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SUMMARY

Rheumatoid arthritis (RA) is an autoimmune condition that accompanies chronic
inflammation of joints with limited therapeutic options. This disease dramatically affects
patients' quality of life, as no single treatment can completely halt the disease's progression. In
my Ph.D. thesis, | attempted to treat RA holistically and synergistically by co-delivering
Methotrexate (MTX), a standard slow-acting anti-rheumatic drug, and Phenethyl isothiocyanate
(PEITC), a poorly bioactive phytochemical, using in situ hydrogel formulation. As a first step, a
thermosensitive hydrogel-based carrier system was prepared to incorporate PEITC, which
showed improved efficacy. An exhaustive study in vitro and animals (healthy and disease) was
conducted at different stages that simulated the physiological conditions. PEITC-loaded hydrogel
possessed desired properties such as superior mechanical strength, thermosensitivity,
injectability, biocompatibility, and biosafety that sustainedly released PEITC from the target site.
The in vivo arthritis study showed significant suppression of inflammation following PEITC-

loaded hydrogel (PH50) administration into the knee joint.

As RA is a multifactorial systemic autoimmune disease with few treatment options, my
next attempt was to develop a hydrogel as a combinational drug delivery system that can be used
for the co-delivery of regimens that can alleviate the disease condition via diverse mechanisms.
Nanodelivery systems are an excellent approach for the prolonged release of drugs, increasing
the residence time at inflamed joints. Combining nanotechnology with materials science can
result in better therapeutic efficacy of drugs in the joints, ensuring relief in stressful RA
conditions. Therefore, this study prepared individual nanoformulations of MTX (as nanoparticle)
and PEITC (as nanoemulsion) to mask their pharmaceutical limitation. The MTX and PEITC

NPs were optimized for desired particle size characteristics. The dual-drug nanoparticles loaded



hydrogel (DD NP HG), when injected intra-articularly (IA) into the FCA-induced animals,
showed marked amelioration of chronic inflammation and assisted in restoring bone morphology

in RA rats.

The in vitro cell viability studies on the primary fibroblast-like synoviocytes (FLS)
(healthy and RA conditions) showed that both the hydrogel formulations (PH50 and DD NP HG)

were biocompatible in normal FLS but showed an inhibitory effect on RA-FLS.

Overall, the thesis confirmed that the site-specific injection of the hydrogel was
biocompatible in healthy animals and prolonged the anti-inflammatory activity of PEITC in
arthritic conditions. Further, combinational hydrogel-based localized therapy has been shown to
enhance the anti-inflammatory efficacy and reverse cartilage disruption through a synergistic
effect between two nanoparticulate forms of MTX and PEITC, which can effectively improve
the drawbacks of free forms of both drugs. From the thesis work, I successfully optimized and
fabricated a novel smart hydrogel-based delivery system for poorly soluble drugs to either
deliver them singly or in combination to attain greater efficacy. Such nano-delivery systems have

significant applications in diseases that require chronic or multi-drug treatment.

Keywords: Thermosensitive hydrogel; Phenethyl isothiocyanate; Rheumatoid arthritis;

Methotrexate; Intra-articular; Adjuvant induced arthritis.
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Chapter 1

Introduction



1.1. Anatomy and physiology of joints

The skeletal system provides vital mechanical support to the body and its internal
organs. It also smoothly coordinates with the skeletal muscles for harmonious body movement.
Joints are the connecting regions between the two bones that enable this movement. Based on
the degree of movement, joints are classified as diarthrosis (movable joints), amphiarthrosis
(partially movable joints), and synarthrosis (immovable joints), otherwise as fibrous,
cartilaginous and synovial joints depending on the nature of connecting tissues. In the body,
most joints are diarthrosis, and all are synovial. The primary function of the synovial joints is to
facilitate limited movement and transfer forces from one bone to another. Small joints of the
hand, elbow, shoulder, hip, and knee are all synovial (Sawhney and Aggarwal, 2016). The

structure of a typical healthy synovial joint with its different components is shown in Figure 1.

Bone

Synovial intimal lining

Joint capsule

Synovium

Cartilage

Joint cavity

Synovial fluid

Figure 1. Structure of a typical healthy synovial joint.



A synovial joint comprises different musculoskeletal tissues such as articular cartilage,
tensile tissues, synovium, synovial fluid, bone, ligament, and tendon attached at the entheses. A
layer of hyaline cartilage covering the articulating bones in the synovial joint acts as a shock
absorber to reduce friction during movement. The presence of a joint capsule (synovial cavity)
surrounding the joint and the existence of synovial fluid in the joint capsule is the distinguishing
primary anatomic property of the synovial joint from others. The synovium or synovial
membrane is a soft tissue lining around the synovial surfaces comprising the subintima (outer
layer) and intima (inner layer). Various fat cells, connective tissue cells, and blood and lymphatic
vessels contain the subintima, and the intima consists of a thin sheet of synovial intimal cells
(synoviocytes). The synovial intimal cells are composed of two morphologically different types

of cells (Bartok and Firestein, 2010; Edwards, 1994; Nygaard and Firestein, 2020).:

e Type A cells (Macrophages) - non-fixed cells with antigen-presenting abilities
essential for removing cell debris and wastes in the joint cavity.

e Type B cells (Fibroblast-like synovial cells also known as synovial fibroblasts) —
cells that produce specialized matrix components (hyaluronan, fibronectin, and

collagens)

Synovial fluid, or synovia, is a thin fluid secreted by the synovium into the joint cavity
with two primary functions. (1) act as a transport medium for nutrients to nourish articular
cartilage and (2) protect and lubricate the articulating surfaces for promoting the mechanical
function of the joints. As a plasma dialysate, the synovial fluid contains all the plasma proteins,
including fibrinogen, alpha-2, and beta-2 macroglobulin (Lillian A. Mundt, Kristy Shanahan,

2011).



Hyaluronate, a mucopolysaccharide synthesized by the synovium, is mixed with this plasma
dialysate to produce the synovial fluid. In addition, a typical synovial fluid contains glucose, uric
acid, a wide range of cells (monocytes, neutrophils, lymphocytes), and numerous enzymes
(alkaline phosphatase, lactic dehydrogenase, acid phosphatase). In a healthy joint, a high
concentration of hyaluronic acid in the synovial fluid is maintained to provide exceptional
viscoelasticity and lubricating properties, especially during high shear conditions; however,
hyaluronic acid alone cannot offer boundary lubrication (the ability of synovial fluid to lower
friction between opposing and pressured cartilaginous surfaces irrespective of viscosity).
Lubricin is another abundant component of synovial fluid responsible for the boundary
lubrication of articular cartilage that dissipates strain energy within the synovial fluid (Jay, 1992;
Jay et al., 2007; Swann et al., 1977). Lubricin is a mucinous glycoprotein with globular amino-
and carboxyl-terminal domains and a central region whose side chains are substantially modified

with O-linked oligosaccharide.

1.2. Rheumatoid arthritis (RA)

RA is a prevalent form of inflammatory arthritis and one of the leading causes of
disability (Firestein, 2003). The term "rheumatoid” refers to "any defluxion of thin humor" and is
derived from the Greek words "rheuma,” which means that which flows, and "oid," which means
like or in the form of. The term "arthritis" comes from the Greek "arthrosis,” which means joint
and denotes inflammation (Parish, 1963). RA is a chronic autoimmune condition that
predominantly affects the lining of the synovial joints and results in significant swelling,
tenderness, and destruction of synovial joints, leading to severe disability. It has affected 1% of
the world's population (especially women) in all age groups, leading to progressive disability,

premature mortality, and socioeconomic burdens. There are three stages of RA progression:
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Figure 2. Schematic view of a typical joint and its changes in RA. (a). Healthy synovial joint.
(b). RA joint. Radiographic images of joint space of (c). Healthy, and (d). RA patient has three

metacarpophalangeal joints from a hand. Figure courtesy (Smolen and Steiner, 2003)



Stage 1: Enlargement of the synovial line that characterizes the initial stage, with
discomfort, warmth, stiffness, redness, and swelling surrounding the joint.

Stage 2: thickening of the synovium due to pannus formation (i.e., rapid division and
expansion of cells).

Stage 3: secretion of enzymes by the inflamed cells that degrade bone and cartilage,
frequently resulting in the affected joint losing its shape and alignment, increased pain, and loss
of movement.

Although RA is a chronic condition, spontaneous remissions do not happen often.
Instead, RA symptoms continue, waxing and waning in intensity, and the joint structures
gradually deteriorate, resulting in deformities and disability (Guo et al., 2018; Mclnnes and
Schett, 2017).

A typical joint and its changes in RA are schematically shown in Figure 2a-b, where
major distinguishing features between a regular joint and an RA joint are presented. Figures 2c-
d are sample radiographs of a healthy metacarpophalangeal joint and a joint with established RA
(Smolen and Steiner, 2003). Here, bone destruction is the hallmark of RA joints where the joint
spaces are narrowed or disappeared as a sign of cartilage degradation and destruction of the
adjacent bone (also termed 'bone erosion’). On the other hand, in a healthy joint, the
metacarpophalangeal minute anatomic joint space showed no sign of bone erosion and cartilage

destruction (as seen in Figure 2c).

1.3. Epidemiology
1.3.1. Global prevalence

Globally, there is regional variation in the prevalence of RA, where a higher frequency of
occurrence is noted in industrialized nations. This may be due to exposure to environmental risk

factors, genetic variables, and diverse demography, as well as exposure to environmental risk
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factors. Strong trends in the severity of RA have likely decreased over the past three decades due
to improved disease management and changes in therapy paradigms. The prevalence of RA is
also on the rise. Frequent risk factors for RA include non-modifiable characteristics, such as
genetics and sex, and modifiable lifestyle-associated variables. According to the 2017 Global
Burden of Disease (GBD) study (Figure 3), between 1990 and 2017, the number of years
worldwide with a disability related to RA increased from 0.24 % to 0.31 % (Finckh et al., 2022).
India is estimated to have 10 million persons with RA, putting the prevalence at 0.7 %. (Dar et

al., 2022).
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Figure 3. The global prevalence of RA. The key in the figure indicates the reported RA

prevalence ranges by country (per 100,000 of the population). Figure courtesy (Finckh et al.,
2022).
1.4. Risk factors

Risk factors such as heredity, gender, and environmental factors impact RA development.
Smoking, exposure to silica, vitamin D deficiency, microbiota alterations, and obesity are
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commonly reported environmental risk factors; however, studies on some of these are

controversial.
1.4.1. Genetics

For more than three decades, it has been understood that genetic factors influence the
occurrence and severity of RA. Compared to the general population, first-degree relatives of
patients are 2-10 times more likely to be diagnosed with RA. The extent to which genetics
contributes to RA pathogenesis is still debatable. Twin studies suggest that genetic factors may
account for up to 60 % of the occurrence of RA, while the more common estimate is 10 % to 25
%. As a result of gene-environment interactions, the estimated genetic contribution may differ
between researchers (MacGregor et al., 2000). The major histocompatibility complex (MHC)
contains the alleles recognized as RA's most significant risk factors. According to estimates, one-
third of the genetic risk for RA is believed to be located in this region. Most, but probably not all,
of this risk is caused by allelic variation in the HLA-DRB1 gene, which codes for the MHC 11 -
chain protein (Gregersen et al., 1987). The shared epitope, located in the 3 hypervariable region
of the HLA-DR-chain at amino acid positions 70 to 74, is shared by the disease-associated HLA-
DRBL1 alleles. The development of anti-CCP antibodies and worse disease prognosis is linked to

carriers of the shared epitope alleles (Gregersen et al., 1987).

Genome-wide association studies (GWAS) identified numerous non-MHC-related genes
influencing RA susceptibility. One of the most notable instances of a non-MHC gene controlling
the risk of RA is the protein tyrosine phosphatase non-receptor 22 (PTPN22) genes. Patients
from various parts of Europe have varying frequencies of this gene (e.g., 3-10 %), whereas
patients with East Asian ancestry have shown absence (Viatte et al., 2016, 2012). The lymphoid

tyrosine phosphatase protein, which is encoded by PTPN22, regulates the activity of T and B



cells. The gain-of-function in the protein caused by inheriting the PTPN22 risk allele is thought
to cause aberrant thymic selection of autoreactive T and B cells and is believed to be
predominantly linked to anti-CCP-positive disease (Stahl et al., 2010). Other genetic loci
probably have less significant functional effects, which may be mediated alone or in
combination, for instance, by altered co-stimulatory pathways (such as CD28 and CD40),
cytokine signaling, and innate immune activation (Barra et al., 2011; Nell-Duxneuner et al.,

2010).

Patients with the shared epitope are more likely to have a higher risk of developing RA.
Autoantibodies against citrullinated peptides (ACPAs) and IgG (rheumatoid factor, RF) are well
documented to be associated with the seropositivity of RA pathogenesis. At the time of
diagnosis, 50-70% of patients had these recognizable autoantibodies for rheumatoid arthritis,

and they were remarkably stable throughout the disease (Lenz et al., 2015; Viatte et al., 2015).

1.4.2. Epigenetics

Epigenetics is vital in RA pathogenesis, most likely by combining environmental and
genetic variables. An epigenome-wide association study identified ten differentially methylated
sites that genetically increase the chances of developing RA. The biology of synovial fibroblasts
and leucocytes can also be controlled by altered histone acetylation and DNA methylation. A
DNA methylation study from unrelated RA individuals reported an exciting result wherein nine
clusters exhibiting distinct HLA region methylation patterns were obtained compared to healthy
controls. This shows that altered DNA methylation partially mediates the genetic impact of HLA
risk variations (Liu et al., 2013). DNA methylation provides an avenue by which environmental
factors can affect cellular activity changes. For instance, ACPA-positive RA smokers who

carried the HLA DRBL risk allele had higher levels of methylation than those who did not; this



difference in methylation was not seen in non-smokers (Smolen et al., 2018). It is interesting to
note from the two studies that different DNA methylation and transcription patterns exist in
fibroblast-like synoviocytes (FLS) from the joints of RA patients. This finding may better
explain a mechanism as to why RA tends to be symmetrical and affects some joints more
severely than others (Frank-Bertoncelj et al., 2017).

1.4.3. Gender

Women are two to three times more likely to develop RA than men, where the
cumulative lifetime risk for developing adult-onset RA in men is estimated at 1.7 % and 3.6 % in
women. The greater prevalence of RA in women is partially linked to the immune system-
stimulating properties of estrogen. This area of research to investigate the role of hormonal
variables in RA development is still in progress. Although disease remission is usually associated
with pregnancy, and disease flare-ups are common postpartum, nulliparity frequently increases
the risk of RA in women. Women typically have symptoms of RA around middle age or during
menopause. Men who developed the disease later tested positive for RF and had higher ACPA

titers (Alpizar-Rodriguez et al., 2017; Crowson et al., 2011; Ngo et al., 2014).

1.4.4. Smoking

A gradual increase in tobacco usage increases the risk of RA. The association between
RA and smoking is more pronounced or is restricted to ACPA-positive individuals harboring
even one copy of the common epitope. The current smoking status is linked to greater levels of
pro-inflammatory cytokines and more advanced RA conditions. Smoking strongly correlates
with hypomethylation in particular DNA sequences, indicating that epigenetic modifications may
be the mechanism through which smoking increases the risk of RA Pathogenesis (Sokolove et

al., 2016; Sugiyama et al., 2010; Svendsen et al., 2016; Vesperini et al., 2013).
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1.4.5. Dust inhalation

Exposure to silica is a potential environmental risk factor for RA. A study on firefighters
and other emergency responders exposed to dust at the 2001 World Trade Center collapse site in
New York, USA, reported a significantly high number of patients with systemic autoimmune
illnesses, including RA. A group of Malaysian women was also shown to have a considerably
higher chance of developing RA after exposure to textile dust at work (Stolt et al., 2005; Too et

al., 2016; Webber et al., 2015).

1.4.6. Microbiota

A higher risk of RA is also linked to periodontal disease. Interestingly, Porphyromonas
gingivalis and Aggregatibacter actinomycetemcomitans are two oral microbiota species
hypothesized to play a role in the relationship between RA and periodontal disease. The gut
microbiota, in addition to periodontal microbiota, may also be relevant in RA condition, where
the biodiversity of the gut microbiota is reduced in RA patients (Chen et al., 2016;

Hajishengallis, 2015; Kharlamova et al., 2016; Konig et al., 2016).

1.5. Mechanisms of RA

1.5.1. Preclinical RA

RA's pathophysiology begins in most individuals’ years before the clinical disease
becomes apparent, while an early onset indicating a rapid immunological disturbance is still
conceivable (Masi, 1983). Preclinical RA is believed to occur before articular inflammation
(early RA) develops. RA is seen as a continuum that begins with a high-risk or susceptibility
stage based on hereditary factors. A pre-disposing genotype regulates the onset of RA, followed
by environmental and genetic factors acting upon producing the inflammatory and destructive

response in the synovium. It is still not entirely understood how environmental risk factors
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promote disease. Citrullination, (also known as deamination, involves the modification of
arginine to citrulline) that occurs in mucosal areas as a result of the stimulation of peptidyl
arginine deiminases in response to stressors, such as cigarette smoke (Makrygiannakis et al.,
2008). Citrullination and other post-translational modifications, such as acetylation or
carbamylation, increase the probability of the modified peptides binding with MHC protein
heterodimers, particularly if they share the same epitope. This results in T-cells presenting
antigens, which then stimulates B-cells to create a variety of antibodies that recognize self-
proteins, including RF (targeting 1gGs) and ACPAs (targeting citrullinated proteins) (Holers,
2013; Muller and Radic, 2015). RF and ACPAs can be used as prognostic and diagnostic
indicators since they are linked to a more aggressive disease progression (Laurent et al., 2015;

Sokolove et al., 2014).

1.5.2. Early and established RA

Synovial inflammation due to mononuclear cell infiltration, predominantly constituted of
CD4" T-cells and macrophages, and early stromal cell activation are the hallmarks of early RA.
The synovial intimal lining of synovial biopsy samples collected within a week of the onset of
RA symptoms showed elevated levels of matrix-degrading enzymes, such as matrix
metalloproteinases (MMPs). Additional autoantibodies that recognize immunoglobulins (RF),
type 2 collagen (particularly in oxidized form), proteoglycans, glucose-6-phosphate isomerase,
nuclear antigens, and other joint autoantigens expand the pathways by which autoantibodies are

expected to contribute to pathogenesis in addition to ACPAs (Steiner, 2007).

1.6. Pathogenesis

RA pathogenesis is mainly regulated by a predisposing genotype in which environmental

and genetic factors are vital in promoting the inflammatory and destructive synovial response
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(Figure 4). However, the post-translational modification of proteins, i.e., citrullination in the
mucosal sites, further enables ACPA generation. Following citrullination or other post-
translational modifications (such as acetylation or carbamylation), the altered peptides bind to
MHC protein heterodimers with the shared epitope. This causes antigen presentation to T cells,
which in turn prompts B cells to produce a variety of antibodies that recognize self-proteins, such
as RF (targeting 1gGs) and ACPAs (targeting citrullinated proteins). Finally, the presence of
circulating ACPAs, RF, pro-inflammatory cytokines, and chemokines, together with an
additional hit (like the formation of an immune complex, activation of the complement),
promotes synovitis characterized by increased vascular permeability and an influx of

inflammatory cells into the synovium.

1.6.1. The synovium

Although RA is a systemic disorder, the synovium plays a central role in regulating the
various immunological activities outside the joint at primary lymphoid tissues and mucosal
surfaces (Figure 4a-b); the synovium is a key player (Figure 4c). The synovium performs two
essential functions to maintain homeostasis: it produces lubricants that allow cartilage surfaces to
move in a low-friction environment and supplies the cartilage with nutrients. In RA, the
synovium exhibits two significant pathogenetic changes that lead to synovial inflammation.
Firstly, the synovial lining is greatly expanded due to the synoviocytes (fibroblast and
macrophage), a significant source of cytokines and proteases (Alivernini et al., 2011). Second,

RA-related change is Adaptive immune cell infiltration into the synovial sublining (Ziff, 1974).

1.6.2. Joint damage

Joint swelling in RA is attributed to immune activation-related synovial membrane

inflammation and is characterized by inflammatory cell infiltration into the generally thinly
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populated synovial compartment (Figure 4d). Innate immune cells (e.g., monocytes, dendritic
cells, and mast cells), adaptive immune cells (e.g., T-helper-1 and T-helper-17 cells, B cells,
plasmablasts, and plasma cells) and synoviocytes (fibroblast and macrophage) are the key
cellular components in RA. An intensive tissue-specific response accelerated by synovial
fibroblasts produces an aggressive inflammatory, matrix regulatory, and invasive phenotype that
together increases chondrocyte catabolism and synovial osteoclastogenesis, promoting articular

degradation (Smolen et al., 2007).

A complex network of cytokines and chemokines governs the inflammatory environment
in the synovial compartment; clinical treatments have shown that tumor necrosis factor-o (TNF-
a), interleukin 6 (IL-6), and maybe granulocyte-monocyte colony-stimulating factor (GM-CSF)
are critical players in the process (Marc Feldmann and Maini, 2008). Cytokines and chemokines
contribute to the initiation or progression of the inflammatory response by stimulating
endothelial cells and recruiting immune cells into the synovial compartment. Activated synovial
fibroblasts, together with activated T- and B-cells, monocytes, and macrophages, gradually
trigger osteoclast formation via the receptor activator of nuclear factor-xB ligand (RANKL),

which is expressed on T-cells, B-cells, and fibroblasts (Pettit et al., 2001; Redlich et al., 2002).

The development and activation of osteoclasts play a significant role in bone erosions.
Osteoclasts can break down the calcified bone matrix by producing proteases, notably cathepsin
K, in a specialized acidified local tissue milieu (Redlich and Smolen, 2012). Moreover, it has
been hypothesized that ACPAs cause the maturation and activation of osteoclasts by interacting
with citrullinated peptides expressed by osteoclasts and osteoclast precursors, such as

citrullinated vimentin (Krishnamurthy et al., 2016).
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Figure 4. Mechanisms involved in initiation and progression of RA. (a). Post-translational
modifications. (b). Autoantibody production is induced by activating the adaptive immune
response in lymphoid tissues by antigen-presenting cells (APCs) (c). Locally activated stromal
cells, including FLS, APCs, and macrophages, can release various inflammatory factors that
cause synovial inflammation by boosting cytokine production (d). Cytokines' paracrine and
autocrine effects ultimately result in the degeneration of bone and cartilage. CCL19: CC-
chemokine ligand 19; CCL21: CC-chemokine ligand 21; miRNA: MicroRNA; RF: Rheumatoid

factor; TCR: T cell receptor; Figure courtesy (Smolen et al., 2018)

Catabolic effects in chondrocytes result in cartilage degradation due to the activation of
matrix metalloproteinases (MMPs) and other enzymes (Martel-Pelletier et al., 2001). Synovial
cells produce cytokines that bind to corresponding receptors to initiate different intracellular
signal transduction events, which operate as a bridge between extracellular activities and the

activation of a variety of genes that cause or exacerbate inflammation and joint degradation.

