower temperatures than at 30°C. The increase in viscosity can potentially help increase the 

residence time of drugs and lubrication in the joints. The DEX-tNPs-PF-127/HA delivery system 

showed a sustained release of 7 weeks, which supported literature that, indeed, hydrogels can 

greatly improve the efficiency of nanosystems. Interestingly, in vitro DEX release using a knee 

joint simulator, which provided a more accurate reading, showcased 2 months of DEX release 

from the DEX-tNPs-PF-127/HA hydrogel. This DEX release profile means that the administration 

of this treatment would mandate fewer IA injections, thus increasing patient compliance and 

decreasing the risk of injection site infections. 
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The DEX-tNPs-PF-127/HA hydrogel showed favourable physicochemical properties. Importantly, 

the rheological properties were remarkably well-suited making the drug delivery ideal for IA drug 

delivery in OA joints.  

In summary, subject to further testing, such as in vivo studies, the developed DEX-Tranfersome-

PF-127/HA hydrogel has the potential to be considered a viable option for IA treatment of OA. 

The formulation can alleviate the inflammatory effects of OA by reducing bone-to-bone friction 

while providing sustained release of an anti-inflammatory drug. This will overcome the challenge 

of the required highly frequent dosages of IA treatment. Instead of weekly administration, the 

DEX-Tranfersome-PF-127/HA hydrogel may only require quarterly administration. This has the 

potential to improve patient compliance while decreasing the risk of infection posed by frequent 

IA injections and will be cost-effective. Overall, results obtained from this study suggest that an 

advanced delivery system that provides a promising platform for sustained drug delivery in IA-

based OA therapy was successfully synthesized, providing superior mechanical and therapeutic 

properties.  

5.2. Limitations of the study 

Due to difficulty procuring chondrocytes and synoviocytes, it was not possible to conduct 

biocompatibility of the DEX-Tranfersome-P127/HA hydrogel on these OA joint-related cell lines 

within the proposed timeline. However, targeting the pathogenesis of OA was a viable alternative. 

Thus, RAW macrophage cell line (RAW 264.7) was used for their convenience in studying 

inflammatory conditions like OA. The cytotoxicity studies were also conducted on this cell line. 

5.3. Future Recommendations 

Biocompatibility studies on chondrocytes and synoviocytes coupled with anti-inflammatory 

studies will provide much more insight. Quantifying pro-inflammatory cytokines, more anti-

inflammatory cytokines, chemokines, matrix-degrading proteins such as MMPs, and ADAMTs will 

provide more valuable and comprehensive insight into the capability of the nanosystem. 

Furthermore, macrophage polymerization studies may provide further biological activity data in 

identifying the type of macrophages induced by the formulated nanosystem. Cellular uptake 

studies would also provide insight into the system's efficiency and uptake mechanisms utilized in 

chondrocytes. As promising and brilliant as this drug delivery system has been revealed, in vivo 

studies, including pharmacokinetic and pharmacodynamics studies, must be conducted to assess 

its translation into a clinical setting.  
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