1.7. Therapeutics for treating RA

RA is a multifactorial autoimmune condition. Its diagnosis at a preclinical stage,
thorough knowledge and understanding of disease manifestation and mechanisms of RA
development, and new possible therapeutic approaches can pave the path for future RA
prevention (Deane, 2013). The major classes of anti-rheumatic drugs range significantly in their
properties, mechanisms of action, and clinical outcomes. Current RA drug therapies are
developed mainly based on the following two approaches: (1) symptomatic treatment with non-
steroidal anti-inflammatory drugs (NSAIDs) and (2) disease-modifying anti-rheumatic drugs
(DMARD:s), i.e., conventional and biologics. NSAIDs do not affect the underlying immuno-

inflammatory events or delay joint degeneration; instead, they only affect a small portion of the
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inflammatory cascade, specifically prostaglandin production by cyclooxygenases (COXs). In
contrast, DMARDs "modify" the course of the disease in all these aspects, and once they start
working, no more symptomatic treatments are required (Smolen and Steiner, 2003). The
biological DMARDs are the RA drugs that have recently been developed. These drugs have been
demonstrated to significantly improve RA signs and symptoms and delay the progression of

articular cartilage degradation.

Moreover, oral corticosteroids are potent and efficient anti-inflammatory drugs that may
assist in modifying disease conditions (Cohen and Emery, 2010). Daily symptomatic
management and exercise are pivotal in improving joint flexibility and function while quitting
smoking significantly negates its adverse effects on antibody development (Ben Mrid et al.,
2022; Guo et al., 2018). Table 1 summarizes the approved drugs for treating RA with side

effects.
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Table 1. Overview of the different classes of drugs currently approved for RA treatments and under investigation. The data are

taken from (Ben Mrid et al., 2022; Guo et al., 2018; Huang et al., 2021)

Generic name of the drug Mechanism of action Shared side effects Phases
Non-steroidal anti-inflammatory
drugs (NSAIDs)
Naproxen, Aspirin, Flurbiprofen, Inhibition of COX enzymes Gastrointestinal problems, nausea, Approved
Ibuprofen (COX-1 and COX-2) promoting the abdominal discomfort, kidney
production of the chemical mediators, impairment, cardiovascular effects,
prostaglandins. rash
Corticosteroids: Modulate gene expression by binding Immunosuppression, steroid-induced Approved
Dexamethasone to glucocorticoid receptors diabetes and osteoporosis, muscle
Methylprednisolone exert immunosuppressive, weakness, thin skin, easy bruising,
Prednisone anti-inflammatory, hypertension, edema, and hypokalemia
Triamcinolone vasoconstrictive properties.
Conventional synthetic DMARDs
Methotrexate Folate-dependent processes; Gastrointestinal disorders, hepatic Approved
Adenosine signaling; Methyl-donor dysregulations, pneumonitis,
production; Reactive oxygen species; hematologic disorders, infections,
Adhesion-molecule expression; nephrotoxicity
Cytokine profiles Eicosanoids and
MMPs.
Leflunomide/Teriflunomide Inhibit the metabolism of pyrimidines, Hypertension, diarrhea, nausea, Approved
Leading to a reduction of Thl hepatotoxicity
inflammatory responses
Sulfasalazine Increases adenosine synthesis at the Gastrointestinal, central nervous Approved

site of inflammation, inhibit TNF-a
expression, and suppress B-cell
function.

system and hematologic adverse
effects
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Contd.

Generic name of the drug Mechanism of action Shared side effects Phases
Chloroquine Blocks the interaction between Gastrointestinal disorders, Approved
/Hydroxychloroguine antigen-presenting macrophages and dermatological disorders

T helper cells leading to a decrease retinal toxicity

in the overall inflammatory response
Biological DMARDs
TNF-a targeted therapy
Infliximab TNF-a inhibitor Infection (pneumonia and atypical Approved
Adalimumab tuberculosis) injection-site reaction,
Etanercept Hypertension, severe /anaphylactoid
Golimumab transfusion reaction.
Certolizumab pegol
B-cell targeted therapy
Rituximab B cell depleting Infection, hypertension, Approved
Ofatumumab viral reactivation
Belimumab
Atacicept Inhibitors of B cell function Severe/anaphylactoid transfusion
Tabalumab Reaction
T-cell targeted therapy
Abatacept Autoantigen recognition: Immune Infection, malignancy Approved
Belatacept cell infiltrate; T cell activation
Interleukin targeted therapy
Tocilizumab IL-6 inhibition Infections and infestations, high Approved
Secukinumab IL-17 inhibition blood pressure, skin rashes,

neutropenia, malignancy

Growth and differentiation
factors
Denosumab RANKL inhibitor Low Ca** and phosphate in the Approved

blood, muscle cramps, and cellulitis.
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Contd.

Generic name of the drug Mechanism of action Shared side effects Phases
Small molecule targets

JAK pathway

Tofacitinib JAK1 and JAKS inhibitor Heart attack or stroke Approved
Baricitinib JAK1 and JAK2 inhibitor Zoster infection Approved
Filgotinib JAK1 inhibitor Urinary tract infection Approved
Upadacitinib JAK1 inhibitor Urinary tract infection Approved
Peficitinib Pan-inhibitor of JAKSs kinase Neutropenia Approved
Itacitinib JAK1 inhibitor Thrombocytopenia Phase 3

p38 MAPK Pathway

R04402257 MAP kinase inhibitor Skin rash, dizziness Phase 2
IRAK-4

PF-06650833 IRAK-4 inhibitor GIT problems Phase 2
BAY1834845 IRAK-4 inhibitor Abdominal pain, ulcer Phase 1
BAY1830839 IRAK-4 inhibitor Nausea, abdominal pain Phase 1
CD20

Ofatumumab Inhibition of CD-20 Chest pain, fever, rash, dizziness Phase 3
BTK

M2951 Inhibitor of BTK Nasopharyngitis Phase 2
GS-4059 Selective BTK inhibitor Neutropenia, rash, vomiting Phase 1

IL-6

Olokizumab Inhibitor of IL-6 receptor Diarrhea, headache Phase 3
DNA methylation

Decitabine Nucleoside metabolic inhibitor Pale skin, dizziness Animal study
Histone modification

GSK-J4 Histone lysine demethylase inhibitor Animal study
I-BET151 Bromodomain protein inhibitor Animal study
CKD-506 HDACS inhibitor Animal study
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1.8. Roadmap to key possible therapeutic intervention strategies for treating RA

A schematic roadmap to develop RA and key possible existing and in-development

therapeutic intervention strategies was displayed in Figure 5.
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Figure 5. A schematic roadmap to key possible existing and developing treatment strategies
for treating RA. Brown color- RA development steps, dark green color- existing therapeutic
intervention, and light green color - therapeutic interventions in development strategies for RA.
PAD: Protein arginine deiminases; JAK: Janus kinase; Treg: Regulatory T cell, Btk: Bruton’s

tyrosine kinase; Syk: Spleen tyrosine kinase; M¢: Macrophage; PMN: Polymorphonuclear
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leukocytes; M-CSF: Macrophage colony-stimulating factor; VCAML: Vascular cell adhesion

molecule 1. Figure courtesy (Mclnnes and Schett, 2017)

1.9. Limitation of traditional RA therapy and role of Nanomedicines in treating RA

The key challenges with the conventional therapy of RA were poor patient compliance, a
short half-life, poor bioavailability, and insufficient solubility; these drawbacks might be

addressed by finding new treatment strategies (Movahedi et al., 2015).
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Figure 6. Various nano-based drug delivery systems in treating RA with administration routes.

Recently, nanomedicine has been extensively employed as an innovative therapeutic
approach to develop highly efficient drug delivery systems for treating various diseases
(including cancer and RA). The utilization of nanomedicine in RA is greatly sought due to the
efficient accumulation of nanoparticles in the inflammatory microenvironments of arthritic
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joints. To address the issues with current traditional RA therapies, the nanoscale drug delivery
systems emerged as a new promising potential therapeutic approach (Figure 6). It has been
demonstrated that nanocarriers can enhance the solubility of drugs, extend their residence time in
the systemic circulation, limit drug clearance, and deliver medicines effectively to the target sites

(Jeong and Park, 2021).
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functions were developed to enhance therapeutic effects in inflamed joints. Nanoparticles with
multiple functions were designed to boost therapeutic effects in inflamed joints. (A).
Nanoparticles selectively release the encapsulated drug in response to (1). Low pH (2). An
enzyme that targets inflammation, and (3). Externally delivered NIR light. (B). Nanoparticles
target disease-related cells like (1). Macrophages (2). Angiogenic endothelial cells, and (3). FLS.
(4). FDA-approved biologics target immune cells like B and APC. (5). Pro-inflammatory
chemicals such cytokines, ROS, and (6). Nanoparticles mask osteoclast differentiation factors.
Figure courtesy (Jeong and Park, 2021)

These systems can increase therapeutic efficacy by delivering the drug at a higher
concentration to the targeted region. Figure 7 highlights the different strategies employed in
nanomedicine with various functional capacities to enhance the therapeutic effects in inflamed

joints for the treatment of RA.

1.10. Natural isothiocyanates as a therapeutic agent in RA therapy

Natural isothiocyanates (ITCs) are biologically active hydrolysis (breakdown) products
of glucosinolates. They are widely present in many cruciferous vegetables, including broccoli,
watercress, cauliflower, Brussels sprouts, mustard, cabbage, kale, wasabi, etc. (Figure 8B)
(Wang and Bao, 2021). As shown in Figure 8A, the chemical structures of ITCs consist of an
isothiocyanate group (N=C=S) in common with various side chains. Sulforaphane (SFN),
phenethyl isothiocyanate (PEITC), allyl isothiocyanate (AITC), and benzyl isothiocyanate
(BITC) are among the extensively studied ITCs that used their strong therapeutic effects. ITCs
possess various biological functions via the direct reaction with a functional group, i.e., an

isothiocyanate group with multiple proteins.
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The biological activities of ITCs and their mechanisms are summarized in Figure 9
(Wang and Bao, 2021). This class of phytochemicals has been widely researched for cancer

prevention and treatment in various study models (Haloi et al., 2023).
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Figure 9. The main biological activities of ITCs. Figure adapted from (Wang and Bao, 2021)
However, later studies have shown the profound chemopreventive, antioxidant, and anti-
inflammatory effects of ITCs. The Nrf-2 and its downstream effector pathway are reported to be
predominantly associated with these effects elicited by ITCs. The Nrf2/ARE (nuclear factor
erythroid 2-related factor-2/antioxidant response element) pathway is a major pathway that is
well-studied to be involved in acute and chronic inflammation as any perturbation in the pathway
leads to inflammatory diseases such as RA, asthma, emphysema, gastritis, colitis, and
atherosclerosis (Kumar et al., 2014). Natural ITCs are active inducers of the Nrf2/ARE pathway,

activating phase Il detoxification enzymes in response to reactive species and redox potentials at
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the transcriptional level. Two natural 1TCs, sulforaphane (SFN) and phenethyl isothiocyanate
(PEITC), have been studied in vitro and in vivo for their capacity to stimulate phase Il gene

expression (Dayalan Naidu et al., 2018; Gan et al., 2010; Yang et al., 2020).

1.10.1. Phenethyl isothiocyanate (PEITC)

PEITC, a member of the natural isothiocyanate family, found in many cruciferous
vegetables, has aroused much interest as a health-promoting molecule due to its anti-cancer and
chemopreventive properties (Cang et al., 2014; Hu et al., 2007). In various cell-based studies,
PEITC has also been demonstrated to have antioxidant, anti-inflammatory, and anti-proliferative
properties and can trigger apoptosis (Shoaib et al., 2021). Apart from PEITC's numerous
biological functions, a few recent studies have highlighted the involvement of PEITCs in
osteoclastogenesis regulation, a critical event in bone and joint disorders such as osteoporosis
and RA (Murakami et al., 2007). Only a few in vivo studies of PEITC were reported in the
treatment of RA (Choudhary et al., 2020). Its poor solubility, low bioavailability, instability, oily
nature, and daily administration of PEITC limit this further clinical utilization (Mohanty et al.,
2020; Wang and Bao, 2021). Researchers have recently developed various drug and nano-
delivery systems to overcome these limitations. Using a nanotechnology approach, different
nanomaterials were employed as transport modules to carry ITCs and/or other therapeutic agents

to obtain a synergistic effect (Wang and Bao, 2021).

1.10.2. Nanodelivery of natural isothiocyanates (ITCs)

The absorption, metabolism, distribution, and excretion of ITCs inside the human body
are essential in their bioactivity. Various cellular and animal models demonstrate the

effectiveness of several ITCs against cancer, RA, and other disorders. Although, their therapeutic
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application is constrained due to their limited solubility, stability, bioavailability, and the
"biphasic dose-response”(Wang and Bao, 2021). Scientists have recently developed nano-
delivery technology to overcome these limitations. For this purpose, various kinds of nano-
delivery systems have been constructed. These nano-delivery systems are simple to construct and
target specific cells rather than healthy ones. The most popular nano-delivery techniques are
liposomes, dendrimers, polymeric nanoparticles, carbon nanotubes, quantum dots, magnetic

nanoparticles, micelles, and gold nanoparticles (Wang and Bao, 2021).

However, in treating inflammatory conditions such as RA and OA, only a few studies
have been reported where nanotechnology significantly improved the pharmaceutical drawbacks
of ITCs in the free form. Previously from our lab, Mohanty et al. 2020 reported a combination of
nano-based approaches of nutraceuticals such as naringin (NAR), SFN, and PEITC to treat RA.
According to the physicochemical findings, the liposomal preparations had a zeta potential of -
47.3 to -53.3 mV, an average size between 140.5 and 165.6 nm, and were monodisperse (PDI
0.062-0.248) in water. The optimized liposomal formulation showed significantly reduced level
of pro-inflammatory cytokines (TNF-a, IL-6, and IFN-y), lowered immune cell infiltration,
decreased pannus formation, and improved joint and cartilage destruction in FCA-induced RA

animal model (Mohanty et al., 2020).

Ko et al. 2013 reported an SFN-based drug delivery system for the IA treatment of
osteoarthritis. The protein and mMRNA expression of COX-2, ADAMTS-5, and MMP-2 in LPS-
stimulated articular chondrocytes was significantly reduced by SFN-PLGA microsphere
treatment. In the surgically-induced OA animal model, the local administration (1A route) of

SFN-PLGA microspheres markedly reduced the disease progression. This study demonstrated
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that SFN-PLGA microspheres can be a functional injectable delivery system for treating OA (Ko

et al., 2013).

In another study, Monteiro do Nascimento et al. 2021 demonstrated that an 1TC-loaded
hydrogel carrier system, i.e., SFN-loaded hyaluronic acid-poloxamer hybrid hydrogel (PL407-
PL338-HA-SFN) enriches cartilage protection in ex vivo OA models. The hybrid hydrogel did
not show noticeable cytotoxic effects on either osteoblast or chondrosarcoma cell lines. Both in
vitro and ex vivo, treatment with the hybrid hydrogel significantly down-regulated the NF-xB
and COX-2 expression, up-regulated the expression of type Il collagen, and restored the
proteoglycan depletion. This study emphasizes the safety and therapeutic effectiveness of SFN-
loaded PL-HA hybrid hydrogel as a local drug delivery system for treating OA (Monteiro do

Nascimento et al., 2021).

1.10.3. Nanodelivery of PEITC

PEITC has been of particular interest in recent years due to its distinct in vitro and in vivo
anti-cancer, anti-proliferative, anti-inflammatory, and antimicrobial properties. Due to its potent
electrophilic nature, PEITC can easily interact with nucleophiles in physiological conditions like
other ITCs. Additionally, it is strongly volatile, poorly soluble, and has a distinctive pungent
odor. Such characteristics limit its effectiveness as a cancer-preventative agent, and the scientific
community is still searching for a suitable delivery system to address its drawbacks. Using
nanoencapsulation techniques might boost PEITC activity, stability, and absorption while
lowering excretion from the circulatory system. Additionally, such nano delivery methods might
increase the therapeutic performance of PEITC, lower toxicity, make it easier to handle, and

extend shelf life.
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Pulliero et al. 2014 examined the ability of the liposomal drug delivery system to alter
the pharmacological properties of PEITC. A simple ethanol injection approach was used to
synthesize the nanoliposomes, which had an average size of 70 nm, using 1,2-di-O-octadecenyl-
3-trimethylammonium propane (DOTMA), cholesterol, and D-alpha-tocopheryl polyethylene
glycol succinate (TPGS). Their findings indicated that PEITC NPs considerably improved
PEITC's capacity to prevent DNA damage on cigarette smoke condensate and to trigger

protective apoptosis in bronchial epithelial cells both in vitro and ex vivo (Pulliero et al., 2014).

In a recent study, Wu et al. 2019 developed an innovative dual drug delivery system
based on black phosphorus nanosheet (BPN) for the concurrent delivery of DOX and PEITC.
The therapeutic effectiveness of BPNs-based drug delivery systems in preventing drug resistance
in tumors with minimal adverse effects has been demonstrated in both in vitro and in vivo
studies. For the treatment of MDR breast cancer, this novel synergistic nano-delivery method

offers significant application potential (Wu et al., 2019).

Based on the previously reported literature showed that the therapeutic efficacy of PEITC
in treating inflammatory illnesses like RA and OA has not yet been thoroughly investigated. A
detailed investigation is needed to further PEITC, which can be used as an anti-inflammatory
agent. Additionally, implementing nano-delivery techniques will improve PEITC's solubility,

bioavailability, and anti-inflammatory effectiveness.

1.10.4. Therapeutic advantages of nano delivery systems of natural isothiocyanates (ITCs)

A successful nano-delivery system can be determined by its high drug-loading and

encapsulation efficiency, prolonged drug release, extended self-life, and increased therapeutic
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effectiveness with minimal adverse effects. Several featured nano-delivery systems were

developed to deliver natural ITCs to improve their physicochemical drawbacks.
Increase solubility and bioavailability.

Oil-in-water nanoemulsion increased the solubility and bioavailability of AITC and BITC
with a droplet size of 10-250 nm and 99% encapsulation efficiency using this nano delivery
method. The liposomal formulation, a highly versatile nano-delivery technique, significantly

improved PEITC's solubility and bioavailability (Wang and Bao, 2021).
Enhanced stability

Enhancing the stability of therapeutic drugs susceptible to factors like light, temperature,
or pH is another crucial benefit that nanotechnology offers. According to reports, ITC nano-
delivery systems exhibit minimal polydispersity and excellent colloidal stability that lasts for
several weeks. For instance, AITC NPs can endure three freeze-thawing cycles and are stable at
110° C. In a physiological condition and a pH range of (4.7-8.0), BITC NPs demonstrated good
long-term stability. Notably, most ITC NPs are stable at physiological conditions (pH 7.4)

(Wang and Bao, 2021).
Improved therapeutic targeting

Most lipid nano delivery systems designed for ITCs, such as polymeric NP, micelle, and
liposome, vary in size from 100 nm to 200 nm and have greater tumor accumulation. This leads
to dramatically better anti-cancer efficacy with minimal side effects, for example, SFN-loaded

PLGA NP (Wang and Bao, 2021)

Combinational therapy
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The term "co-delivery system" refers to the simultaneous administration of various
therapeutic agents to the same target locations. Recent advances in nanotechnology make it
simple to implement such co-delivery systems. An efficient multifunctional nano-delivery
system can be formed by including extra components, such as targeting motifs and imaging
probes. For example, encapsulating SFN and DOX in nanoliposomes resulted in high synergistic

activity toward triple-negative breast cancer cells (Wang and Bao, 2021).

1.11. Disease-modifying anti-rheumatic drugs (DMARDs), gold standard therapy for RA

1.11.1. Methotrexate (MTX)

MTX is the first-line DMARDs for RA therapy as well as other forms of inflammatory
arthritis, which also improves the therapeutic effects of the majority of biological agents used to
treat RA (Cronstein and Aune, 2020). MTX initially appeared as a "pro-drug,” accumulating in
tissue as a polyglutamated form. The MTX native form, i.e., MTX mono glutamate, is now
known to undergo recurrent polyglutamation within cells with varying additions of glutamic
acid. MTX polyglutamate can be detected in tissues for several weeks (Figure 10A). MTX
regulates nearly all inflammatory cell types, both directly and indirectly, including neutrophils,
monocytes, T cells, B cells, endothelial cells, and FLS (Figure 10B) (Cronstein and Aune,

2020).

It is well established that MTX exhibits potent anti-angiogenic, anti-inflammatory, and
analgesic activity; however, its poor aqueous solubility, pharmacokinetics, and narrow
therapeutic window, with non-specific tissue distribution are of significant concern (Lyu et al.,

2021; Wu et al., 2021) These lead to a substantial risk of severe adverse effects, including
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hepatotoxicity, bone marrow suppression, nephrotoxicity, and severe neutropenia that

significantly limits its therapeutic applications (Li et al., 2022).
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Figure 10. Molecular structure and cellular function on various cell types of MTX in RA
condition. (A). Within cells, methotrexate mono glutamate undergoes serial polyglutamation to
form methotrexate polyglutamate, the active form of MTX. (B). Cell-specific mechanisms of

MTX in RA: (a). T cells and (b). FLS - anti-inflammatory, (c). Monocytes - pro-inflammatory.
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DHFR: Dihydrofolate reductase, BH2: Dihydrobiopterin, BH4: Tetrahydrobiopterin, NOS:
Nitric oxide synthase, ROS: Reactive oxygen species, JNK: JUN N-terminal kinase, DNA-PK:
DNA-dependent protein kinase, LiIncRNA-p21: Long intergenic noncoding RNA p21, AICAR:
5-aminoimidazole-4-carboxamide ribonucleotide, ATIC: 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase/ inosine monophosphate cyclohydrolase, FAICAR: Formyl
AICAR, DHF: Dihydrofolate and TTF: Tetrahydrofolate. Figure courtesy (Cronstein and Aune,
2020)

Recently, NPs have gained significant interest in developing more suitable MTX
formulations, broadening their scope of application. A wide range of NPs have been designed to
deliver MTX, including polymer-based, carbon-based, lipid-based, and inorganic. Qindeel et al.
2020 synthesized polycaprolactone-polyethylene glycol-polycaprolactone (PCL-PEG-PCL)
triblock copolymer by ring-opening copolymerization reaction and used it as a carrier for the
fabrication of MTX-loaded nano micelle. NPs are loaded into a hydrogel with eucalyptus oil as a
skin penetrant to avoid the first-pass effect, improve patient compliance, and reduce liver
toxicity. When NP is applied in the RA mouse model, compared with free MTX, a significant
aggregation in the inflamed joints, reduced expression of inflammatory factors, and restoration in

the behavioral response ability of mice was observed (Qindeel et al., 2020).

1.11.2. Rationale of using MTX-loaded nano delivery system

MTX is a drug with significant therapeutic potential for various ailments, including
cancer and auto-immune disorders (RA and OA); the suboptimal pharmacological response of
MTX limits its use. The therapeutic potential of conventional drug delivery strategies is

constrained because of MTX's poor pharmacokinetics, drug resistance, low bioavailability, and
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dose-dependent side effects. MTX's most often reported side effects are diarrhea, anemia,

dermatitis, bruises, hepatitis, pulmonary fibrosis, and bone marrow depression. (Yu et al., 2020).

In this regard, using alternative delivery technologies has offered a significant chance to
overcome these limitations of MTX. In vitro studies and in vivo animal models have
demonstrated the importance of drug delivery platforms based on NPs, such as polymer and
lipid-based NPs and inorganic nanostructures, for increasing the biological availability of MTX
at the site of activity (Yu et al., 2020). Consequently, a simple and efficient method for
synthesizing targeted NPs may be used to reduce the adverse effects of the drug on healthy
tissues. Before constructing nanomaterial-based MTX formulations as anti-RA medication, key
considerations must include high drug loading, encapsulation efficiency, and controlled MTX

release at the targeted location.

In another strategy, the co-delivery of MTX and other therapeutic agents might be an
innovative approach to mitigate the side effects of their free-form used for longer periods. Co-
delivery might decrease drug resistance, particularly in long-term and frequent applications. This
approach reduces adverse effects without increasing the initial dose, making it clinically

applicable.

In this scenario, a hydrogel system would be ideal as it can help overcome the
limitations of PEITC and MTX when injected with a required dose. It can exert a
pharmacological response without any adverse effects. This approach can be employed as
an injectable depot formulation with the integration of nanotechnology that can release and

maintain the drug(s) concentrations for extended periods in articular joints.
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1.12. Natural polysaccharide-based stimuli-responsive hydrogels

Stimuli-responsive hydrogels with versatile properties garnered substantial attention in
various drug delivery applications (Haloi et al., 2023). Drug-loaded hydrogels have broadened
different drugs' scope in tissue engineering and delivery applications (Li et al., 2021).
Thermosensitive hydrogels are the most extensively studied smart hydrogels, as many polymers
have the property to undergo a temperature-responsive phase transition. Upon injection, the
mixture (with the encapsulated drug) in a solution state at a lower temperature transforms into a
gel (at body temperature) with mechanical properties that provide structural support, enabling the
diffusion of the drug through the porous structures (Xiao et al., 2021). Various applications have
been developed using biodegradable polymers that can trigger drug release depending on the
stimuli present in the physiological/pathological microenvironment (e.g., pH, redox, enzymes,
metabolite, temperature, etc.) (El-Husseiny et al.,, 2022; Sikdar et al., 2021). These
thermosensitive hydrogels can be instilled in different body parts. Therefore, it is extensively
used as a drug delivery carrier for applications where minimal invasiveness, sustained release,

high local drug concentration, and low systemic toxicities are desired (Xiao et al., 2021).

Natural polysaccharide hydrogels, especially chitosan (CS) and sodium alginate (SA)-
based hydrogels are much explored as drug carriers as they are biocompatible, amenable, and
mimic the extracellular matrix (ECM) (Haloi et al., 2023; Liu et al., 2020). The thermo-gelation
property (stimuli response) of polysaccharides-based hydrogels is achieved by optimally
balancing the driving forces (hydrophobic interactions) at a temperature transition (from room
temperature to physiological body temperature) between the neutral chitosan molecules and

micelle packing (Sarwan et al., 2020).
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Pluronic-based in-situ gelling systems as injectable have shown promising potential as
drug delivery platforms in different tissue engineering applications (such as chondrogenesis and
bone regeneration) (Abdeltawab et al., 2020; Liu et al., 2020). Pluronic F-127 (PF-127, also
known as poloxamer 407) possesses good thermo-responsive sol-to-gel transition behavior and is
a safe polymeric material for preparing thermosensitive hydrogels. Further, the amphiphilic
structure of pluronic F-127 allows the encapsulation of both hydrophilic and hydrophobic drugs,
thus offering a broad scope for incorporating different types of drugs (Zarrintaj et al., 2020).
However, it needs better mechanical strength and high porosity (leading to rapid gel erosion and
drug diffusion), significantly limiting its application in sustained drug delivery applications. This
drawback is mitigated substantially by blending pluronic with other biomacromolecules
(chitosan, dextran, and alginate) as composite hydrogels (Haloi et al., 2023; Ur-Rehman et al.,

2011).

1.13. Injectable hydrogels in drug carriers for the RA treatment

In RA research, Injectable hydrogels, i.e., thermosensitive hydrogels, have gained much
attention among the hydrogel-based carrier systems since they have shown improved drug
characteristics (solubility, stability, and drug bioavailability) and can be injected directly into
inflamed joints (Yin et al., 2020a). The following are recently reported studies where hydrogel-
based carrier systems are widely used as an injectable depot for the sustained release of

therapeutic agents/biomolecules into the RA joints.

Yin et al., 2020b reported an injectable hydrogel depot system (D/siRNA-NGel) where
the combination of the non-steroidal anti-inflammatory drug indomethacin (IND) and the slow-
acting anti-rheumatic drug MTX successfully installed and studies for the treatment of
inflammatory arthritis, i.e., RA. Intra-articular (IA) administration of D/siIRNA-NGel hydrogel

37



can effectively reduce the expression of inflammatory cytokines and delay the progression of

bone erosion, significantly inhibiting the inflammatory response (Yin et al., 2020b).

In another study, Yeo et al., 2019 developed an innovative nitric oxide-scavenging
nanogel (NO-Scv gel) as a therapeutic material for treating RA. The results demonstrated that the
nanosized NO-Scv gel effectively removed NO in vitro by decomposing NO-cleavable cross-
linker (NOCCL) and exerting anti-inflammatory effects against activated macrophages.
Furthermore, the NO-Scv gel effectively alleviated bone resorption and cartilage destruction
compared to the commercial drug dexamethasone. The study indicated that the local application
of NO-Scv gel has the potential as a therapeutic material for various inflammatory diseases like

RA (Yeo et al., 2019).

In a recent study, Ma et al., 2022 synthesized different self-assembled supramolecular
polypeptide hydrogels to deliver MTX intra-articularly (IA) into the inflamed joints and
minimize systemic side effects. The MTX was initially conjugated with a supramolecular self-
assembling hydrogel composed of D-amino acids with the sequence GDFDFDY. Comparing the
results obtained from MTX-GDFDFDY and MTX-GFFY hydrogels, it was inferred that MTX-
GDFDFDY hydrogels were more stable with prolonged drug-releasing behavior. More
importantly, MTX-GDFDFDY hydrogels were non-toxic to the normal cells and effectively
inhibited the invasion of RA-FLS and inflammatory M1 macrophage polarization. In addition,
MTX-GDFDFDY hydrogels significantly suppressed the RA-related symptoms (joint
destruction, swelling, and fever) and might hold great potential for applications in RA therapy.

(Ma et al., 2022).

Ren et al.,, 2021 demonstrated that acupoint nanocomposite hydrogel composed of
triptolide (TP)-Human serum album nanoparticles (TP@HSA NPs) and 2-chloro-N (6)-
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cyclopentyl adenosine (CCPA) could effectively treat RA. The results showed that treatment
with TP@HSA NPs nanocomposite hydrogel markedly improved the analgesic effects at the
acupoint compared with non-acupoint. In vivo, RA studies suggested that acupoint and
nanocomposite hydrogel combination synergistically exerted its influence, significantly
suppressing inflammation and bone erosion and reducing systemic toxicity. Furthermore, the
Th17/Treg balance was restored by regulating the inflammatory factors. This novel therapeutic
approach with acupoint nanocomposite hydrogel bridges acupuncture and chemotherapy and
opens an avenue for exploring multimodal systems combining traditional and modern medicine

(Ren et al., 2021).

Currently, two hydrogel formulations, namely polyvinyl alcohol (PVA) hydrogel
(NCT04693104) and hydroxyethyl cellulose hydrogel (PROMGEL-OA, NCT04061733), are
undergoing clinical trials for the treatment of knee OA patients. An adjunctive
adrenocorticotropic hormone (ACTH) gel (NCT02030028) is now undergoing clinical trials for

RA treatment.

1.14. 1A route is an alternative approach to reducing the multiple-dose regimens and

maximizing drug concentration in the RA joint

IA drug administration has numerous benefits over systemic drug administration,
including minimal adverse effects, lower costs, reduced systemic exposure, and greater local
concentration (bioavailability). The delivery of therapeutic molecules through the 1A approach is
a well-established clinical procedure for treating inflammatory arthritis, including RA and
osteoarthritis (OA). However, certain drawbacks of the drug, such as rapid clearance from the
joint due to lymphatic drainage and/or the short half-life, limit its therapeutic effectiveness
(Diaz-Rodriguez et al., 2021). As a result, boosting the therapeutic efficacy of medications while
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limiting side effects is a difficult task in RA treatment. Co-administration of two or more pills, as

combination drug therapy, has become more prevalent in recent years to harness the RA severity

owing to the uncertainty of RA's pathophysiology and the difficulty in treating the same.
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Figure 11. Schematic representation of the IA administration of an in situ gelling drug

formulation into RA joint and changes after treatment (healthy cartilage).

Several studies have reported the synergistic effect of combining multiple drugs through

the IA route, enhancing the anti-inflammatory activity and therapeutic effectiveness (Reum Son

et al., 2015). Recently, 1A administration of hydrogels incorporated with the drug has drawn

substantial attention in RA therapy. The viscous nature of the matrix allows retention of the drug

at the joint site, releasing the incorporated drug sustainedly into the surrounding tissues, thereby
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providing much-needed prolonged pharmacological effects. The high water content in the
hydrogel lubricates and soothes the inflamed tissues, mimicking the soft tissues within the
synovium (Ren et al.,, 2017). In situ forming hydrogels are particularly relevant for IA
administration of gels by altering their composition to form a gel in situ depending on the
physiological conditions like a change in pH, temperature, or ionic composition (Koland et al.,

2022).

1.15. Animal models of RA

The application of RA animal models has significantly improved our understanding of
the mechanisms/mediators involved in developing inflammation, cartilage loss, and bone
resorption, thus considerably improving therapeutic intervention for this disease. RA animal
models are widely utilized in studies on the pathogenesis of inflammatory arthritis and in the
pharmaceutical sector to screen new anti-arthritic drugs. The capacity to predict an agent’s
therapeutic effectiveness in humans, the model’s ease of performance, the data’s reproducibility,
the appropriate duration of the study period, and a model’s relevance to the pathology and
pathogenesis of the human disease are all crucial factors in the selection of a model (A.M.

Bendele, 2001).

1.15.1. Adjuvant-induced arthritis (AlA)

AlA is a gold-standard experimental model of polyarthritis that has been extensively
utilized for preclinical testing of various anti-arthritic medicines that are either under preclinical
or clinical development and are currently employed as treatments for this disease. The features of
this model are reliable development and progression of a polyarticular inflammation that is

robust, easily measurable, and characterized by significant bone resorption and cartilage
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destruction. The pathophysiology and causes of adjuvant arthritis developed after the injection of
atherogenic substances, i.e., Freund's Adjuvant, Complete cell suspension (FCA) supplemented
with heat-killed Mycobacterium tuberculosis at the base of the tail or in one of the foot pads of

the healthy animals, i.e., rats and mice (Choudhary et al., 2018).

1.15.2. Collagen-induced arthritis (CIA)

CIA is researched more extensively as an RA preclinical animal model as it shares
several immunological and pathological characteristics with human RA. A joint antigen
(collagen type 1) is the target of an immunological response in CIA. The CIA model's two key
traits are the breach of tolerance and the production of autoantibodies against collagen and self.
This model is T helper cell-mediated, in which both T helper (Thl) and (Th17) responses are
induced in CIA, but Thl7 cells appear to play the dominant pathological role. This model is T
helper cell-mediated, in which both T helper (Th1) and (Th17) responses are induced in CIA, but
Th17 cells appear to play the dominant pathological role. The first CIA animal model was
established in rats by immunization with type Il collagen. The CIA model was later reproduced

in mice and monkeys (Choudhary et al., 2018).

1.15.3. Antigen-induced arthritis

In the antigen-induced arthritis model, the animal is immunized using subcutaneous or
intradermal injections of the multiple antigens, which is often a cationic material like
methylation bovine serum albumin (m-BSA), which will attach to negatively charged cartilage
and remain in the joint. An injection of the antigen causes acute inflammation in one or both
joints, rapidly progressing to joint destruction. The pathophysiology involves an arthus response

on the articular cartilage, as antibodies to the positively charged antigen that are injected form
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complexes that activate complement locally and cause cartilage degradation. The effectiveness of
biological treatments and the function of specific cytokines in the different phases of disease
pathogenesis have been extensively studied using mouse models of antigen arthritis (Choudhary

et al., 2018).

1.15.4. Pristane-induced arthritis (P1A)

PIA is a novel RA experimental murine disease model induced by administering well-
defined synthetic adjuvant oil, pristane. Severe and chronic arthritis developed within two weeks
after a single intradermal injection of 150 pl of pristane in rats. The inflammation mainly
contributed to joint-specific pannus development, MHC class Il expression, and T lymphocyte

infiltration (Choudhary et al., 2018).

1.15.5. Genetic animal models of RA

In contrast to the induced-arthritis models (AIA, CIA, PIA), the development of arthritis
occurs spontaneously in some genetically modified animals, especially in mice. Most of these
mouse models are transgenic or knockout for a particular gene of interest. These models provide
information regarding the role of various genes in the inflammation process and serve as a
research tool to study the effect of multiple therapeutics for RA drug development. K/BxN mice,
SKG mice, and human tumor necrosis factor gene (HTNFG) mice are commonly used transgenic

RA mouse models (Choudhary et al., 2018).
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1.16. Specific objectives of this study

The main focus of this thesis was to develop a drug-loaded smart injectable hydrogel as a
drug delivery system for the treatment of RA, which can deliver therapeutic agents in tandem to
allow for enhanced targeting and improve treatment therapy. My first step was to prepare an
optimal PEITC-loaded hydrogel as a smart injectable and assess its efficacy in Freund's complete
adjuvant (FCA)-induced arthritis conditions. This is a comprehensive study where different
parameters related to the formulation, release kinetics (in vitro and in vivo), toxicity (drug and
polymer) in major organs, and the efficacy of the hydrogel in a RA condition are being assessed
to deliver a safe and reliable thermosensitive injectable formulation loaded with PEITC.

Since RA is a multifactorial autoimmune condition; next, | attempted to treat RA
holistically and synergistically by co-delivering MTX, a standard slow-acting anti-rheumatic
drug, and PEITC using a SA-PF-127 in situ hydrogel formulation. This was an improvisation of
the result obtained from the first step of the study. Despite exhibiting good anti-arthritic activity,
the drawbacks of MTX and PEITC, such as poor solubility, low bioavailability, and several side
effects, are undesirable properties that limit their usage. Co-delivering MTX and PEITC in their
nano-particulate form can enhance stability and solubility and further facilitate greater

penetration in the target arthritic tissues.

The specific research objectives for the present study include
1) To formulate and characterize a thermosensitive injectable hydrogel loaded with a
natural isothiocyanate, i.e., PEITC.
2) To assess the biodegradability and biocompatibility of PEITC-loaded thermosensitive

injectable hydrogels in vitro and in vivo.
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3) To determine the therapeutic efficacy of PEITC-loaded thermosensitive injectable
hydrogel system in animal models of arthritis.

4) To construct dual-drug nanoparticles loaded smart hydrogel (MTX and PEITC) as a
safe and biocompatible co-delivery system to enhance its synergistic activity in RA

conditions.
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Chapter 2

Fabrication, characterization, and
assessment of the biosafety and
therapeutic efficacy of PEITC-loaded
thermosensitive in situ injectable hydrogel
system in healthy and RA conditions
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RA is an autoimmune condition that accompanies chronic inflammation of joints with
limited therapeutic options. Among natural ITCs, PEITC is commonly used for treating various
diseases, including cancer and RA. This bioactive phytochemical exerts its chemopreventive,
antioxidant, and anti-inflammatory activity via the Nrf-2 pathway. However, limited water
solubility, short half-life, and instability are reasons for the low bioavailability of PEITC that
hampers clinical application. Considering the above pharmaceutical drawbacks, my first step was
to prepare an optimal PEITC-loaded hydrogel as a smart injectable and assess its efficacy in
Freund's complete adjuvant (FCA)-induced arthritis conditions. This is a comprehensive study
where different parameters related to the formulation, release kinetics (in vitro and in vivo),
toxicity (drug and polymer) in major organs, and the efficacy of the hydrogel in a RA condition
are being assessed to deliver a safe and reliable thermosensitive injectable formulation loaded

with PEITC.

2.1. Fabrication of PEITC-loaded CS/PF-127 hydrogel and assessment of various
physicochemical parameters
2.1.1. Preparation and physicochemical characterization of PEITC-loaded hydrogel

The CS/PF-127 hydrogel or Blank hydrogel (BH) are expected to remain in solution at
room temperature and gelate at physiological conditions (37 °C and pH 7.4) for proper depot
formation in vivo. The gelation behavior and nature of the CS/PF-127 hydrogels mainly depend
on temperature and PF-127 concentrations and can be suitably altered to cater to different
clinical requirements (Chang et al., 2002; Chung et al., 2020). Therefore, other CS/PF-127
hydrogels with varying concentrations of PF-127 (10-40 %) were initially prepared by a physical

mixing cold method (described in the M&M section, Chapter 5), as illustrated in Scheme 1.

47



-------------------------------------------------------------------------------------

2 \

4 \
! 1% wilv chitosan | ¢t ‘
i 1
: (1) i
- \_/-] 1
i ]
: i
i i . Add 10-40% i
1 Glacial !
: acellc pH adjustment plurosic 27 :
] & \ H
1 acid i
i ]
i 1
' 1
: 3 !
: O |
| :

z ‘ . |
i ’ Chlto_s an ‘ pH adjusted | Chitosan- PEITC- loaded |
I golution chitosan solution | pluronic F127 | Hydrogel at4°C | !
\ solution at 4°C ‘ !

\\\ "I
¥ ’

------------------------------------------------------------------------------------

Scheme 1: Schematic overview of the preparation of BH and PEITC-loaded hydrogel.

Sol-gel transition studies were performed at 25 °C and 37 °C to determine the time for gel
formation at different temperatures by tube tilting. As shown in Figure 12A, gel formation was
only observable at more than 18 % w/v of PF-127 mixed with CS. A substantial difference in
gelation time of 396 + 15 s (at 25 °C) and 61 + 4 s (at 37 °C) was observed when 20 % w/v PF-
127 was added. The time differences were relatively small in other mixtures. For ease of
application, minimal gelation at 25 °C and a more extended sol-to-gel transition period are
preferred. This enables proper solution dispensing into the syringe that can be smoothly injected
into the body (Figure 12A). Therefore, a 1:20 ratio of CS: PF-127 was selected for the
preparation of three PEITC hydrogels loaded with 20 mg (PH20), 40 mg (PH40), and 60 mg

(PH60) PEITC.
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Figure 12. Preparation and characterization of the PEITC-loaded hydrogel (A). Gelation
time at 25 °C and 37 °C of hydrogels of varying concentrations PF-127. NG: No gelation. (B).
The encapsulation efficiency (EE) (%) of PEITC-loaded hydrogels (PH20, PH40, PH60). The
values are expressed in mean = SD (n = 3). (C). The pH of the final hydrogels. Results are
presented as mean = SD (n =3). (D). The gelation time of the different concentrations of PEITC-
loaded hydrogels (PH20, PH40, PH60) was at 25 °C and 37 °C. (E). Representative image of the
sol-gel phase transition characteristics of BH and PEITC-loaded hydrogels (PH20, PH40, PH60).
Phase changes with a temperature increase. (F). The injectability of the different hydrogels was

studied under physiological conditions (37 °C and pH- 7.4).

The mixing of PEITC (a water-immiscible oily molecule) in the CS/PF-127 solution
(clear aqueous phase) resulted in a white opaque hydrogel emulsion. The white color and gel
consistency intensity increased with PEITC with a % drug entrapment for the PH20, PH40, and
PH60 formulations to be 66 + 4.56, 64 + 3.22, and 69 * 2.82, respectively (Figure 12B). No
noticeable variation in pH value was observed before and after drug incorporation into the BH.
The final pH of all the PEITC-loaded hydrogel formulations (PH20, PH40, and PH60) was 6.40-

6.53 (Figure 12C).

The increased loading of PEITC into the BH did affect the gelation time. From the
gelation studies for sol-gel transition time, an increase in the PEITC amounts in BH solution
gradually decreased the gelation time (at 37 °C), i.e., 59.3 s, 49.6 s, and 28.0 s for 20 mg/mL, 40
mg/mL and 60 mg/mL of PEITC respectively (Figure 12D). A relatively quick gel was formed
in the case of PH60 gel (56 s at 25 °C and 28 s at 37 °C) compared to the time taken by PH20 and

PH40 gels.
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The different hydrogel formulations (BH, PH20, PH40, and PH60) remained
homogenous and stable at room temperature and formed a gel-like structure at physiological
temperature (37 °C) (Figure 12E). Its performance as an injectable was verified by injecting the
hydrogel solution into phosphate buffer saline (PBS) (at 37 °C). At this stage, the solution flows
freely into the syringe and can be injected smoothly, forming a continuous thread-like soft gel

without any phase separation or aggregates (Figure 12F).
2.1.2. Characterization of PEITC-loaded hydrogel using FTIR and FESEM

Fourier transform infrared spectroscopy (FTIR) was used to confirm the possible
interactions between PEITC and the polymeric matrix (PF-127 and CS) by comparing peak shifts
in the wavenumber (cm™) (Lieber et al., 1959). The infrared spectra of Free PEITC at conc. 60
mg/mL (PEITC60), BH, and PH60 samples are shown in Figure 13A. The FTIR spectra of the
PH60 sample were compared with the peaks of PEITC60 and BH to confirm PEITC
incorporation and for any chemical modifications. The following similar functional characteristic
peaks of the polymer were observed in BH and PH60 gel, respectively: (i) The —OH group
stretching vibration was observed at 3416 cm™* (BH) and 3395 cm™* (PH60). (ii) The —CH group
was stretching vibration at 2885 cm™* (BH) and 2883 cm™* (PH60). In the case of PEITC, the
functional peaks of (-N=C=S) characteristic for isothiocyanates (ITCs) were previously reported
either at 2140 cm™* or between 2060 cm™* and 2105 cm* (Lieber et al., 1959; Mohanty et al.,
2020). From the samples of PEITC60 and PH60, functional characteristic peaks were observed at
2188 cm’; 2115 cm™ and 2182 cm™'; 2110 cm™ respectively. These results confirm the
incorporation of PEITC into the hydrogel and further validate the non-covalent interaction of
PEITC with the hydrogel components. At the same time, it remains encapsulated in the polymer

matrix.
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Figure 13. Characterization of the PEITC-loaded hydrogel using FTIR and FESEM. (A).

FTIR spectra of BH, PH60, and PEITC60. (B). FESEM images of (i). BH and (ii). PH60 at

200x%, 500%, and 1000x magnification. FTIR: Fourier transform infrared spectroscopy, FESEM:
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Field emission scanning electron microscope.

The present FTIR study aimed to determine whether any drug-excipient interaction could result
in a chemical change in the PEITC when combined with the hydrogel. Meanwhile, no peak shift

was seen from the PH60 and BH excipients; PEITC has not undergone any chemical alteration.

A field emission scanning electron microscopy (FESEM) study was performed to further
analyze the structural and morphological features of lyophilized BH and PH60 before and after
PEITC incorporation (Leyva-Gomez et al., 2017). The FESEM images showed several porous
structures in BH and PH60 samples at higher magnifications due to the hydrophobic interaction
between CS molecules and PF-127 (Chung et al., 2020; Park et al., 2009). A smooth surface with
well-defined edges was observed in the BH images (see Figure 13B, (i)). In the case of PH60,
the PEITC incorporation into the hydrogel resulted in an irregular surface with a three-
dimensional (3D) porous network structure (Figure 13B, (ii)). The porous structure provides
higher drug-loading and sustained release properties to the PEITC-loaded hydrogel (Turabee et

al., 2019; Wang et al., 2016).

2.1.3. Swelling and degradation profile of PEITC-loaded hydrogel in vitro

The swelling property of the hydrogel is a critical factor for drug release, as it
dramatically affects the release of the drug from the hydrogel matrix (Carbinatto et al., 2014).
The accessibility of the hydrogel to water molecules and its stability as a gel is mainly dependent
on polymer crosslinking efficiency and gelation at a given pH and temperature. The swelling
behavior of the hydrogels (BH, PH20, PH40, and PH60) was studied at pH 7.4 and pH 5.4 at

37 °C. At pH 7.4, all hydrogels remained swollen until 5 h, as shown in Figure 14A, (ii).
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Figure 14. The swelling and degradation properties of PEITC-loaded hydrogel in vitro. (A).
The swelling behavior of hydrogels was studied in two different pH conditions (i). pH 5.4 and
(i)). pH 7.4 at 37 °C. (B). The degradation rate of the hydrogels at 37°C was studied by
calculating the % amount of remaining hydrogels at different time points until 14 days. The bar

graph shows the weight of the non-degraded fraction of the gel on the final day (14" day) for
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other hydrogels. All the data are presented as mean = SD (n = 3).

In pH 5.4 conditions, the hydrogels could endure their swollen state only until 30 min,
followed by complete dissolution into the medium after 150 min (Figure 14A, (i)). Here, the
dissolution at pH 5.4 may be due to the protonation of its amine groups in CS polymer, resulting
in a strong electrostatic repulsion among the ionized amine groups affecting the crosslinks
(Szymanska & Winnicka, 2015). In addition, the increased hydrophilicity of PF-127 in an acidic
environment might have resulted in the faster dissolution of the gel structure (Chatterjee et al.,
2019; Klouda and Mikos, 2008). This study validates the hydrogel matrix CS: PF-127 (1:20) as a
promising drug carrier system for the encapsulation of PEITC that can be delivered in different

in vivo pH conditions.

Following a gradual release of the drug, slow degradation of the hydrogel matrix is
desirable for its different biomedical applications (especially in the case of injectable hydrogels)
to negate the need for any additional surgical intervention to remove the matrix (Pankongadisak
and Suwantong, 2019; Ren et al., 2017). From an in vitro degradation study under physiological
conditions for 14 days (pH 7.4 and 37 °C), the % remaining mass of PH20, PH40, and PH60
was determined to be 36.07 %, 42.18 %, and 40.50 %, respectively, while the BH showed higher

degradation (remaining of 26.81 %) (Figure 14B).

2.1.4. In vitro release profile of PEITC-loaded hydrogel

The different parameters that play a critical role in the release kinetics of the drug include
the physicochemical property of the loaded drug, its amount, and the pH of the in vivo

microenvironment (where the hydrogel will be placed). These parameters significantly affect the
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crosslinks in the matrix, affecting its release. Therefore, drug-loaded hydrogel intended for

different microenvironments requires utmost care and optimization.
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Figure 15. The drug release properties of PEITC-loaded hydrogel in vitro. % PEITC release
from the hydrogel vs. time (h) at pH 7.4 and 5.4 at 37 °C with different PEITC concentrations (i).
20 mg/mL (PH20) (ii). 40 mg/mL (PH40) and (iii). 60 mg/mL (PH60) was measured at 365 nm.

Blue color: pH = 7.4, and red: pH = 5.4. All the data were presented as mean £+ SD (n = 3).

Prior to the in vivo assessment in animals, the effect of pH on the release of PEITC from
the differently loaded hydrogels (PH20, PH40, and PH60) was studied in pH 7.4 (neutral) and
pH 5.4 (acidic) conditions at 37 °C in vitro (Turabee et al., 2019). The PEITC concentration in
the respective samples (at different time points) was determined by BDT assay (M&M section
chapter 5). Overall, a sustained release of PEITC from all hydrogel preparations in both pH
conditions (Figure 15, (i-iii)). However, in pH 7.4 conditions, a pH-responsive release profile
was observed where the % cumulative PEITC release from the hydrogel was higher than PEITC
release in pH 5.4. At 48 h (in pH 7.4), the % cumulative release of PEITC from its hydrogel
(PH20, PH40, PH60) was found to be 57.13 %, 52.80 %, and 52.71 %, respectively, while the
samples from pH 5.4 showed lower PEITC releases (38.71 %, 42.53 %, and 45.22 %
respectively). The lower release rate of PEITC at pH 5.4 from the hydrogels suggests that most
of the PEITC molecules were inside the hydrophobic core of micelles, and the PEITC molecules

on the outer layers were released initially (Turabee et al., 2019).

A higher release profile of PEITC from equally loaded hydrogels at pH 7.4 was observed,
possibly due to the porous structure in the hydrogels, as evidenced by the FESEM study. At
physiological pH conditions (pH 7.4), both polymers PF-127 and CS were previously reported to
remain less soluble, retaining the 3D structure of the hydrogel with high porosity (Turabee et al.,
2019). This way, PEITC (with low molecular weight = 163.24 g/mol) has a higher chance of

diffusing out more rapidly from hydrophobic core micelle at a neutral pH than in an acidic
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environment. Taking the results together, it is clear that incorporating PEITC into the hydrogel
matrix facilitated the formation of a well-interconnected 3D structure of the latter, thereby

increasing its mechanical stability.

2.1.5. In vitro hemolytic activity of PEITC-loaded hydrogel
The hemolytic activity of the drug-loaded hydrogel was performed in vitro to establish its
biosafety and effectiveness as the released components from the injected site enter the systemic

circulation from the injected site and first come in contact with the blood.
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Figure 16. Hemolytic activity of PEITC-loaded hydrogel. The hemolysis assay determined the
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hemolytic activity of the hydrogels and PEITC. (A). Representative image of erythrocytes treated
with BH, different PEITC-loaded hydrogels (PH20, PH40, PH60) and compared with the
positive control (erythrocyte incubated with 1 % Triton X-100, 100 % lysis) and negative control
(erythrocyte incubated with PBS, 0 % lysis). (B). Bar graphs represent the hemolysis rate (%).

The data are expressed as mean = SD (n = 3). PC - Positive control, NC - Negative control.

The hemolysis assay results in Figure 16A-B show that the BH had 0.60 % hemolytic
activity. In the case of PEITC-loaded hydrogels, the maximal hemolysis (%) was 2.15 % (for
PH60), followed by 1.49 % and 0.87 % for PH40 and PH20, respectively. Although the %
hemolysis increased with an increase in drug concentration, it was much lower than 5 %,
confirming hydrogel's non-hemotoxic and biocompatible nature (Shi et al., 2016). Overall, the in
vitro studies concluded that PEITC-loaded hydrogel up to 60 mg/mL is non-hemolytic and can

be safely injected into animals for further in vivo studies.

2.2. In vivo evaluation of PEITC-loaded hydrogel formulations

An ideal gel system must be biocompatible and synergize the tissue regeneration process.
Further, the polymer materials must biodegrade gradually within the system without adversely
affecting any major organs or their functioning. Upon optimizing and evaluating the required
PEITC-loaded formulation for in vitro conditions, the biocompatibility and biosafety of the
loaded drug and hydrogel carrier were assessed in whole animals (rats). Here, in vivo, parameters
for biocompatibility and distribution, such as skin compatibility, hemocompatibility, the
pharmacokinetics of the drug from hydrogel, its distribution, and accumulation in major organs,

were studied to establish the safety of the optimal dose in vivo.
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2.2.1. In vivo gel formation and skin compatibility studies

The in vivo gel formation and degradation of BH and PEITC-loaded hydrogels (PH20,

PH40, PH60) were evaluated following a single subcutaneous (SC) injection of hydrogel
solution into the SD rats. The hydrogel formed an easily noticeable globular protuberance (Xu et

al., 2019). After thirty minutes, the skin around the protuberance was excised to see the fully-

formed hydrogels, indicating successful in situ gelation (Figure 17A-B, row 1).
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Figure 17. In vivo biodegradation and biocompatibility of PEITC-loaded hydrogel. (A). In-
situ gel formation and in vivo gel maintenance of the BH and PEITC-loaded hydrogels (PH20,
PH40, PH60) were performed following SC injection in the back of rats. Images around the
implants (marked as a black-dotted circle) were taken at 30 min (0 days) to indicate the
formation of the hydrogels. (B). In vivo, degradation was recorded from the images of the
excised skin around the implanted site at 0 days and 14 days after the injection. Histological
images of the SC tissues (H&E stained) surrounding the hydrogels. Scale bar = 200 pm (4x) and
100 um (10x). Black arrow — focal areas of angiotelectasis/ dilation of blood vessels, blue arrow

— inflammatory cells with necrotic tissue. H&E: Hematoxylin and eosin.

Over time, all in situ hydrogels degraded gradually and disappeared completely within 14 days
(Figure 17B, row 4). In contrast to the degradation in vitro, the hydrogels displayed a faster

degradation rate in vivo (Xu et al., 2019).

Histological studies on the skin tissues excised around the hydrogel injected site (in the
SC layer) were H&E stained and examined under a microscope to confirm the in vivo
biocompatibility of the PEITC-loaded hydrogels (Xu et al., 2019). The PEITC20 group showed
enhanced inflammatory cells and angiotelectasis, indicating progressive acute inflammation
through 0 and 14 days post-injection (Figure 17B). However, on day 14, with the complete
degradation of the hydrogels, surrounding tissue was similar to normal tissue in the hydrogels
(BH, PH20 & PH40) treated groups. Toxic symptoms were observed in the PH60 injected skin
sections on day 14; skin samples injected with the highest PEITC concentration showed

persistent inflammation with inflammatory cells and angiotelectasis.
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2.2.2 In vivo pharmacokinetics and tissue biodistribution studies of PEITC-loaded hydrogel

The pharmacokinetic study using high-performance liquid chromatography (HPLC) was
performed following a single SC injection of PH20 in healthy rats and compared with Free
PEITC (PEITC20) injected animals as control groups (SC and oral). As mentioned earlier,
PEITC is poorly soluble, highly unstable, and is metabolized and eliminated rapidly with a
shorter plasma half-life, thereby limiting its therapeutic activity in vivo. The pharmacokinetic
profile of PEITC, when administered in free form and as a drug-loaded hydrogel, was evaluated
and compared based on different parameters (mainly Tmax, AUC, and plasma half-life) to study
its accumulation, release, and elimination. The plasma concentration profile of the PEITC20

(oral), PEITC20 (SC), and PH20 are shown in Figure 18A.

Following 12 h of PEITC administration by oral or SC route, only a negligible amount of
PEITC was detected in the blood plasma. However, a reasonably well-detectable amount (1.40 +
0.23 pg/mL) of PEITC released from the hydrogel (PH20) was present in blood plasma
simultaneously. Trace amounts (0.085 £ 0.092 pg/mL) of PEITC from PH20 were detectable till
48 h. The results from different pharmacokinetic parameters showed that the AUC,-; of PH20
was 8.5- and 3.0-fold higher than the PEITC20 (SC) and PEITC20 (oral), respectively. The
plasma half-life (t;,) of PEITC from PH20 was determined to be 4.45 and 2.07-fold higher than
PEITC20 (SC) and PEITC20 (oral), respectively. The PH20 had 5.3 and 3.43-fold higher mean
residence time than the PEITC20 (SC) and the PEITC20 (oral), confirming the presence of
PEITC released from the hydrogel in the systemic circulation for an extended period. These
results ensured that the half-life of PEITC in the plasma can be well-prolonged when
incorporated into the CS/PF-127 hydrogel as a carrier system. The sustained release pattern of
PEITC from the hydrogel showed a similar release profile as obtained from the in vitro studies.
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The other pharmacokinetic parameters related to PEITC20 (oral), PEITC20 (SC), and PH20 are

shown in Table 2.
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Figure 18. In vivo pharmacokinetics and tissue biodistribution of PEITC-loaded
hydrogel. The rats were injected with either the hydrogel or in the free form via the SC route
and sacrificed at various times. PEITC accumulation in major organs (heart, liver, spleen, lung,

and kidney) of the rats after 2 h and 8 h were analyzed by HPLC. (A). Plasma concentration
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vs. time profiles of PEITC following single SC administration of PEITC20 (oral), PEITC20

(SC), and PH20 in healthy rats analyzed by HPLC. Blue color - Plasma concentration vs. time

profile of PH20, Green color - Plasma concentration vs. time profile of PEITC20 (oral), Red

color - Plasma concentration vs. time profile of PEITC20 (SC). (B). In vivo biodistribution of

free PEITC (PEITC20, PEITC60) and PEITC-loaded hydrogels (PH20, PH60) in healthy rats.

Each data point is plotted as mean + SD of duplicate measurements. HPLC: High-performance

liquid chromatography.

Table 2. Pharmacokinetic parameters of Free PEITC (oral and SC) and PEITC-loaded
hydrogel in rats’ blood after SC administration of PEITC20 (oral), PEITC20 (SC), and

PH20. Each data point is plotted as mean + SD of duplicate measurements.

Pharmacokinetics

Treated Samples

Parameters PEITC20,Oral PEITC20,SC PH20
Crrax (Mg/mL) 2.89+0.38 1.53+0.11 2.60 £0.17
Tmax (D) 2.00 £0.00 1.00 £ 0.00 8.00 £ 0.00
Co (ng/mL) 1.46 +0.12 1.06 + 0.09 0.78 £0.14
AUC ¢ (ng/mL*h) 12.93 +2.87 4.64 £0.35 39.51 £ 4.62
AUMC (pg/mL* h?) 61.94 +29.28 14.06 + 2.74 645.52 + 175.94
Mean residence time ( h) 458+1.14 2.98 £0.33 15.71£1.95
Half-life,ty, (h) 3.63+1.20 1.69+£0.70 7.52 +4.06
Ke (1/h) 0.205 + 0.064 0.45+0.18 0.109 £ 0.058
Clearance (mg)/(ug/mL)/h 1.57 £0.37 4.28 +0.37 0.49 +0.078

An in vivo biodistribution study was performed in healthy rats to evaluate the retention of

the hydrogel formulations in different organs. Following a single SC administration of the
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different formulations, the animals were sacrificed at different time points (2 h and 8 h) to
determine the PEITC accumulation in the major organs (kidney, liver, spleen, lung, and heart)
(Jin et al., 2020). The results show that Free PEITC (PEITC20 and PEITC60, SC) was rapidly
distributed and retained more PEITC in the highly vascularized tissues (kidney and liver) as
compared to PEITC-loaded hydrogels (PH20 and PH60) (Figure 18B). This shows that the
organ's blood flow (and perfusion rate) critically affects the distribution of PEITC (Kim et al.,
2015). A minor quantity of PEITC accumulated in other organs (especially for PH60) indicates

that dose optimization is required to avoid untoward effects.

2.2.3. In vivo toxicity and safety evaluation of PEITC-loaded hydrogel in healthy rats.

There is a broad consensus that in vivo toxicity evaluation is vital from the safety
perspective of systemic drug delivery systems (Song et al., 2018). Therefore, an in vivo safety
study of PEITC-loaded hydrogel (PH60) was performed for 14 days to assess whether
accumulated PEITC leads to systemic toxicity and/or toxicity to any major organs. Observing
changes in body weight is a crucial parameter for understanding the toxicity of any biomaterials
(Zhang et al., 2018). Throughout the study period (14 days), as shown in (Figure 19A), no
significant change was seen in the weight of animals in both of the groups (healthy standard
control and treated). Animals in both groups showed increased body weight on day 7 and day 14

compared to day 1 with no signs of abnormal behavior.

The hematopoietic system is the standard and sensitive target for toxic biomaterials and
an essential indicator of the body's overall physiological and pathological status (Sundaram et al.,

2021).
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Figure 19. In vivo toxicity and safety evaluation in healthy rats. Biosafety evaluation of
PEITC-loaded hydrogel (PH60) was performed in the healthy rat following a single SC injection,
and the blood samples were collected on days 1, 7, and 14 (D1, D7 & D14). (A). Changes in
body weight (in g) on days 1, 7, and 14. (B). Standard hematological parameters assessed in
whole blood samples include White blood cells (WBC), Red blood cells (RBC), Hematocrit
(HCT), Mean corpuscular volume (MCV), Hemoglobin (HGB), Platelets (PLT), Mean
corpuscular hemoglobin (MCH) and Mean corpuscular hemoglobin concentration (MCHC). The

data are represented as the mean = SD (n = 3).

Following SC injection, the different components of the hydrogel can directly/indirectly
alter the hematology factors (such as white blood cells), thereby affecting the immune system
(Chen et al., 2013). Hence, observing the effect of the hydrogel on the different hematological
parameters provides valuable information on the hemocompatibility properties of the hydrogel
and its initial acceptance when present in the bloodstream. From assessing the hematological
parameters following a hydrogel administration, two important indicators, the WBC and RBC,
showed no profound changes on day 1, day 7, and day 14 (Figure 19B). Other parameters, HCT,
MCV, HGB, PLT, MCH, and MCHC, were in the normal range compared to the standard control

group (He et al., 2017; Xu et al., 2018).

Alongside PEITC release, the degraded hydrogel components that enter the bloodstream
can accumulate in the major internal organs (e.g., the heart, liver, spleen, and kidney) (Chen et
al., 2013). Therefore, assessing whether this leads to organ toxicity is equally essential. For this
purpose, different safety biomarkers for liver and kidney function were evaluated from the serum

samples on 1, 7, and 14 days of hydrogel administration (Ko et al., 2019; Xu et al., 2018).
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Figure 20. In vivo toxicity and safety evaluation in healthy rats. Biosafety evaluation of
PEITC-loaded hydrogel (PH60) was performed in the healthy rat following a single SC
injection, and the blood samples were collected on days 1, 7, and 14 (D1, D7 & D14 (A). The
serum samples were studied for different biochemical parameters. Alanine transaminase
(ALT), Aspartate transaminase (AST), Albumin (ALB), Alkaline phosphatase (ALP), Total
protein (TP), Cholesterol (CHO), Creatinine (CRE), and Blood urea nitrogen (BUN). The data
are represented as the mean = SD (n = 3). (B). Histopathological assessment (H & E stained
sections) of primary organs from day 14 animals observed under 100(10x) pm. H & E:

Hematoxylin and eosin.

The serum concentrations of AST, ALT, ALP, TP, ALB, CHO, CRE, and BUN in treated
animals were within their normal ranges as in the healthy regular control group shown in Figure
20A. Macroscopic examination of the major organs showed no gross morphological alternations
after 14 days of administration of the free drug at 60 mg/mL (PEITC60, SC) and BH and PH60

groups, compared to the major organs of the standard control group.

Further, the biosafety of the PEITC-hydrogel treatment group was ensured by
microscopically examining the H&E stained sections of the major internal organs (Figure 20B).
Under different magnifications, No clear areas of atrophy, hyperplasia, necrosis, or inflammation
were observed in all the groups (Bailly et al., 2019; Zheng et al., 2017). The results further
validate that the PEITC-loaded hydrogel formulation at 60 mg/mL concentration had no toxicity

to major body organs.
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2.3. Development of adjuvant-induced advanced arthritis animal model (12-day) in rats

A robust 12-day adjuvant-induced advanced arthritis rat model was successfully
established using FCA immunization given to healthy rats through intradermal injection into the
left hind paw. The redness and swelling were observed after 4 days of FCA immunization. To
assess the progression of the disease, various arthritic parameters, including paw volume,
arthritis index, changes in body weight, and estimation pro-inflammatory and bone erosion

markers (TNF-a, IL-17A, and RANKL) were examined.

Compared to the healthy animals (standard control, without FCA immunization), the
FCA-immunized animals (arthritic control) showed a significant increase in paw volume and
arthritis score. In this period, the mean body weight in the arthritic control was markedly reduced
compared to the standard control. Estimating important pro-inflammatory cytokines (TNF- and
IL-17A) and a bone erosion marker (RANKL) in paw tissues and blood using an ELISA kit
further established the disease's molecular progression. As shown in Figure 21F-G, the paw
tissue and serum concentrations of the RANKL, IL-17A, and TNF-a were significantly up-
regulated in arthritic control rats compared to respective samples in normal control rats. This
study indicates that the FCA-induced rat model represents both pathologic and physiologic
features of active RA. So, in further in vivo RA studies, the 12-day immunization period will be

referred to as “advanced arthritis. ”
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Figure 21. Development of advanced arthritis animal model (12-day model). (A). The
schematic illustration of the establishment of advanced arthritis animal. (B). Representative paw
images of standard control and arthritic control animals at the endpoint (day 12). (C). Changes in
paw volume (D). Arthritis score. According to the standard scoring method, the average arthritis
score was assessed by blind testing (scale of 0-4). (E). Changes in body weight. The pro-
inflammatory cytokine levels TNF-a, IL-17A, and RANKL (bone erosion marker) in the (F).
Paw tissue, (G). Serum cytokine level in the rat (on day 13) was estimated by ELISA. All the
values are expressed in Mean = SD (n=4). A two-tailed paired Student's t-test was used to
compare the differences. The difference with p values: * p < 0.05, ** p < 0.01, *** p < 0.001
was considered statistically significant. ELISA: Enzyme-linked immunoassay, TNF-o: Tumor
Necrosis Factor-alpha, IL-17A: Interleukin 17A, RANKL: Receptor activator of nuclear factor-

kappa-B ligand.

2.4. Cytotoxicity and biocompatibility of PEITC-loaded hydrogel in vitro

The biocompatibility and toxicity of PEITC-loaded hydrogel on the FLS of RA (RA-
FLS) and healthy-FLS (N-FLS) were studied in vitro by assessing the % cell viability using
methyl-thiazolyl diphenyl-tetrazolium bromide (MTT) assay. Initially, the cytotoxicity of
PEITC-loaded hydrogel on N-FLS was studied to ensure that the normal functioning of the FLS
was not perturbed. The N-FLS is essential for maintaining healthy joint function since it
promotes joint lubrication, regulates synovial fluid formation, plays a part in joint repair, and

prevents joint damage (Yu et al., 2022).

As shown in Figure 22B, no toxicity of BH and different concentrations of PEITC-

loaded hydrogel ranging from 5 uM to 100 uM were observed for N-FLS, where 97-85 % of
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cells were viable at all-time points (24 h and 48 h). In the case of RA-FLS, these are the most

prevalent cell type at the pannus-cartilage junction that contributes to joint degeneration by

producing pathogenic mediators, such as cytokines and inflammatory proteases, which causes

RA to develop and persist (Nygaard and Firestein, 2020). In this study, | also investigated how

PEITC-loaded hydrogel affected the viability of RA-FLS cells. These cells demonstrated a mild

inhibitory effect only when exposed to higher concentrations of PEITC-loaded hydrogel (100

H1M), with a percentage of cell viability of 72 % and 69 % at 24 and 48 h, respectively (Figure

22B).
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Figure 22. Cytotoxicity and biocompatibility assay of PEITC-loaded hydrogel in vitro. (A).

Schematic representation of the isolation and culture of FLS from healthy and RA knee joints.
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The red box indicates the current adopted isolation protocol. (B). Cytotoxicity of N-FLS and RA-
FLS cells with various treatments at 24 h and 48 h. The data are represented as mean = SD (n =
6). The values were statistically examined using a one-way ANOVA test. Statistical significance:

*p < 0.05, **p <0.01, ***p <0.001, and ns- non-significant.

Taking together the results from N-FLS and RA-FLS, | validated that the PEITC-loaded
hydrogel had a high level of biosafety for N-FLS cells and a modest inhibitory effect on RA-FLS
at higher concentrations. The above results comply with a study that earlier reported a
methodology for assessing in vitro toxicity of biomaterials concerning the biocompatibility of

hydrogel formulations (Joshi et al., 2018).

2.5. Evaluation of therapeutic efficacy of PEITC-loaded hydrogel in RA condition in the rat
model

Upon establishing the biosafety and biocompatibility of the PEITC-loaded hydrogel in
healthy rats. The PH50 (optimized thermo-sensitive PEITC-loaded hydrogel) as an injectable
was finally studied for its therapeutic activity in RA conditions induced in rats. Different
parameters for assessing inflammation and arthritis were examined to establish the efficacy of

PEITC-loaded hydrogel as a suitable drug delivery system in chronic inflammatory conditions.

2.5.1. Effect of the PEITC-loaded hydrogel on the various arthritis parameters

The therapeutic effect of PH50 was studied in the FCA-induced rat model for RA. After
immunization, the rats were randomly divided into different study groups and sacrificed on day
37 (Figure 23A). Figure 23B (red bar) shows a noticeable paw swelling in model rats from day

14 to 35 after FCA immunization. While during this period, a significant inhibition in the paw
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swelling was observed in the PH50 (blue bar) compared to the model group. The PEITC50 and
BH failed to improve paw swelling in adjuvant-induced model rats. On day 35, the PH50 group
showed a marked reduction in paw volume (1.58 + 0.072) compared to the model group (2.43+
0.077). In contrast, the paw volume for Free PEITC (PEITC50, 1.89 £ 0.048) and BH (1.96 £
0.158) did not differ significantly. The difference in paw volume indicated the efficacy of PH50
in improving the model rats' paw edema and inflammation. In contrast, only a slight decrease in

paw edema and inflammation was observed in other treatment groups.

The arthritis score is a critical parameter for assessing the severity and progression of the
disease. On day 12, following FCA administration, fully developed arthritis was confirmed in the
model group after observing noticeable swelling, tenderness, deformity, and ankylosis in the
arthritis-induced paws sustained until the endpoint (day 35, 4.0 + 0.0). In the PH50, the arthritis
score peaked on day 14 (4.75 + 0.5) and markedly decreased to 1.75 £ 0.5 by day 35 (Figure
23C). Similar to the earlier observation for paw volume, a slight decrease in arthritis scores was

observed in PEITC50 (3.50 £ 0.58) and BH (3.25 + 0.5).

Observation of changes in body weight in disease or drug-treated conditions is a critical
parameter to knowing the pathological state or recovery of the animal condition. As shown in
Figure 23D, a single dose of FCA injection in the rats led to a significant loss of body weight
within the first 12 days that gradually increased over the study period (up to 36 days) with
symptoms of inflammation. At the endpoint (day 36), the FCA-immunized rats treated with
PH50 recorded a body weight of 237.00 + 15.98 g, while the body weight of rats in the model
group was 216.50 * 8.43 g. This marked rise in body weight change and decreased paw volume

compared to model rats is regarded as progress in the recovery.
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Figure 23. In vivo therapeutic effect of the PEITC-loaded hydrogel in FCA-induced rats.
(A). Timeline for the PEITC-loaded hydrogel treatment in RA model rat (FCA-induced) with
different treatment groups. Adjuvant (FCA)-induced arthritis (AIA) model: Healthy normal rat
without FCA immunization (Normal control), FCA-immunized rat with PBS (model), FCA-
immunized rat with PH50, FCA-immunized RA rat with PEITC50, and FCA-immunized RA rat
with BH were studied. (B). Changes in paw volume over time in the different treatment groups.
(C). Arthritis score for RA in rats on day 35 following treatment with different formulations.
According to the standard scoring method, the average arthritis score was assessed by blind
testing (scale of 0-4). (D). Changes in body weight in the FCA-immunized rats after 36 days of
treatment. (E). The index of (i). Spleen and (i1). Thymus on day 37 in different treatment groups
of FCA-immunized rats. The index of the thymus and spleen were expressed as the ratio (mg/g)
of thymus and spleen wet weight versus body weight, respectively. The data are represented as
mean £ SD (n = 4). The values were statistically examined using a one-way ANOVA test.
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ns- non-significant. FCA:

Freund's complete adjuvant.

The weight increase of Free PEITC (PEITC50) (224.00 + 11.83) and BH (225.00 + 15.88)
treatment groups was similar to that of model rats. Overall, the results show that PH50 positively
impacts the recovery of the FCA-immunized rats.

As major immune organs, the thymus and spleen are associated with diverse
immunological functions, where the thymus functions as a central immune organ and the spleen
as a peripheral immune organ (Wang et al., 2021). Alterations in the thymus and spleen indices
are considered overall improper immune system functioning. Therefore, their relative weights

are commonly used as preliminary indicators to evaluate the immune-regulatory activity of tested
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substrates used for treating RA (Rao et al., 2018). As seen in Figure 23E (i-ii), a marked
increase in the weights of the thymus and spleen was observed in the model group rats as a
hyper-immune response to FCA injection. In contrast, the PH50 treatment negated this immune
response. The treatments with PEITC50 and BH decreased the spleen or thymus index compared
to the model group, but not effectively. The results confirm that immune regulation due to the

treatment of PH50 played an essential role in the anti-arthritic activity of PEITC.

2.5.2. Effect of the PEITC-loaded hydrogel on the oxidative stress and antioxidant markers in

RA

Oxidative stress is an essential marker for understanding RA's pathogenesis and
progression. During chronic inflammation in rheumatoid arthritis, oxidative stress as a secondary
messenger in cellular immune response leads to joint dysfunction, further aggravating the
condition. The exposure of free radicals to T-cells induces an abnormal immune response that
can directly affect the joint cartilage or indirectly damage the protein/enzyme function, forming a
complex glycated end product (Abdel Jaleel et al., 2021). Reactive oxygen species (ROS)
activate the osteoclast activity and up-regulate the expression of matrix metalloproteinases, e.g.,
MMP-9 (Phillips et al., 2010). The ROS activity was measured using different biochemical
markers. Malondialdehyde (MDA) and nitric oxide (NO) are markers to evaluate oxidative
damage (Abdel Jaleel et al., 2021). The reduced glutathione (GSH) levels are required to
determine antioxidant activity (Kalinina et al., 2014), while myeloperoxidase (MPO) is a well-
known neutrophil infiltration marker, and its increased levels in RA contribute to oxidative stress

(Stamp et al., 2012).
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Figure 24. Estimation of oxidative stress, antioxidant, and neutrophil infiltration markers
in RA. Effect of PEITC-loaded hydrogel on serum concentration of (A). MDA (B). NO (C).
GSH and (D). MPO. On day 37, the serum of the different treatment groups was collected and
quantified. The data are represented as mean + SD (n = 4). The values were statistically

examined using a one-way ANOVA test. Statistical significance: *p < 0.05, **p < 0.01, ***p <
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0.001 and ns-non significant. MDA: Malondialdehyde, NO: Nitric oxide, GSH: Reduced
glutathione, and MPO: Myeloperoxidase.

The serum samples of FCA-injected rats showed a 4-fold increase in MDA and a 4.5-fold
increase in NO levels compared to the standard control. A treatment with PH50 significantly
reduced the increased levels of both oxidative stress parameters (MDA= 2.45-fold and NO =
2.45-fold) compared to model rats. In the case of PEITC50 and BH treatments, no substantial
change in the serum concentration of MDA (Figure 24A) and NO (Figure 24B) levels was
induced. While a 4.24-fold decrease in serum GSH was observed in model rats concerning the
normal control rats, the PH50 showed a significant increase in the serum GSH to 3.33-fold

(Figure 24C).

In the model group, the serum MPO level increased by 2.9-fold to reach the standard
control, while it noticeably decreased up to 2.0-fold following treatment with the PH50.
Interestingly, the PEITC50 and BH treatment did not significantly change serum MPO levels
(Figure 24D). The results suggested that PEITC-loaded hydrogel (PH50) markedly improved the
serum GSH levels and restored the abnormal changes of serum MDA, NO, and MPO, indicating
prolonged contact of PEITC at sub-toxic concentration was able to balance the oxidative stress

induced by FCA.

2.5.3. Effect of the PEITC-loaded hydrogel on the cytokines profiles in RA

Since the pathogenesis of RA still being unclear, the immediate goal of the current
therapeutic approaches is to, by all means, restore homeostasis in the joint by setting a balance
between inflammation and pain. In my study, the PEITC-loaded hydrogel-based treatment group

significantly improved RA symptoms compared to the model group.
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Figure 25. Quantitative estimation of pro-inflammatory, anti-inflammatory, and bone
erosion markers in RA. Effect of PEITC-loaded hydrogel on serum pro-inflammatory cytokine
levels (A). TNF-a, (B). IL-1B, (C). IL-6 and (D). IL-17A. (E). RANKL (bone erosion marker)
(F). IL-10 (anti-inflammatory cytokine). The serum cytokine level in the rat (on day 37) was
estimated by ELISA. The data are represented as mean £ SD (n = 4). The values were
statistically examined using a one-way ANOVA test. Statistical significance: *p < 0.05, **p <
0.01, ***p < 0.001, and ns- non-significant. TNF-o: Tumor Necrosis Factor-alpha, IL-1p:
Interleukin 1 beta, IL-6: Interleukin 6, IL-17A: Interleukin 17A, RANKL: Receptor activator of

nuclear factor-kappa-B ligand and IL-10: Interleukin-10, ELISA: Enzyme-linked immunoassay.

Also, the pro-inflammatory cytokines and their levels in the milieu are critical mediators
of the progression of rheumatoid arthritis. This can shed light on the possible mode of anti-
inflammatory activity of PEITC. Therefore, the cytokine levels as an index of therapeutic
efficacy were measured in arthritic mice treated with different formulations (Li et al., 2017).

The serum samples from the endpoint were assayed to determine the levels of key pro-
inflammatory cytokines (TNF-a, IL-1p, IL-6, and IL-17A) using specific ELISA kits. As shown
in Figure 25A-D, the serum concentration of the TNF-a, IL-17A, IL-6, and IL-1B was
significantly up-regulated in model rats compared to respective samples in normal control rats.
The PH50-treated rats showed a substantially lower concentration of pro-inflammatory cytokines
than the model rats and other groups. On the other hand, the serum concentration of TNF-a, IL-
1B, IL-6, and IL-17A was not much affected following the treatment with PEITC50 and BH
compared to normal control rats. These data demonstrated that PEITC-loaded hydrogel-based

therapy could suppress the production of pro-inflammatory cytokines in RA conditions (Figure
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25A-D).

Further, since bone erosion is a critical consequence of RA, assessing the anti-arthritic
effect of the PH50 is vital. To examine the possible mechanism of action, the serum levels of
RANKL were determined to grade osteoclastogenesis (Stolina et al., 2005). As shown in Figure
25E, interestingly, the level of RANKL was significantly increased in the model group (PBS-
treated adjuvant-induced rats group) compared to the healthy regular control group. A treatment
with PH50 noticeably decreased the RANKL levels compared to the model group, indicating that
PEITC-loaded hydrogel can potentially reduce bone erosion by affecting the RANKL levels in
RA conditions. A marked decrease in the serum levels of IL-10 (anti-inflammatory cytokine) in
the model group rats was observed compared to the standard control group (Figure 25F).
Treatment with PH50 significantly improved the reduced levels of IL-10 in the serum of arthritic
control rats.

2.5.4. Assessment of biosafety and histological analysis of the PEITC-loaded hydrogel in RA
Considering the significance and importance of the biocompatibility of material for
biological and clinical applications, an assessment was performed on liver and kidney function
following treatment (Yin et al., 2020). FCA-induced arthritic rats exhibited a considerable rise in
liver function and kidney function enzymes such as ALT, AST, CRE, and BUN compared to
normal healthy control rats (Figure 26A-D). After treatment with PH50, the enzyme levels
significantly decreased compared to model rats. It was observed that the elevated biochemical

parameters tend to return to average values in all the treatment groups.

The pathological state of the RA condition is associated with persistent synovitis,

progressive cartilage, and bone destruction (Chen et al., 2020).
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Figure 26. Biosafety and histological analysis in RA. Effects of PEITC-loaded hydrogel on
hepatic and renal function. (A and B) hepatic biomarkers (ALT and AST) and (C and D) renal
biomarkers (CRE and BUN). The values were statistically examined using a one-way ANOVA
test. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ns- non-significant. (E).
Histopathology examination was performed on H&E and SO-FG stained sections of ankle joints.
Blue arrow- synovitis, red arrow- inflammatory cellular infiltration, black arrow -bone erosion
and cartilage degradation. The scale bar is 25 (40x), 100(10x) and 200(4x) um. ALT: Alanine
transaminase, AST: Aspartate transaminase, CRE: Creatinine, BUN: Blood urea nitrogen (BUN),

H & E: Hematoxylin and eosin, and SO-FG: Safranin O-fast green.

The progression or recovery of the RA in the animal model following PH50
administration was confirmed by assessing the status of bone, cartilage, and synovium from the
final day of the study (day 37). Histological analysis of H&E and Safranin O-fast green (SO-FG)
stained ankle joint sections of the rat was examined to assess the extent of bone erosion and

cartilage loss and its regeneration.

Smooth cartilage was observed from H&E-stained sections of the standard control
groups (Figure 26E) without cartilage loss and bone erosion. Whereas, from the sections in the
model group, the RA condition was evident as the indicator of chronic inflammation, such as
severe distortion of ankle joint structure with hyperplastic synovial tissue, the influx of infiltrated
inflammatory cells, and proliferation of mononuclear cells, and bone erosion were observed.
Similarly, the ankle joints treated with PEITC50 and BH showed visible cartilage loss and
synovial inflammation. However, the treatment with PH50 effectively ameliorated or slowed the

progression of the disease. Overall, the architecture of the ankle joint was more well-preserved
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than the model group. The extent of bone or cartilage erosion and inflammation was much less
than in other treatment groups, and the joint anatomy was restored to normal compared to that of

a healthy control joint.

Furthermore, SO-FG staining was performed on all five groups. SO-FG staining is a
well-established technique to stain cartilage tissues mainly composed of proteoglycans (Jang et
al., 2020). The intensity of SO-FG staining (red staining) is proportional to the proteoglycan
content in the chondrogenesis area. In the model group, noticeable proteoglycan loss was found
(the red color almost faded), indicating severe damage to the cartilage. In the following
intervention with PH50, the intensity of the red color increase was much higher than in the other
three treatment groups. This validates the protective role of PH50 in cartilage preservation
compared to the standard healthy control group (Figure 26E, last row). The histopathology
result demonstrates the therapeutic effect of PH50 in counteracting inflammation and delaying

disease progression in the RA condition.

2.6. Summary of the chapter

In this chapter, | successfully developed an intelligent hydrogel of CS/PF-127 as a carrier
system loaded with PEITC as an injectable depot for potential application to treat chronic
inflammatory joint diseases (like RA). According to the in vitro and in vivo findings, the PEITC-
loaded hydrogel displayed the desired features, including high mechanical strength,
thermosensitivity, injectability, good biocompatibility, and biosafety for prolonged release of
PEITC from the targeted area. In addition, cell-based studies indicated that PEITC-loaded
hydrogel (at conc. 100 uM) had a high level of biosafety for healthy FLS cells and a modest

inhibitory effect on RA-FLS cells. This will reflect the anti-inflammatory effect of PEITC-
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loaded hydrogel at the in vitro RA condition. Further in vivo arthritis study in a rat model showed
a remarkable suppression of inflammation markers by the local administration of PEITC-loaded
thermosensitive hydrogel (PH50) into the knee joint. The animal studies in healthy animals
suggested that the limitations of PEITC (thermal instability, rapid clearance, and short half-life)
in the free form were significantly masked. When incorporated into a hydrogel, the PEITC at
sub-toxic concentration was bioavailable, and its therapeutic activity in the microenvironment
was exerted for a prolonged time.

Previous reports have shown that the free form of PEITC can act as an anti-rheumatoid
agent in an FCA-induced RA rat model where the therapeutic activity was achieved by
administering PEITC orally at a dose of 50 mg/kg (Choudhary et al., 2020). Since it was reported
that the free form of PEITC has low systemic bioavailability and stability (Wang & Bao, 2021).
Our study adopted an innovative approach to encapsulate the PEITC inside an in situ
polysaccharide-based hydrogel carrier to reduce the dosing interval. The IA injection of PEITC-
loaded thermosensitive hydrogel (PH50) helps markedly improve therapeutic efficacy in the
FCA-induced RA rat model by reducing a 4-fold dose of PEITC as compared to the free PEITC
dose. At the same time, their clinical limitations, including bioavailability and stability, were
significantly masked.

In conclusion, our findings suggest that biocompatible and biodegradable polysaccharide-
based hydrogel systems are the ideal carriers for delivering natural phytochemicals for

autoimmune conditions like RA and OA.
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Chapter 3

Design of a dual nano-particulate drug
(MTX and PEITC)-loaded smart
hydrogel as a co-delivery system to
enhance its synergistic activity in RA

conditions.
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RA is an autoimmune disease with complex disease etiology with limited treatment
options. Various drug combinations are standard practices to alleviate RA patients' pain and joint
inflammation. Considering the point mentioned earlier, my next step was to develop an
injectable hydrogel as a combinational drug delivery system that can be used for the co-delivery
of regimens that can alleviate the disease condition via diverse mechanisms. Nanodelivery
systems are an excellent approach for the prolonged release of drugs, increasing the residence
time at inflamed joints. Combining nanotechnology with materials science can result in better
therapeutic efficacy of drugs in the joints, ensuring relief in stressful RA conditions. This was an
improvisation of the result obtained from the first step of the study (objective 2).

This chapter focuses mainly on the holistic and collaborative approaches to treating RA
using co-delivering MTX, a standard slow-acting anti-rheumatic drug, and PEITC, a bioactive
phytochemical, using an SA-PF-127 in situ hydrogel formulation. Despite exhibiting good anti-
arthritic activity, the drawbacks of MTX and PEITC, such as poor solubility, low bioavailability,
and several side effects, are undesirable properties that limit their usage. Therefore, a
nanotechnology approach was employed to overcome a few limitations. MTX-polylactic-co-
glycolic acid (PLGA) loaded nanoparticles (MTX NP) were fabricated using a nanoprecipitation
method. On the other hand, PEITC nanoemulsion (PEITC NE) was fabricated through the o/w
nanoemulsion method.

Further, the nanoparticles were fabricated in situ hydrogels prepared with SA and PF-127
biocompatible polymers (DD NP HG) to check unique qualities such as biocompatibility,
biodegradability, high porosity, and prolonged drug release. Finally, the IA injection of DD NP
HG into RA joints to evaluate the synergistic therapeutic effectiveness. A schematic illustration

of the fabrication of the smart hydrogel co-delivery system is presented in (Scheme 2).
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Here, the different steps involved in the preparation and characterization of nano-encapsulated
drugs (MTX and PEITC) are shown with a detailed combinatorial treatment schedule for
evaluating the therapeutic efficacy of the dual-drug nanoparticles loaded hydrogel (DD NP HG)

as an injectable depot for treating RA.

3.1. Preparation of MTX NP

Despite exhibiting good anti-arthritic activity, the drawbacks of MTX, such as poor
solubility, low bioavailability, and several side effects, are undesirable properties that limit its
usage. Therefore, a nanoprecipitation method using solvent evaporation was employed in this
study to overcome a few of the limitations. A well-known biodegradable polymer PLGA was
utilized to load the MTX into the polymer matrix. For optimization purposes, three different
batches of MTX NPs were prepared using 0.1 % (w/v) PF-127 (as surfactant) with varying
concentrations of PLGA (80, 120, 150 mg), yielding an entrapment efficiency of 53.73 £ 4.83 %
(2.79 + 0.25 mg), 64.60 * 2.34 % (3.36 + 0.12 mg) and 78.45 + 3.10 % (4.08 + 0.16 mg)

respectively (Table 3).

Here, it was observed that as the concentration of PLGA increased, the % entrapment
efficiency (% EE) of the drug also increased due to the increase in viscosity of the organic phase
that can hamper the diffusion of the drug from the organic phase to the aqueous phase. Further,
the undiffused lipophilic drug may get entrapped in the matrix of alkyl chains of PLGA with
weak interactions and released slowly from the polymeric matrix (Ray et al., 2015). Among the
prepared formulations, batch no-111 (PLGA- 150 mg) was found to be optimum, with a greater
% EE of the drug (approx. 4 mg), and therefore, further utilized for the fabrication of DD NP

HG.
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Table 3. Different polymer compositions with different % EE and % DL.

Batch PLGA Amount of Solvent PF-127 % EE % DL
no polymer drug mixture % (wW/v)
composition (mg) (Acetone:
(mg) DMSO)
I 80 5.2 9:1 0.1 53.73 £4.83 2.66+£0.24
I 120 5.2 9:1 0.1 64.60 + 2.34 2.31+0.08
i 150 5.2 9:1 0.1 78.45 +3.08 2.33+0.09

3.2. Preparation and optimization of PEITC NE

An oil-in-water nanoemulsion of PEITC was prepared by dissolving it in olive oil to form
the oil phase. Olive oil, a model oil with mild anti-inflammatory activity, may also aid in the
potentiation of treatment efficacy. The aqueous phase (72 %) and oil phase (18 %) were kept

constant in the current preparation, varying only the surfactant ratios.

Figure 27. Observation of creaming and phase separation in preparing different PEITC NE

batches.

To obtain a stable emulsion, two non-ionic surfactants, span-80 and tween-80, were used as

surfactant mixtures (Li et al., 2015). Stirring and probe sonication were employed to reduce the
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droplet size to an optimum range. A total of eight different batches were prepared by altering the
surfactant concentrations based on the HLB value. The HLB value of the surfactant mixtures
between 4 and 5 exhibited higher stability than other batches (batch-7 HLB of 4.62 and batch-8

HLB of 4.3), where no creaming or phase separation was observed, as shown in Figure 27.

Table 4. Different surfactant concentrations for the preparation of NE

Batch | Constants Variables Creaming/ phase Particle size (PS)
no separation (nm)
Surfactant 1 Surfactant 2
(% Span 80) | (% Tween 80)
1 Aqueous 6 4 Observed Not determined
phase-72%
2 8 2 Observed Not determined
3 ) 2 8 Observed Not determined
Oil phase-
4 18% 9 1 Observed Not determined
5 3 7 Observed Not determined
6 1 9 Observed Not determined
7 9.7 0.3 Not observed 303.5+5.12
8 10 0 Not observed 240.67 + 4.75

Batch-8 (optimized PEITC NE) - Drug content = 83.16 + 10.87 % (33.4 £ 4.35 mg).

Therefore, these two batches (7&8) were selected and, with further optimization, yielded
an improved (lower) particle size of 240.67 £ 4.75 nm (batch-8) and 303.5 + 5.12 nm (batch-7),
as shown in Table 3. This may be due to increased lipophilic surfactant (Span-80) that might
help uniformly distribute highly lipophilic PEITC into the aqueous phase. The drug content in
the finally optimized formulation of PEITC NE (batch-8) was found to be 83.16 + 10.87 %

(33.4 £4.35 mg) (Table 4).
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3.3. Characterization of drug-loaded nanoparticle formulation

The particle size characterization studies by dynamic light scattering (DLS) from both the
formulations (MTX NP and PEITC NE) confirmed monodisperse, nanometer-sized preparation
with good zeta potential (Figure 28A-B). The optimized MTX NP had a negative surface charge
(average ZP of -34.50 mV) and a narrow size range with a mean diameter of 151.8 £ 2.65 nm.
On the other hand, PEITC NE had a negatively charged surface (ZP = -50.73 mV) with an
average size of 240.67 £ 4.75 nm (Table 5).

The primary objective of particle characterization on the nanoformulations is to ensure
enhanced nanoparticle permeation, stability, and uniformity (Danaei et al., 2018). Therefore, the
designed nanoparticulate system has a particle size < 250 nm, and there, it would principally
enable the persistence of modified nanoparticles in the joint cavity. Finally, the optimized
uniformly dispersed drug nanoparticles (MTX NP and PEITC NE) were suitably loaded into the
SF- PF-127 hydrogel system to prepare as an injectable for IA administration.(Trujillo-Nolasco

et al., 2019).

Table 5. Particle size characterization of PEITC NE and MTX NP formulations. PS:
Particle size, PDI: Polydispersity index, ZP: Zeta potential

Sl.no. Name of the formulation PS (nm) PDI ZP (mV)
1 MTX NP 151.8 +2.65 0.099 + 0.015 -34.5+2.29
2 PEITC NE 240.67 £4.75 0.351 £ 0.003 -50.73 £ 2.02
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Figure 28. Characterization of NP and NE. The PS, PDI, and ZP of (A). MTX NP and (B).

PEITC NE was determined using DLS. DLS: Dynamic light scattering.
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3.4. Fabrication of dual-drug nanoparticles loaded hydrogel

Following the optimization studies, two SA-hydrogels single NP-loaded with MTX NP
(MTX NP HG) or PEITC NE (PEITC NE HG) and a dual-drug loaded hydrogel loaded with

MTX NP and PEITC NE (DD NP HG) were prepared with the composition as given in Table

6. The three individual HG formulations were utilized for further studies, as described below.

Table 6. Different compositions of SA and PF-127 for the preparation of in-situ hydrogels

Batch no. Name of the hydrogel SA composition (%) PF-127 composition (%)
(wiv) (whv)
| MTX NP HG 1 19
1 PEITC NE HG 1 12
Il DD NP HG 1 12

3.5. Characterization of dual-drug nanoparticles loaded hydrogel
3.5.1. FTIR and FESEM studies

FTIR studies were performed to observe any peak shifts due to chemical alterations in the
drugs (MTX and PEITC) and the polymers/excipients (olive oil, span-80, tween-80, PLGA, SA,
and PF-127) utilized in the formulation of nanoparticular hydrogels. The infrared spectra of Free

MTX, Free PEITC, BD NP HG, and DD NP HG samples are shown in Figure 29A.

The FTIR spectra of different drug-loaded hydrogels are compared with the peaks of BD
NP HG and their respective free drugs to ensure drug incorporation and verify any covalent
modifications. The following are the similar functional group characteristic peaks observed
between BD NP HG and DD NP HG gel, respectively: i) The —OH group stretching vibration
was observed at 3472.46 cm™ (BD NP HG) and 3420.71 cm™ (DD NP HG).
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FTIR: Fourier transform infrared spectroscopy, FESEM: Field emission scanning electron

microscopy.

This peak may be due to the presence of —-OH in PLGA polymer (used in the MTX NP
formulation) or from alginate (Dalal et al., 2021). ii) The —CH group stretching vibration at
2925.07 cm™ (BD NP HG) and 2924.46 cm™. This principal absorption peak may be the
alginate/pluronic/alkyl chains (Dalal et al., 2021; Karolewicz et al., 2017). iii) The characteristic
—C=0 (COOH) peak was observed at 1745.41 cm™ (BD NP HG) and 1743.07 cm™ (DD NP
HG). This peak may be due to an acidic group in PLGA (Gao et al., 2017) or from the olive oil
containing several acids (Wang et al., 2020). iv) The —C-O stretching vibration at 1101.93 cm™
(BD NP HG) and 1103.36 cm™ (DD NP HG). This peak is related to the ether chains of the PF-
127 used to formulate the hydrogel (Karolewicz et al., 2017). The principal absorption peaks
related to drugs (PEITC and MTX) showed an isothiocyanate (-N=C=S) peak of PEITC at
2105.69 cm™ (Coscueta et al., 2021) and MTX at 3343.53 cm™ confirming the presence of the -
OH group and 1645.09 cm™ corresponding to the —-C=C group (Jang et al., 2019). A comparison
of the FTIR spectra of Free PEITC with DD NP HG FTIR showed a distinctive peak at 2092.83
cm™ corresponding to the -N=C=S group, and a peak at 1644.36 cm™ for the —C=C group. This
data confirmed that PEITC NE and MTX NP are successfully incorporated with weak

interactions into the hydrogel matrix.

FESEM studies were performed on the freeze-dried and gold sputter-coated samples of
BL HG and DD NP HG hydrogels to investigate the cross-linked structure of the hydrogels. The
images for both the hydrogel samples showed a macroporous structure with no apparent

differences; however, a more complex 3D microstructure was observed in DD NP HG than in the
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BL HG (Figure 29B). The representative FESEM images of DD NP HG shown in Figure 29B
display a better-interconnected network with more distinctive pores than that of BL HG. This
result indicates that the fabricated dual-drug loaded nanoparticles inside the hydrogel will be
more favorably distributed within the DD NP HG hydrogel structure and could retain a sustained

and controlled drug release due to the more interconnected porous system.

3.5.2. Drug content

Following the qualitative validation of the incorporation of both drugs (MTX and PEITC)
into the hydrogel, the centrifugation method was used to determine the quantitative amount of
each drug content (%) in various hydrogel formulations. Table 7 showed that the % drug content

for different hydrogel formulations ranged between 81 % and 90 %.

Table 7. Drug content (%) of different hydrogel formulations.

Batch no Name of the hydrogel Drug content (%) Amount of drug (mg/mL)
I MTX NP HG 90.87 +1.90 3.63£0.076
I PEITC NE HG 85.63 +3.36 34.25+1.35
i DD NP HG (MTX) 88.24 +9.27 3.53+0.37
v DD NP HG (PEITC) 81.75 £ 3.50 32.7+14

3.5.3. Solubility studies

Solubility studies were performed to determine the efficiency of nanoparticles or
emulsions loaded into the hydrogel to solubilize the otherwise poorly soluble drugs. In the
current study, both the drugs MTX and PEITC are hydrophobic in nature, which is a major
drawback for their clinical utilization. Therefore, increasing their nanoparticulate solubility will

help mitigate this drawback. As shown in Figure 30, the aqueous solubility (%) of Free MTX
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and MTX in DD NP HG was found to be 0.36 = 0.29 % (1.46 £ 1.17 pg/mL) and 72.96 + 4.88
% (29.18 + 1.95 pg/mL) respectively. On the other hand, PEITC, which is immiscible in water,
showed a considerable increase in its aqueous solubility (%) up to 73.13 + 8.86 % (29.25 + 3.55

pg/mL) in the DD NP HG (PEITC) hydrogel formulation.
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Figure 30. % Solubility studies of MTX and PEITC from DD NP HG and in free forms (Free

MTX and Free PEITC). The respective amounts were calculated spectrophotometrically. All the

data are represented as mean £ SD (n = 3).

The solubility studies showed that the nanocomposite hydrogel system considerably
improved the solubility of both loaded drugs (MTX and PEITC). This may be attributed to
several factors, including highly water-soluble SA and PF-127 coating on the nanoparticles

and/or reduced particle size of the loaded MTX NP or PEITC NE. Compared to free form, this
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higher solubility may increase the effectiveness in treating arthritic conditions by potentiating the

release of both drugs in their nanoparticulate forms.

3.5.4. Sol-gel phase transition studies

Typically, it is anticipated that the thermosensitive hydrogels will continue to exist in the
sol state at a temperature between 4 °C to 25 °C before gradually transitioning to a gel state at
physiological body temperature (37 °C). To properly construct a depot injectable, it is imperative
to consider the sol-gel transition period, which is largely dependent on the temperature, polymer
concentration (PF-127), and oil content. In the PF-127 structure (PEO-PPO-PEQ), PPO chain
forms are responsible for forming temperature-dependent packed micellar microstructure. At
optimum concentrations and temperatures, PEO chains often overlap adjacently with the packed

micellar structures, giving rise to a thermoreversible gelation property.

In the current study, sol-gel transition studies were carried out at two different
temperatures, i.e., 25 °C and 37 °C, respectively, to verify the thermosensitivity of the in situ
hydrogels. All prepared hydrogels underwent a sol-to-gel transition from 25 °C to 37 °C (Figure
31A). The drug-incorporated nanoparticle considerably affected the gelation time at 25 °C and
37 °C. As observed in Figure 31B, the time for gelation for BD NP HG was relatively higher
(245 = 37.7 and 150 £ 30 s) in comparison to the other hydrogels, MTX NP HG (140 + 22.9 s
and 55 + 17.3 s), PEITC NE HG (180 + 30 s and 70 £ 8.7 s) and DD NP HG (120 + 15 s and
45 + 15 s) at 25 °C and 37 °C respectively. The time difference in the gelation at 25 °C and 37
°C was found suitable, giving ample time for administration of the formulation into the site and

its gelation (Figure 31B).
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Representative image of the sol-gel phase transition characteristics of different hydrogel
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formulations (BD NP HG, MTX NP HG, PEITC NE HG, and DD NP HG ). Phase transition
with an increased temperature. (B). The gelation time of the different hydrogel formulations (BD
NP HG, MTX NP HG, PEITC NE HG, and DD NP HG) was measured at 25 °C and 37 °C. Data

are shown in mean £ SD (n=3).

The adsorption of PPO groups of PF-127 at the interface of the oil droplet makes it more
hydrophobic, and these highly hydrophobic groups further form mixed micelles responsible for
its thermosensitive behavior. Hence, the nanoemulsion-loaded hydrogels exhibit
thermoreversible characteristics even at lower concentrations of PF-127 (Hashemnejad et al.,
2019). It was observed that with an increase in the PF-127 concentration (> 12 % w/v), a hard gel
was formed that prevented the gel from passing through the syringe even at a lower temperature
(< 10 °C), resulting in poor injectability. Hydrogel-containing nanoemulsion constructed with 12
% (w/v) of PF-127 has a considerable gelation time difference between 25 °C and 37 °C. Hence,
12 % (w/v) PF-127 concentration is preferred in preparing the hydrogel-containing
nanoemulsion (PEITC NE HG and DD NP HG) to ensure good injectability and thermosensitive

properties.

In the formulation of DD NP HG, the gelation time was observed to be lowest at both 25
°C and 37 °C (120 + 15 s at 25 °C and 45 + 15 s at 37 °C) in comparison to other hydrogel
formulations because the presence of PEITC, PLGA, and oil enhanced the gelation properties. It
is followed by MTX NP HG (140 +22.9sat 25 °C and 55 + 17.3 s), PEITC NE HG (180 £ 30
sat25°Cand 70 £ 8.7 sat 37 °C), and BD NP HG (245 + 37.7 at 25 °C and 150 £ 30 s at 37°

C) (Figure 31B).
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3.5.5. In-vitro degradation studies

It is a pre-requisite for any biomaterials administered into a living system to be
biodegradable and eliminated from the body without causing any adverse systemic toxicity
(Pankongadisak and Suwantong, 2019). The degradation kinetics of the hydrogel and its
components can be studied in vitro for a prolonged period in different physiologically simulated
conditions (in PBS medium, pH 7.4) to predict its in vivo biodegradability or stability. Here, the
in vitro degradation study of all the hydrogels in situ was carried out as a function of time in PBS

(pH 7.4) at 37 °C for 6 days.

100 -~ BDNPHG
Ig —+ PEITC NE HG
£ 601 - DD NP HG
17
5 404
Q
=
X 204
0 ] 1 1 | 1
0 1 2 3 4 5 6

Time (days)

Figure 32. In vitro degradation properties of dual-drug nanoparticles loaded hydrogel. The
rate of degradation (%) of the hydrogels at 37 °C was investigated by estimating the percent
amount of residual hydrogels at various time intervals up to 6 days. All the data are expressed as

mean = SD (n = 3).
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Figure 32 shows the kinetics of degradation of the different hydrogels (MTX NP HG,
PEITC NE HG, and DD NP HG) and the % remaining weight after 6 days of the study period.
The results showed that all the hydrogels showed more than 67 % degradation for up to 6 days,
indicating sustained bio-degradation. The final % weight of remaining hydrogel MTX NP HG,
PEITC NE HG, and DD NP HG was determined to be 33.18 %, 11.78 %, and 14.32 9%,

respectively, while the BD NP HG showed higher degradation (remaining of 3.86 %0).

3.5.6. Injectability studies

The in vivo performance of the hydrogel as an injectable can be studied in vitro using a
physiologically simulated condition (37 °C). The different hydrogel formulations moved freely
into the syringe. Upon injection into PBS (at 37 °C), the contents moved smoothly out of the
needle, forming an uninterrupted thread-like soft gel settling at the bottom of the vial without any
phase separation or clumps, indicating a homogenous and stable preparation suitable as a

thermoresponsive injectable (Figure 33).

BD NP HG MTX NP HG PEITC NE HG DD NP HG

Figure 33. Injectable performance of the different hydrogel formulations studied at body

physiological conditions (pH-7.4 and 37 °C).
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3.5.7. Rheological characteristics

Determining the rheological characteristics of injectable hydrogels is essential for
understanding the behavior of a hydrogel following injection and the structural behavior of the
formulation by measuring the viscoelastic property as a function of frequency, temperature, and
stress/strain. The most significant visco-elastic rheological parameters considered for its
application in the biomedical area are complex viscosity (n*), storage modulus (G'), and loss
modulus (G"). Complex viscosity measures the ability of the gel to resist shearing forces within
an injection site during injection. In contrast, storage modulus (G') and loss modulus (G")
differences measure the sol-gel conversion of the injectable hydrogel (Alonso et al., 2021). To
calculate the temperature-dependent viscoelastic property of the hydrogel, the temperature sweep
test was performed at the constant frequency and strain rate. The rheological parameters of the
BD NP HG and DD NP HG, namely G’ (storage) and G (loss) modulus, have been illustrated as

the function of temperature.

As shown in Figure 34A-B, all the rheological parameters depend highly on the
temperature. From the heating cycle, 25 °C was determined to be the sol-gel transition
temperature for both hydrogel formulations. The BD NP HG and DD NP HG show a gel-like
behavior at the beginning of the heating cycle (after 25 °C) as the storage modulus is higher than
the loss modulus. In the gel state, the storage and loss modulus values of BD NP HG and DD NP
HG indicate that both are mechanically stable. The sample DD NP HG shows a sudden increase
in the storage modulus value at 37 °C during the heating cycle, whereas the sample BD NP HG
shows a gradual increase in the modulus during the heating cycle. Thus, the sample DD NP HG

has a higher level of gel structure above 37 °C.
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Figure 34. The rheological properties of (A). BD NP HG and (B). DD NP HG. Complex
viscosity versus angular frequency for BD NP HG and DD NP HG at (C). 25 °C and (D). 37 °C.
Storage modulus (G') and loss modulus (G”) of the (E). BD NP HG and (F). DD NP HG

hydrogels on the angular frequency at 37 °C.

The frequency dependence (and equivalently, the time dependence) of a material's
viscoelastic characteristics is commonly measured using frequency sweeps. High and low
frequencies, respectively, generally represent short-time and long-time scales. The sinusoidal
stress response is used to calculate the dynamic moduli G" (loss) and G' (storage). The complex
viscosity, frequently used in place of the complex modulus, is calculated as the complex modulus
divided by the applied frequency. Frequency tests are typically conducted in the linear range
(small strain); in this case, the results are independent of the applied strain. Figure 34C-D shows
the complex viscosity of the gel measured as a function of frequency at 25 °C and 37 °C. The
hydrogel shows the shear-thinning behavior as the gel is subject to a high deformation rate,
indicating that the complex viscosity (n*) is decreasing with the increasing deformation rate (i.e.,
angular frequency). This suggests that the hydrogels were highly shear thinning and suitable as
an injectable for the animal in vivo studies. The hydrogel DD NP HG shows a higher complex

viscosity than the BD NP HG sample at both temperatures.

Hydrogels' storage modulus (G') and loss modulus (G") changed with angular frequency.
From the results in Figure 34E-F, G', and G" increased obviously at 37 °C, with the angular
frequency increasing. By observing data, DD NP HG showed increased levels of both G’ and G"
compared to BD NP HG. This indicates that the incorporation of drugs in the hydrogel led to
increased hydrogel strength and enhanced mechanical stability. Hence, G' was always greater
than G", which is a typical gel-like flow behavior when it is subjected to a higher frequency (i.e.,
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rate of deformation). The improved rheological parameters of DD NP HG might occur due to
strong inter-micellar interactions between the drug-loaded nanoparticulate system inside

hydrogels with SA and PF-127 in the hydrogel.

3.6. In-vitro drug release studies

In vitro dissolution studies were conducted to evaluate the rate and quantity of drug
release, which may substantially impact treating disease, before the in vivo assessment studies
for a particular drug formulation (dose frequency and assessment). In most studies, it is believed
that improved solubility and dissolution with sustained drug release behavior may enhance the
treatment efficiency. An additional advantage of the in vitro release study is that it helps to
decide the dosing frequency in the in vivo treatment studies. In the current study, all the
hydrogels showed > 68 % drug release sustaining up to 120 h, as shown in Figure 35B. Initially,
the amount of PEITC release from both the hydrogels was 55 % (DD NP HG) and 54 % (PEITC
NE HG) in 24 h, and a sustained release behavior was observed up to 120 h (PEITC NE HG -81
% & DD NP HG - 68 %). In contrast, MTX released from the hydrogel was 48 % in DD NP HG
and 26 % in MTX NP HG, respectively, in 24 h; over time, an extended-release was studied up
to 120 h in both the hydrogels (MTX NP HG — 69 % & DD NP HG- 79 %). The variable release
rate of MTX may be due to the slow erosion or degradation of the rigid hydrogel network
surrounding the MTX NP, which is observed in the in vitro degradation studies, or another
reason may be that the nanoemulsion potentiates the solubility of MTX in the combinational
nanogel and further aids in the increased dissolution of the MTX (Hemelryck et al., 2019).
Owing the saturation of lipophilic drug in the buffer solution or adsorption of the drug to the
dialysis membrane may be an obstacle to preventing 100 % of the drug release. This may be

overcome by increasing the sink condition (Ahsan et al., 2020).
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Figure 35. The drug release properties of dual-drug nanoparticles loaded hydrogel in vitro.

(A). Schematic representation of drug release mechanism of DD NP HG. (B). % MTX and
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PEITC release from the hydrogel vs. time (h) at pH 7.4 at 37 °C at 24 h and 120 h was measured.
purple color: MTX release rate from MTX NP HG, light blue color: PEITC release rate from
PEITC NEHG, red color: MTX release rate from DD NP HG, and navy blue color: PEITC
release rate from DD NP HG. Results are presented as mean = SD (n = 3). Created with

Biorender (biorender.com).

In summary, hydrogels not only increased the solubility and dissolution but also
sustained the release of both drugs for 120 h, which is ideal for the delivery of drugs

continuously in the inflamed joints for a prolonged period.

3.7. In-vitro drug release Kinetics

It was concluded that MTX from DD NP HG followed the Korsmeyer Peppas model for
24 h and later by the Higuchi model. In contrast, MTX NP HG followed zero order initially (for
24 h) and was followed by the Korsmeyer Peppas model. In the case of PEITC, it followed a
similar mechanism pattern from both the hydrogels (DD NP HG and PEITC NE HG), initially
released by the Korsmeyer Peppas model for 24 h and then continued with the Higuchi model

(Figure 36, Table 8).

The Higuchi model represents that the drug is embedded inside the hydrogel matrix and
slowly diffuses out by the diffusion and erosion mechanisms. Solvent or dissolution media enters
the matrix, then dissolves and transfers the drug from inside to outside the membrane by erosion

and diffusion-controlled mechanisms.

Korsmeyer model represents anomalous diffusion of the drug from the hydrogel matrix.
The zero-order model represents the controlled release of the drug diffusion from the hydrogel
matrix.
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Figure 36. The drug release kinetics of dual-drug nanoparticles loaded hydrogel in vitro.
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Release kinetics (%) MTX and PEITC release from the hydrogel was calculated using different

kinetics models at (A). MTX release kinetics (%) from MTX NP HG at 24 h and 120 h. (B).

PEITC release kinetics (%) from PEITC NE HG at 24 h and 120 h (C). MTX release kinetics (%)

from DD NP HG at 24 h and 120 h (D). PEITC release kinetics (%) from DD NP HG at 24 h

and 120 h. Purple color: MTX release rate from MTX NP HG, light blue color: PEITC release

rate from PEITC NE HG, red color: MTX release rate from DD NP HG, and navy blue color:

PEITC release rate from DD NP HG. All the data are represented as mean = SD (n = 3).

Table 8. Release kinetic models and their R? values of different hydrogel formulations

***_ indicates the particular formulation following that release model or kinetics

Name of the R? values
model DD NP HG MTX NP HG PEITC NE HG
MTX PEITC MTX PEITC

24 h 120h | 24h 120 h 24 h 120 h 24 h 120 h
Zero-order 0909 [0.796 [0.863 [0.671 0.9777" [0.833 0.929 |0.804
First order 0.621 | 0.465 [0.633 |0.505 0.868 0.616 0.778 | 0.636
Higuchi 0.934 |0.9427 [ 0.993" | 0.877 0.837 0.941 0.975" | 0.953
Hixon-Crowell [ 0.936 |0.864 [0.909 |[0.710 0.974 0.935 0.957 |0.875
Korsmeyer- 0.9407 | 0.891 [0.853 |0.887 | 0.968 0.9817" [0.955 |0.9707
Peppas

3.8. Stability studies for different hydrogel formulations

The hydrogels exhibited good stability at 4 °C with negligible differences in

content (% DC) shown in Table 9.

% drug
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Table 9. Stability studies at 4 °C for different hydrogel formulations for 60 days.

Formulation Time (days) DC (%) Amount of drug (mg)
0 90.9+38 3.63+0.07
MTX NP HG 30 86.7%2.7 347011
60 822+456 3.29+0.18
0 857 +3.7 34.25+1.35
PEITC NEHG 30 78.3 £4.0 3132 % 159
60 756+4.3 3021172
PEITC MTX PEITC MTX
DD NP HG 0 81.8+7.2 883+93 32.7+14 353 +0.37
30 757 +4.0 86.6 +9.0 3026 + 1.6 3.46 + 0.36
60 71.7+58 837+58 28.7 +2.32 335+ 0.23

3.9. Cell-based studies
3.9.1. Cytotoxicity and biocompatibility of dual-drug nanoparticles loaded hydrogel in vitro

The in vitro biocompatibility and toxicity of DD NP HG on the N-FLS and RA-FLS were
studied by assessing the percentage cell viability using MTT assay. Initially, the cytotoxicity of
DD NP HG on N-FLS was examined to ensure that the normal functioning of the FLS was not
impaired. The healthy FLS, i.e., N-FLS, are essential for maintaining normal joint function by
promoting joint lubrication, regulating the synovial fluid amount, actively participating in joint
repair, and reducing joint inflammation (Yu et al., 2022).

According to Figure 37A-B, N-FLS cells did not exhibit any toxicity to BD NP HG and
various concentrations of PEITC NE HG, MTX NP HG, and DD NP HG. The percentage of cell
viability (%) for all treatment groups was determined to be 94 -76 % at 24 h and 95 -78 % at 48
h.
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Figure 37. Cytotoxicity and biocompatibility assay of dual-drug nanoparticles loaded
hydrogel in vitro. Cell viability (%) of (A). N-FLS and (B). RA-FLS cell with various
treatments at 24 h and 48 h. The data are represented as mean + SD (n = 6). The values were

statistically examined using a one-way ANOVA test. Statistical significance: *p < 0.05, **p <
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0.01, ***p < 0.001, and ns- non-significant.

In the context of RA-FLS, these are the most prevalent cell types at the pannus-cartilage
junction that contribute to joint degeneration by producing pathogenic mediators, including
cytokines and inflammatory proteases, causing the onset and duration of RA (Nygaard and
Firestein, 2020). The viability of RA-FLS cells was examined here in relation to the impact of
DD NP HG. Following the administration of BD NP HG and varied PEITC NE HG
concentrations, MTX NP HG and DD NP HG showed an inhibitory effect at high concentrations.
Figure 37A-B illustrates the % cell viability for the various treatment groups at higher
concentrations: PEITC NE HG [100 uM: 68.01 % & 69.04 % (24 h & 48 h)]; MTX NP HG
[1.5 UM: 69.22 % & 63.00 % (24 h & 48 h)] and DD NP HG [PEITC (100 uM) and MTX (1.5
MM): 61.16 % & 64.46 % (24 h & 48 h)] respectively.

Together, the N-FLS and RA-FLS results validated that the DD NP HG possessed good
biosafety for healthy FLS cells and a modest inhibitory effect on RA-FLS at higher
concentrations. The findings above are consistent with a study that previously presented a
methodology for evaluating the biomaterials' in vitro toxicity in relation to their biocompatibility

(Joshi et al., 2018).

3.9.2. Effect of dual-drug nanoparticles loaded hydrogel in cell apoptosis
To further illustrate whether DD NP HG treatment could induce cell apoptosis in RA-
FLS cells, the Annexin V-FITC/PI apoptosis detection kit was employed, and the apoptosis was

detected by flow cytometry.
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Figure 38. Effects of dual-drug nanoparticles loaded hydrogel on apoptosis in RA-FLS
cells. (A). Representative dot plot images and (B). The induction of apoptotic death was
calculated as the rate of early and late apoptosis (%) by each treatment in RA-FLS. RA-FLS cells
were incubated with various treatments for 24 h and then analyzed by flow cytometry. The
values were statistically examined using a one-way ANOVA test. Statistical significance: *p <

0.05, **p <0.01, ***p <0.001 and ns-non significant.

In RA-FLS, the DD NP HG treatment significantly promoted early and late apoptosis
(Figure 38A-B). However, DD NP HG had a significantly higher late apoptotic rate for 24 h
than the other treatment groups. The late apoptosis rate (%) in DD NP HG, MTX NP HG, PEITC
NE HG, and BD NP HG was 9.87 %, 2.97 %, 3.23 %, and 2.13 %, respectively. On the other
hand, the early apoptosis rate (%) was found to be 13 % (DD NP HG), 15.33 % (MTX NP HG),
14.23 % (PEITC NE HG), and 11.67 % (BD NP HG), respectively. The results of the apoptosis
detection demonstrated that the combined therapy of MTX NP and PEITC NE, i.e., DD NP HG,

significantly increased RA-FLS cell apoptosis induction.

3.9.3. In vitro evaluation of anti-inflammatory efficacy of dual-drug nanoparticles loaded

hydrogel

The pathophysiology of RA is significantly influenced by numerous pro-inflammatory
cytokines and chemokines released by RA-FLS in the synovial intimal lining, including TNF-a,
IL-17A, and IL-6. These cytokines are known to induce the activation of immune cells at the site
of the RA joint, resulting in inflammation and joint destruction (Alunno et al., 2017; Nygaard

and Firestein, 2020).
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Figure 39. Effect of dual-drug nanoparticles loaded hydrogel on pro-inflammatory
cytokines in LPS-stimulated RA-FLS cells. The levels of pro-inflammatory cytokines: (A).
TNF-a, (B). IL-17A, and (C). IL-6 was quantified using ELISA kits as per the manufacturer’s
protocol. The data are represented as mean = SD (n = 4). The values were statistically examined
using a one-way ANOVA test. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and

ns- non-significant. TNF-o: Tumor Necrosis Factor-alpha, IL-17A: Interleukin 17A, IL-6:
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Interleukin 6, LPS: Lipopolysaccharides, ELISA: Enzyme-linked immunoassay.

To investigate the anti-inflammatory efficiency of DD NP HG, RA-FLS cells were
pretreated with LPS for 4 hours, followed by a 24-hour treatment with DD NP HG. The ELISA
method was then used to measure the levels of inflammatory cytokines in the culture medium.
As depicted in Figure 39A-C, TNF-a, IL-17A, and IL-6 levels were elevated in LPS-stimulated
RA-FLS. Treatment with DD NP HG significantly inhibited the secretion of TNF-a, IL-17A, and

IL-6 in the RA-induced synovial cells.

3.9.4. Effect of dual-drug nanoparticles loaded hydrogel on the mRNA expression level

In RA pathogenesis, the inflammatory microenvironment components, such as T-cells
and macrophages, contribute to the production of pro-inflammatory cytokines (TNF-a, IL-1p,
IL-6, and IL-17A), chemokines (RANKL, GM-CSF, and MMPs), inflammatory enzymes (iNOS
and COX-2) mediate the immune response (Mizoguchi et al., 2018). Here, we further explored
whether DD NP HG has any regulatory potential on the gene expression levels of DD NP HG on
gene expression in LPS-stimulated RA-FLS cells, the mRNA expression of IL-1p, RANKL,

OPG, NFATc1, and DKK1 performed by qRT-PCR.

As shown in Figure 40A, LPS-stimulated RA-FLS, i.e., the model group, showed
elevated levels of IL-1p m-RNA expression. Upon DD NP HG treatment, the mRNA expression
of IL-1P was significantly downregulated by ~6 fold. On the other hand, it was found that the
mMRNA level of RANKL and OPG was significantly downregulated by ~2.8 fold and
significantly upregulated by ~6.8 fold in the DD NP HG group when compared with the model

group, respectively (Figure 40B-C).
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Figure 40. Effect of dual-drug nanoparticles loaded hydrogel against bone destruction in
LPS-stimulated RA-FLS. The relative mRNA expression of (A). An inflammatory marker is
IL-1B (B). Osteoclast marker as RANKL, (C). Osteoblast marker as OPG, (D). RANKL/OPG
ratio, (E). NFATcl, (F). DKKI1. The data are represented as mean = SEM (n = 4). The values
were statistically examined using a one-way ANOVA test. Statistical significance: *p < 0.05, **p
< 0.01, ***p < 0.001, and ns- non-significant. IL-1f: Interleukin 1 beta, RANKL: Receptor
activator of nuclear factor-kappa-B ligand, OPG : Osteoprotegerin, NFATCI1 : nuclear factor of
activated T cells 1, DKKI : Dickkopf WNT signaling pathway inhibitor 1, LPS

:Lipopolysaccharides

A considerably lower relative ratio of RANKL/OPG is observed in the DD NP HG group
compared to the other treatment groups (Figure 40D). Thus, the observed mRNA expression and
their ratio of RANKL and OPG suggest that osteoclastogenesis is negatively regulated, and

osteoblastic activity is promoted by OPG in RA FLS.

Osteoclastogenic master cytokine, RANKL mediates canonical and non-canonical NF-xB
pathways, which further induces positive regulators such as c-Fos and nuclear factor of activated
T cells c1 (NFATc1) to drive osteoclast differentiation. Previously, the RANKL-RANK pathway
induced NFATc1 expression in bone marrow macrophage and RA synovial cells (Asagiri et al.,
2005; Takayanagi et al., 2002; Zhao et al., 2021). As shown in Figure 40E, Upon DD-NP HG
treatment, the mRNA expression of NFATc1 was significantly downregulated by ~1.5 fold,

compared with the model group.

Moreover, Dickkopf-related protein 1 (DKK1), a regulatory molecule of the Wnt

pathway, plays a vital role in bone resorption and remodeling (Juarez et al., 2016). Previous
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findings suggest that IL-1p upregulates DKK1 and sclerostin (SOST), which may downregulate
the osteoblasts (Redlich and Smolen, 2012). Pro-inflammatory mediators like IL-15 and DKK 1
are produced by FLS, leading to the promotion of joint inflammation and destruction in RA
(McHugh, 2020). As shown in Figure 40F, the mRNA expression of DKK1 in the DD NP HG
treated group exhibited a ~5-fold downregulation compared to the model group. In contrast, the
treatment with MTX NP HG and PEITC NE HG groups showed a significant ~3.5 fold and ~4
fold change difference in mMRNA expression compared with the model group (Figure 40F).
These findings ultimately confirmed that the nanoparticulate form of MTX and PEITC, when
used as a dual-drug combination (DD NP HG), significantly inhibited osteoclastogenesis and

promoted bone remodeling.

3.10. Anti-arthritic effects of the dual-drug nanoparticles loaded hydrogel
3.10.1. Effects of dual-drug nanoparticles loaded hydrogel on arthritis parameters in FCA-

induced arthritic rats

The therapeutic efficacy of combinational nanocomposite hydrogel was investigated in a
chronic rat model of RA immunized by Freund's Complete Adjuvant (FCA). After FCA
immunization, the rats were randomly assigned into various experimental groups on day 12 and

continued till day 33 as the end study point (see Figure 41A).

The changes in paw volume and thickness were the initial parameters observed to
measure inflammation and swelling in AIA rats and the treated groups. Following FCA
immunization, on day 12, the different AIA groups of rats received an IA injection of either PBS,

Free PEITC + Free MTX, PEITC NE HG, MTX NP HG, BD NP HG, and DD NP HG at an
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interval of every four days for up to 27 days where changes in the arthritis score and swelling of
the entire paw were observed and recorded (Figure 41B-C). Paw volume and paw thickness in
the inflamed paws gradually increased in the PBS-treated rat as the disease progressed, while this
progression was slower in the animals treated with the PEITC NE HG, MTX NP HG, and DD
NP HG. Compared to the PBS-treated group, the PEITC NE HG and the MTX NP HG alleviated
the symptoms of arthritis in rats. However, Free PEITC + Free MTX and blank HG loaded with
blank NP failed to inhibit the disease progression, as there was no effect on the inflamed paw
volume and thickness of the paws in these groups. The treatment with DD NP HG improved the
arthritis symptoms (i.e., paw volume and paw thickness) to a greater extent among the groups

(Figure 41B-C).

Hind paws of RA rats were scored for signs of arthritis (i.e., arthritis score) to monitor the
disease severity and assess the prepared formulation's effectiveness in treating RA. A modest
amount of erythema and swelling was evident in the current AIA rat model on the 5" day
following FCA injection. On the 12" day post-FCA injection, considerable swelling and
erythema appeared in the injected hind paws, indicating the full onset of RA. The AlA-rats were
then administered with different formulations every four days, initiated on day 12 and ending on
day 27. As depicted in Figure 41D, after treatment, groups treated with PEITC NE HG, MTX
NP HG, or DD NP HG exhibited a reduction in the arthritis scores. At the endpoint, i.e., the 33™
day, the Free PEITC + Free MTX and BD NP HG treated groups showed a cumulative arthritis
score of 3.50 £ 0.58 and 3.25 + 0.50 and the arthritic control group with an arthritis score of
3.75 £ 0.50. The rat treated with DD NP HG showed a marked reduction in arthritis score (1.25 £

0.50) than the Free PEITC + Free MTX and BD NP HG treated group and the arthritic control
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group. PEITC NE HG and MTX NP HG treated animals had arthritis scores of 1.75 £ 0.50 and

1.50 £ 0.58, respectively.

In arthritic rat models, reduction in body weight is an essential parameter to measure
inflammation. Changes in the body weights were monitored for up to 32 days to measure FCA-
induced inflammation and the effectiveness of treatment groups, as presented in Figure 41E.
Here, the normal healthy control group showed an increased body weight than the arthritic
control group. The body weight loss in FCA-induced rats might be attributed to restricted
mobility, decreased intestinal absorption, and inflammatory response. After 32 days, compared
to the arthritic control group, the DD NP HG treated group showed improvement and
significantly gained body weight. These findings imply that DD NP HG has effectively

decreased arthritic-induced inflammation.

Assessing the ratio of primary immune organs (such as the spleen and thymus) is a vital
indicator in relating an autoimmune condition (like RA) with its disease progression (Wang et
al., 2019). As a result, alterations in the spleen and thymus indexes were assessed across all study
groups. Figure 41F (i-ii) shows that the arthritic control group had a higher spleen and thymus
index than the normal healthy control group. The spleen and thymus index in the treatment
groups, PEITC NE HG, MTX NP HG, or DD NP HG, decreased significantly compared to the

arthritic control group.

Comparing the animals treated with Free PEITC + Free MTX and BD NP HG to the
arthritic control group, no discernible differences were seen in the spleen and thymus indexes.
Compared to other treatment groups, the group receiving DD NP HG treatment showed the most

significant improvement in the spleen index.
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Figure 41. In vivo anti-arthritic effect of the dual-drug nanoparticles loaded hydrogel in
FCA-induced RA rats. (A). Timeline for the dual-drug nanoparticles loaded hydrogel treatment
in RA model rat (FCA-induced) with different treatment groups. (B). Changes in paw volume
over time in the different treatment groups. (C). Changes in paw thickness over time in the
different treatment groups (D).Arthritis scores for RA in rats on following treatment with
different formulations. According to the standard scoring method, the average arthritis score was
assessed by blind testing (scale of 0-4). (E). Changes in body weight in the FCA-immunized rats
after 32 days of treatment. (F). The index of (i) spleen and (ii) thymus on day 33 in different
treatment groups of FCA-immunized rats. The index of the thymus and spleen were expressed as
the ratio (mg/g) of thymus and spleen wet weight versus body weight, respectively. The data are
represented as mean £ SD (n = 4). The values were statistically examined using a one-way
ANOVA test. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ns- non-

significant. FCA: Freund's complete adjuvant.

The trend observed comparing the elevated paw volume and cumulative arthritis scores in
arthritic rats demonstrates that the DD NP HG group helps to improve arthritis disease conditions
more effectively than the PEITC NE HG and MTX NP HG groups, suggesting that the combined
therapeutic effect of the two drugs in their nanoparticulate form was more effective than the

therapeutic effect of the individual nano form of the drug itself.

3.10.2. Effect of dual-drug nanoparticles loaded hydrogel on oxidative stress biomarkers in

FCA-induced arthritic rats

The pathogenesis of RA is greatly influenced by oxidative stress. Reactive oxygen

species (ROS), such as NO, H;0,, O,, and HOCI, are produced due to various infiltrating
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activated immune cells. Different detoxifying enzymes, such as GSH, naturally shield the tissues
from harmful ROS (Wruck et al.,, 2011). However, as RA progresses, these protective
mechanisms gradually become reactive due to increased ROS production, which results in the
peroxidation of lipids (formation of MDA), which worsens the inflamed joint tissues and
exacerbates the disease (Zimmerman et al., 2017). Simultaneously, neutrophil granule proteins,
such as myeloperoxidase (MPO), are also detected in high amounts in the synovial fluid of the
RA, which are responsible for joint destruction (Li et al., 2019).

MDA levels were also detected in the serum as an indicator of lipid peroxidation
following 33 days of FCA induction (Qindeel et al., 2020). A noticeable increment in the serum
MDA levels was observed in rats subjected to AIA compared to normal healthy control groups.
Figure 42A demonstrates that the arthritic control group displayed a 2.42-fold increased MDA
level than the normal healthy control group. Following treatment with PEITC NE HG, MTX NP
HG, and DD NP HG, a substantial decrease in MDA level was noted. However, the levels of
MDA formation were decreased by 1.93 and 1.77-fold, respectively, by PEITC NE HG and
MTX NP HG, and this formation was further reduced by 2.20-fold in the group treated with DD
NP HG. Compared to the arthritic control group, the levels of MDA in the Free PEITC + Free
MTX and BD NP HG groups decreased by 1.15-fold and 1.25-fold, respectively (Figure 42A).

The number of total nitrites, which indicates nitrosative stress, increases in many
inflammatory disease situations, such as RA (Abdel Jaleel et al., 2021). Serum NO levels were
assessed in the seven treatment groups at the study endpoint. As demonstrated in Figure 42B, the
arthritic control group (immunized with FCA) had a 2.29-fold greater NO level in the serum
compared to the healthy control group. In contrast, the other treatment groups (PEITC NE HG,

MTX NP HG, and DD NP HG) had a considerably lower NO increment.
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Figure 42. Evaluation of oxidative stress, antioxidant, and neutrophil infiltration markers
in FCA-induced RA rats. Effect of dual-drug nanoparticles loaded hydrogel on serum
concentration of (A). MDA (B). NO (C). GSH and (D). MPO. On day 33, the serum of the
different treatment groups was collected and quantified. The data are represented as mean +

SD (n = 4). The values were statistically examined using a one-way ANOVA test. Statistical
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significance: *p < 0.05, **p < 0.01, ***p < 0.001 and ns-non significant. MDA:

Malondialdehyde, NO: Nitric oxide, GSH: Reduced glutathione, and MPO: Myeloperoxidase.

The PEITC NE HG and MTX NP HG treatments significantly reduced the NO level to
1.81-fold and 1.69-fold compared to the arthritic control group. The DD NP HG treated group
markedly showed a lower NO level up to 2.12-fold compared to the arthritic control group and
displayed the highest degree of defense against oxidation (Figure 42B).

Glutathione (GSH, a tripeptide antioxidant enzyme) content in the serum is a valuable
indicator for estimating the degree of oxidative stress (Qindeel et al., 2020). Compared to normal
control rats, the serum GSH in arthritic control rats was markedly reduced by 3.2-fold (Figure
42C). Treatment with PEITC NE HG and MTX NP HG demonstrated a considerable rise in
serum GSH levels to 2.40-fold and 2.50-fold, respectively, compared to the arthritic control rats.
The DD NP HG treated rat markedly improved the level of oxidative stress across all treatment
groups, with a significant increase in serum GSH up to 2.89-fold (Figure 42C).

MPO is a known marker for neutrophil infiltration and plays a significant role in the
pathophysiology of RA (Aborehab et al., 2017; Li et al., 2019). Compared to the normal healthy
control group, the mean serum level of MPO was considerably higher in the arthritic control
group (2.06-fold). The PEITC NE HG (1.50-fold) and MTX NP HG (1.53-fold) treatment
groups had significantly lower mean serum levels of MPO than the arthritic control group. The
highest decline in the mean serum level of MPO was observed in the DD NP HG (1.94-fold)
(Figure 42D).

According to the results obtained from all the above biochemical parameters, PEITC NE

HG and MTX NP HG dramatically reduced oxidative enzymes while improving the level of
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protective enzymes compared to Free PEITC + Free MTX and BD NP HG. However, DD NP
HG enhances the status of oxidative and protective enzymes to a greater extent than the other
treatment groups. The localized and site-specific delivery of MTX and PEITC in the
nanoparticulate form in inflamed joints may be the basis of DD NP HG's superior efficacy than

Free PEITC and Free MTX.

3.10.3. Effect of dual-drug nanoparticles loaded hydrogel on serum cytokines level in FCA-

induced arthritic rats

The underlying etiology of RA is yet unknown. The primary goal of any new treatment
approach is to obtain immunological homeostasis in the joint by balancing inflammation and
halting the progression of the disease, which has tremendous therapeutic potential. Cytokines and
chemokine play essential roles in the advancement and development of RA, whereas suppressing
the expression or function of cytokines and chemokine increases the probability of remission of

RA and protects bones and cartilage from destruction (Gravallese, 2002; Ren et al., 2021).

In AlA rats, the expression of both pro-inflammatory and anti-inflammatory cytokines
was investigated in relation to the effects of various treatment groups by ELISA. Here, the serum
levels of important pro-inflammatory cytokines, such as TNF-a, IL-6, IL-1p, IL-17A, and IL-10,
were determined in the different study groups. In PBS-treated arthritic rats, an increased level of
IL-6, IL-1B, IL-17A, and TNF-a with decreased IL-10 was observed as the disease progressed
(Figure 43A-D, 41F). Compared to the arthritic control group, no substantial difference was
observed, although Free PEITC + Free MTX and BD NP HG treatment slightly lowered the level
of pro-inflammatory cytokines. Following administration of PEITC NE HG, MTX HG, and DD

NP HG, the expression of pro-inflammatory cytokines was markedly reduced, while anti-
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inflammatory cytokine levels were increased (Figure 43A-D, 41F). This showed that DD NP
HG treatment significantly increased the anti-inflammatory cytokine (IL-10) while suppressing
the pro-inflammatory cytokines (TNF-a, IL-6, IL-1PB, and IL-17A), demonstrating its therapeutic

impact was far superior to that of PEITC NE HG or MTX NP HG alone (Figure 43A-D, 41F).

The RANKL/OPG system plays a pivotal role in joint destruction in RA by regulating the
differentiation and function of osteoclasts (Pettit et al., 2006). To elucidate the mechanisms
responsible for the joint-protective action, the serum level RANKL was measured to signify the
grade of osteoclastogenesis (Stolina et al., 2009). As depicted in Figure 43E, the serum levels of
RANKL in AIA model rats (arthritic control) were significantly up-regulated than the healthy

control group.

Treatments with PEITC NE HG, MTX NP HG, and DD NP HG markedly down-
regulated the serum concentration of RANKL. Moreover, RANKL levels in the DD NP HG rats
showed the highest decline among the other treatment groups, following the trend of the healthy
control group. However, the aforementioned results indicated that DD NP HG could
considerably improve the production of cytokines (pro-inflammatory anti-inflammatory) and
bone erosion markers; hence, DD NP HG had the most significant therapeutic impact on

preventing the onset of RA.
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in FCA-induced RA rats. Effect of dual-drug nanoparticles loaded hydrogel on serum pro-
inflammatory cytokine levels (A). TNF-a, (B). IL-1B, (C). IL-6 and (D). IL-17A. (E). RANKL
(bone erosion marker) (F). IL-10 (anti-inflammatory cytokine). The serum cytokine level in the
rat (on day 33) was estimated by ELISA. The data are represented as mean = SD (n = 4). The
values were statistically examined using a one-way ANOVA test. Statistical significance: *p <
0.05, **p < 0.01, ***p < 0.001, and ns- non-significant. TNF-a: Tumor Necrosis Factor-alpha,
IL-1B: Interleukin 1 beta, IL-6: Interleukin 6, IL-17A: Interleukin 17A, RANKL: Receptor
activator of nuclear factor-kappa-B ligand and IL-10: Interleukin-10, ELISA: Enzyme-linked

immunoassay.

3.10.4. Toxicity assessment of dual-drug nanoparticles loaded hydrogel in the FCA-induced

arthritic rats

The impact of various treatment groups on liver and kidney functions was evaluated to
assess the biocompatibility of nanocarriers for their utilization in biological and medical
applications (Yin et al., 2020a). As seen in Figure 44A-D, arthritic control rats showed a
substantial rise in the liver (ALT and AST) and kidney (CRE and BUN) enzyme levels compared
to healthy control rats; however, these levels remained within normal ranges. Previously, it was
reported that MTX caused liver and kidney function toxicity. Considering the side effects of
MTX, | analyzed the impact of MTX-loaded hydrogel treatment groups, i.e., MTX NP HG and
DD NP HG, on liver and kidney function. In addition, the blood biochemical analysis
demonstrated that the ALT, AST, BUN, and CRE in the groups (MTX NP HG and DD NP HG)
were within normal ranges. Hence, these hydrogels were effective and safe for in vivo RA

therapy as they did not affect the liver and kidney functions.

134



80 200+

AST(U/L)
o
o
1

Hepatic Biomarkers
ALT(U/L)
=
1

= Normal Control mm= Free PEITC+ Free MTX = MTX NP HG
= Arthritic Control m= BD NP HG == PEITC NE HG
mm DD NP HG

T e e e e e T OO T e PR E OO R U CL PR R R OLE R .
” CRE BUN :
o 0.8+ 50— :
X e -
E B . ns ‘ :
g _ 064 40 Lo :
— — j - - i ok E
I - 5 304 ;
T i Eo04- T £ 5
w - :
S : u Z 20 :
14 o 02 om .
’ 10— :
0.0- -
;

Figure 44. Toxicity assessment in FCA-induced RA rats. Effects of dual-drug nanoparticles
loaded hydrogel on hepatic and renal function. (A and B) hepatic biomarkers (ALT and AST)
and (C and D) renal biomarkers (CRE and BUN). The data are presented as mean + SD (n = 4).
The values were statistically examined using a one-way ANOVA test. Statistical significance: *p
< 0.05, **p < 0.01, ***p < 0.001, and ns- non-significant. ALT: Alanine transaminase, AST:

Aspartate transaminase, CRE: Creatinine, BUN: Blood urea nitrogen (BUN).
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By examining the serum biochemical profiles of the other hydrogel treatment groups, BD
NP HG and PEITC NE HG, it was determined that all biochemical parameters (ALT, AST,
BUN, and CRE) were within the normal ranges, indicating that none of the hydrogel
formulations appeared to have a substantially detrimental effect on kidney or liver function
(Figure 44A-D). These outcomes demonstrated the safety and biocompatibility of the

constructed hydrogel-based carrier system in vivo.

3.10.5. Histological analysis of dual-drug nanoparticles loaded hydrogel in the FCA-induced
arthritic rats

RA is the most prevalent form of autoimmune arthritis, characterized by persistent
synovitis, cartilage degradation, and bone destruction (Catrina et al., 2016). FCA-induced
adjuvant arthritis (AlA) in the rat is a polyarthritis experimental model extensively utilized for
preclinical testing of various anti-arthritic drugs that are either being investigated in preclinical
or clinical research or are currently being used as treatments in this disease condition (Pearson,
1956). Furthermore, AIA is a type of T-cell-mediated autoimmune arthritis extensively
researched for the immunological aspects of RA and other inflammatory or arthritic disorders in
humans (van Eden et al., 1996). The local injection of adjuvant (Mycobacterium tuberculosis
suspended in mineral oil) into rats produces an immune response that typically entails
inflammatory degradation of cartilage and bone in the distal joints with concurrent swelling of
surrounding tissues.

The animals from the various treatment groups were sacrificed at the end of the study
period (i.e., the 33" day) using CO, asphyxia to verify the therapeutic effectiveness of DD NP

HG treatment in FCA-induced arthritic rats. The ankle joints were carefully dissected for gross
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and histological analysis. The histological assessment of ankle joints was performed with H&E,
SO-FG, and Toluidine blue (T&B) staining to compare synovial inflammation, cartilage
destruction, and bone erosion in all groups microscopically.

Healthy normal control showed no apparent signs of inflammation, bone erosion, or
cartilage destruction. Their morphologies clearly distinguished the interface between cartilage
and bone in healthy rats (Figure 45B). The arthritic control group had more pronounced severe
infiltration of inflammatory cells (red arrows), bone erosion, and cartilage damage (black
arrows), which characteristics features of RA (as seen from H&E are staining in Figure 45B)
(Zhang et al., 2018). The stained microsections of the ankle joint from the groups treated with
the Free MTX + Free PEITC and BD NP HG groups confirmed an intermediary disease state
with abundant infiltration of inflammatory cells with considerable bone erosion and cartilage
degradation. Treatment with MTX NP HG and PEITC NE HG showed minimal bone erosion
and cartilage destruction with nominal cell infiltration in the joint. In addition, the ankle joint
sections from DD NP HG-treated rats showed a relatively healthy articular surface with minimal
inflammatory cell infiltration. The DD NP HG showed minimal histological alterations
compared to other AIA treatment groups and was quite similar to healthy normal control rats
without AIA (Figure 45B).

SO-FG is a standard staining method to detect the amount and distribution of
proteoglycans in cartilage tissues (Jang et al., 2020). Safranin O (SO) works by forming a
reddish-orange complex when it binds to acidic proteoglycans in the cartilage tissues, such as
chondroitin sulfate or keratan sulfate, with a high affinity. A matrix proteoglycan depletion
assessment is made possible by the degree of the color of SO, which represents proteoglycan

content indirectly (Yin et al., 2020a). The joint sections of the PBS-treated rat (arthritic control),
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Free MTX + Free PEITC, and BD NP HG showed significant proteoglycan loss (the red color
almost vanished), indicating severe damage and considerable loss of cartilage and bone (Figure
45C). As shown in Figure 45C, minimal cartilage destruction in the rat treated with MTX NP
HG and PEITC NE HG, evident from the red color's intensity, increased to a different extent.
However, the rat treated with DD NP HG had minimal cartilage loss with the highest intensity of

red color, quite similar to the healthy normal control without AlA induction (Figure 45C).

Another popular method for histologically evaluating differentiated cartilaginous and
chondrogenic tissues is T&B staining. T&B is a cationic dye that visualizes proteoglycans in
tissue because its high affinity for the sulfate groups in proteoglycans results in blue color
(Bergholt et al., 2019). T&B staining showed a significant proteoglycan loss in the arthritic
control group, indicating that articular cartilage was severely degraded and damaged (Figure
45D). While in the DD NP HG group, the blue color positive areas of T&B staining were more
prominent compared to Free MTX + Free PEITC and BD NP HG, demonstrating that cartilage
injury was effectively reversed, and it could effectively alleviate synovitis and cartilage damage
in AIA rats (Figure 45D). The outcomes from the histopathological studies supported the
therapeutic potential of combinational nanocomposite hydrogel (DD NP HG) in reducing

inflammation and slowing the onset of RA disease.
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Figure 45. Histopathological assessment of dual-drug nanoparticles loaded hydrogel in bone destruction and cartilage damage in RA model. (A).
In vivo paw images of the rats from different groups at the endpoint, i.e., 33" day. Histological sections with (B). H&E, (C). SO-FG and (D). T&B staining
of ankle joints in different treatment groups. The red arrow is inflammatory cellular infiltration, and the black arrow is bone erosion and cartilage
degradation. Yellow arrows indicate loss of proteoglycan. Scale bar =200 um, 100 um and 25 um. H&E: Hematoxylin and eosin; SO-FG: Safranin O-fast
green; T&B: Toluidine blue.

139



3.11. Summary of the chapter

In this chapter, a dual-nanoparticulate hydrogel formulation of MTX and PEITC (DD NP
HG) was successfully prepared and verified for the therapeutic potential of co-delivering of
MTX, a slow-acting anti-rheumatic drug, and PEITC, a bioactive phytochemical with potent
anti-inflammatory activity, to inflamed joints for synergistic treatment of treating RA. While
both medications are used for treating RA or inflammatory conditions, the expected therapeutic
efficacy was never achieved. The in vitro data demonstrated that both drugs, in their
nanoparticulate form, have the necessary features, such as better mechanical strength,
thermosensitivity, injectability, and good biosafety, for prolonged release of MTX and PEITC
from the target site, when synthesized as an injectable hydrogel using pluronic and alginate. The
cell-based studies showed that DD NP HG had a high biosafety level for healthy FLS cells. On
the other hand, DD NP HG treatment could significantly reduce the viability and increase the
induction of cell apoptosis in RA-FLS cells. The underlying molecular mechanism study
demonstrated that the inhibition of pro-inflammatory cytokines ( TNF-a, IL-17A, and IL-6) and
improvement in the gene expression of bone destruction (IL-1p, RANKL, OPG, NFATc1, and
DKKJ1) are potential therapeutic targets of DD NP HG in LPS -stimulated RA-FLS.

From the studies conducted on FCA-induced RA in rats, | could demonstrate that the DD
NP HG treatment enhanced the efficacy of combination therapy where the inflammatory
response was significantly inhibited, reducing chronic inflammation effectively and delaying
bone erosion. In conclusion, the result demonstrates that the anti-RA treatment accelerated by the
intra-articular injection of DD NP HG can maximize the therapeutic effects and reduce the dose-
related side effects of both drugs' free form (MTX and PEITC). The possible mechanism can be

postulated that the sustained release of nanoparticulate forms of MTX and PEITC from the smart
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hydrogel resulted in pronounced anti-inflammation over time, eventually leading to amelioration
from the RA state.

Essien et al. 2023 recently reported PAMAM dendrimers as a nanocarrier for the co-
delivery of SFN and MTX for treating RA. The optimized dual-drug nanoparticle formulation
showed potential anti-inflammatory effects against LPS-stimulated murine macrophages while
biocompatible with healthy murine macrophages in vitro. Further, in vivo studies on RA-induced
animal models improve arthritis symptoms by a decrease in the arthritic scoring and reduction in
knee diameter and exert anti-inflammatory effects by enhancing the serum cytokine levels
(Essien et al., 2023).

In another study, Yin et al., 2020b developed a temperature-sensitive hydrogel (D-NGel)
containing nanoparticles (D-NPs), simultaneously delivering indomethacin (IND) and MTX for
the treatment of RA. The hydrogel represents a fluid state at room temperature. In vivo, release
studies revealed that when the hydrogel is injected into the articular cavity of CIA rats, it quickly
changes from a fluid state to a gel in situ and releases the drugs continuously for a sustained
period of up to 72 h. In conclusion, the D-NGel substantially reduced bone degradation, joint
swelling, and inflammatory cytokine expression in joint fluid. This novel approach, which can
deliver two kinds of drugs, inspires synergistic therapy (Yin et al., 2020b).

Both of the above studies supported our hypothesis that nanoparticulate forms of MTX
and PEITC could be beneficial for treating RA while improving the clinical drawbacks.
Integrating material science and nanotechnology was an innovative step in constructing a dual-
drug delivery system (DD NP HG). Further, IA administration of DD NP HG significantly
ameliorated the RA symptoms by reducing side effects in their free form. This combination

approach will be a novel RA therapy in the future, which will exert a synergistic effect.
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Chapter 4

Conclusion
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4.1. Conclusion and future work

Many combinational therapies are available for arthritis, but the combination of MTX
and PEITC still needs to be explored. Both drugs are reported to have good anti-arthritic effects
in animal models; nevertheless, both have several limitations. To overcome these limitations,
nanoparticle drug delivery may help improve the therapeutic activity. MTX is observed to be
more toxic on higher doses, so low doses of MTX were preferred. Further low doses on more
prolonged exposure showed drug resistance (decreased therapeutic efficacy). To counteract these
challenges, PEITC combined with MTX may potentiate anti-arthritic activity. These prepared
nanoparticles are loaded into a biocompatible hydrogel carrier to increase the residence time near

the inflamed joints and help in localized therapy.

This thesis described the development of polymer systems for delivering hydrophobic
drugs for treating joint diseases, such as RA and OA. By applying a nanotechnology approach, 1
formulated a smart nano-particulate co-delivery hydrogel system that was extensively assessed in
vitro and in vivo. This approach immensely abrogated the pharmaceutical limitations of the
loaded drugs (MTX and PEITC) when prepared as nanoparticles. Further loading these NPs into
a hydrogel system enabled co-delivery, sustained release, injectability, and thermoresponsive

behavior.

RA is a multifactorial systemic autoimmune disease with few treatment options. As a
combinational drug delivery system, a hydrogel co-delivered the regimens that can alleviate the
condition by acting via diverse mechanisms. A probable mechanism of combinational hydrogel
in treating RA is shown in Figure 46. When injected into the FCA-induced animals, the DD NP
HG showed marked amelioration of chronic inflammation and assisted in restoring bone

morphology in RA rats.
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Studies on healthy rats confirmed the biocompatibility and safety of the formulation at
the injection site and when sustainedly released into the systemic circulation. Further,
combinational hydrogel-based localized therapy has been shown to enhance the anti-
inflammatory efficacy and reverse cartilage disruption through a synergistic effect between two
nano-particulate forms of MTX and PEITC, which can effectively improve the drawbacks of free
forms of both drugs. From the thesis work, I successfully optimized and fabricated a novel smart
hydrogel-based delivery system for poorly soluble drugs to either deliver them singly or in
combination to attain greater efficacy. Such nano-delivery systems have significant applications

in diseases that require chronic or multi-drug treatment.
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Figure 46. A probable mechanism of combinational hydrogel (DD NP HG) in treating RA.
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Table 10: Comparison of anti-inflammatory and anti-rheumatic activity of different PEITC and MTX based formulation

Compound Formulation study types Dose and Route | Duration Outcomes Remarks
PEITC PEITC in CMC In vivo: CFA-induced 50 mg/kg, Orally 21 days (21 Anti-rheumatic | Daily dosing is required. Since Free PEITC
RA in the animal model doses) activity had low bioavailability.
(Choudhary et al., 2020)

MTX MTX nano In vivo: CFA-induced 0.215 ug/kg, every | 21 days (10 Anti-rheumatic | Continuous dosing was required to achieve
micelle-based RA in the animal model | two days up to 21 doses) activity a therapeutic effect in vivo.
hydrogel days,

Transdermal Cell-based targeted study, especially in
RA-FLS and macrophages, was not
reported.

Combinational-based RA therapy will be
more beneficial in this study.
(Qindeel et al., 2020)

IND and MTX | IND and MTX In vivo: ClA-induced RA | IND-0.4 mg/kg 35 days Anti-rheumatic | This study demonstrated a synergistic anti-
nanoparticle- in an animal model MTX -0.2 mg/kg (8 doses) activity RA therapy in vivo. However, the hydrogel
based hydrogel Intra-articular was continuously administered to achieve

the desired therapeutic effect in vivo.

The cell-based targeted study was not
studied, especially in RA-FLS and
macrophages.

(Yin et al., 2020)

PEITC and PEITCand MTX | In vivo: CFA-induced | PEITC- 10 mg/kg 33 days Anti-rheumatic | In our study, we tried to limit dosing

MTX nanoparticle- RA in the animal model | MTX — 1 mg/kg (4 doses) Activity numbers (4 doses). 1A-based therapy was
based hydrogel Intra-articular adopted to achieve the synergistic activity.

(Haloi et al., 2023)

(Our study)

In vitro: LPS-stimulated | PEITC — 100 pM 24 hand 48h Anti- The RA-FLS targeted approach was
RA-FLS primary cell. MTX - 1.5 uM inflammatory adopted and validated for the cellular
activity interaction of MTX and PEITC in vitro

RA-induced conditions.
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Future work should include investigations on drug delivery that can broaden the scope of
different low molecular weight hydrophobic phytochemicals with pharmaceutical limitations (low

bioavailability, low aqueous solubility, and low stability).

A combination therapy strategy has a promising future for the synergistic treatment of RA
and other metabolic bone degenerative conditions and is urgently needed. Future work should
include extensive pre-clinical research on larger animals, i.e., monkeys, dogs, and horses, which

will provide the applicability of this combinatory therapy in humans.

Although this research focuses on treating symptoms of RA, future work should include this

combination therapy strategy that can restore synovial homeostasis in RA by targeting FLSs.
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Chapter 5

Materials and methods
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5.1. Materials
5.1.1. Chemicals and reagents used

Table 11. List of chemicals and reagents used

Chemicals and reagents used Source
1,1,3,3-tetramethoxypropane Sigma-Aldrich
2-thiobarbituric acid (TBA) Sigma-Aldrich
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) Sigma-Aldrich
Acetic acid glacial (ReagentPlus®, > 99 %) Sigma-Aldrich
Acetone (EMSURE ACS for analysis) Merck
Acetonitrile (for HPLC) Spectrochem
Acid alcohol CDH
Antibiotic solution 100X Liquid Himedia
Benzene-1, 2-dithiol (BDT, 96 %), Sigma-Aldrich
Chitosan (degree of deacetylation > 75 %) Sigma-Aldrich
Collagenase, Type IV Sigma-Aldrich
D.P.X. Mountant (Liquid) Himedia
Dialysis membrane -70 Himedia
Diluent for DNA extraction, molecular biology Himedia
Dimethyl sulfoxide (DMSO for HPLC, > 99.7) Sigma-Aldrich
Disodium hydrogen phosphate MP Biomedicals
D-Mannitol Merck
Dulbecco’s modified eagle medium (DMEM), High glucose Himedia
EDTA disodium salt dihydrate, Hi-AR™ Himedia
Eosin, 2% wiv Himedia
Ethanol absolute (EMSURE ACS for analysis) Merck
Fast green FCF, Hi-Cert™ Himedia
Fetal bovine sera, sterile filtered, heat-inactivated, US Himedia

Formaldehyde, ACS (37 %)

MP Biomedicals
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Freund's complete adjuvant (FCA) Sigma-Aldrich
Haematoxylin (Mayer) Himedia
Hanks’ balanced salt solution, HBSS,1X, sterile Himedia
Hematoxylin stain, Hi-Cert™ Himedia
Lipopolysaccharides (LPS) Sigma-Aldrich
Methanol (EMSURE ACS for analysis) Merck

Methotrexate (MTX)

MP Biomedicals

Methyl-thiazolyl diphenyl-tetrazolium bromide (MTT) Himedia
Olive oil Himedia
Phenethyl isothiocyanate (PEITC, 99 % ) Sigma-Aldrich
Phosphate buffered saline (PBS, pH 7.2) Sigma-Aldrich
Picric acid (saturated, aqueous) Himedia
Pluronic F-127 powder Sigma-Aldrich
Poly lactic-co-glycolic acid (PLGA) Sigma-Aldrich
Poly-L-lysine solution (0.1 % w/v in water) Sigma-Aldrich
Polysorbate-80 Himedia
Potassium bromide (KBr, FTIR Grade, > 99 %) Sigma-Aldrich
Potassium chloride Sigma-Aldrich

Potassium dihydrogen phosphate

MP Biomedicals

Reduced glutathione

MP Biomedicals

Safranine (Safranin O), Hi-Cert™ Himedia
Sodium acetate anhydrous (molecular biology grade) Merck
Sodium alginate Sigma-Aldrich
Sodium chloride Sigma-Aldrich

Sodium hydroxide anhydrous

MP Biomedicals

Span-80

Himedia

Toluidine Blue O, Hi-Cert™

Himedia

Triton X-100 (for molecular biology)

SRL Laboratories

Trypsin -EDTA solution 1X

Himedia

Xylene, AR

Himedia
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Xylene, for histopathology Himedia

5.1.2. Cell lines and primary cells

Table 12. List of cell lines and primary cells

Name Source
N-FLS primary cell NISER, Bhubaneswar, India
RA-FLS primary cell NISER, Bhubaneswar, India

IAEC number: NISER-IAEC/SBS-AH-222
5.1.3. Kits

Table 13. List of kits

Kit Name Source
Albumin kit Meril Diagnostics
Alkaline phosphatase (ALP) kit Meril Diagnostics
Cholesterol kit Meril Diagnostics
Creatinine kit Meril Diagnostics
FITC annexin V apoptosis detection kit | BD Biosciences
Glucose kit Meril Diagnostics
Myeloperoxidase (MPO) activity assay kit Elabscience
Nitrite/Nitrate assay kit Sigma -Aldrich,
Rat IL-10 ELISA kit Elabscience
Rat IL-17 ELISA kit Elabscience
Rat IL-1B ELISA kit Elabscience
Rat IL-6 ELISA kit Elabscience
Rat RANkL ELISA kit Elabscience
SGOT kit Meril Diagnostics
SGPT kit Meril Diagnostics
TNF-o rat ELISA kit Invitrogen, Thermo Scientific
Total protein (TP) kit Meril Diagnostics
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Urea kit Meril Diagnostics

5.1.4. Monoclonal antibodies

Table 14. List of monoclonal antibodies

Antibody Host Source Application
FITC mouse anti-rat CD90 Mouse BD Pharmingen Flow cytometry
PE mouse anti-rat CD106 Mouse BD Pharmingen Flow cytometry
5.1.5. Animals

Healthy SD rats (180-240 g b.w., both sexes) were used for all the in vivo experiments in
this thesis. The animals were housed in pathogen-free controlled climatic conditions with
artificial lighting (12:12 h of light: dark cycle). The rats were individually kept and acclimatized
for seven days before the experiment. Clean drinking water and a commercially available
standard pellet diet were provided ad libitum. All animal experiments complied with ARRIVE
guidelines and were performed per the National Institutes of Health (NIH) guide for the care and
use of Laboratory animals (NIH Publications No. 8023, revised 1978). The experimental
protocols were performed by CPCSEA regulations (Registration No.
1634/GO/ReBIi/S/12/CPCSEA, DoR- 29.03.2012). They were approved by the Institutional
Animal Ethics Committee (IAEC) at the National Institute of Science Education and Research
(NISER), Bhubaneswar, Odisha, India (Ethical Approval No: NISER/SBS/AH-148 and

NISER/SBS/AH-222).

5.2. Methods

The methods are mainly divided into two parts
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1. Part A- Methods related to Chapter 2
2. Part B - Methods related to Chapter 3

Part A

5.2.1. Preparation and characterization of PEITC-loaded hydrogels
5.2.1.1. Preparation of the PF-127/ CS hydrogel

The PF-127/CS hydrogel was prepared by physical mixing cold method in an aqueous
acid solution following a procedure well-described to prepare pluronic-based hydrogels (Jung et
al., 2017; Pelegrino et al., 2018; Zhang et al., 2018). Briefly, CS (1 % w/v) was completely
dissolved in 0.01 M aqueous acetic acid by stirring in cold conditions (< 10 °C). This CS
solution was then adjusted to pH — 6.0 and kept at 4 °C until further use. Initially, a varying
amount of PF-127 10-40 (10, 15, 18, 20, 25, 30, 35, and 40) % wi/v was gradually incorporated
into the pH adjusted to CS solution while stirring. The mixture containing 20 % w/v of PF-127

and 1% wi/v of CS mixture (BH) was finally considered for further studies.

5.2.1.2. Incorporation of PEITC into PF-127/ CS hydrogel

Different PEITC-loaded hydrogels were prepared by loading PEITC to varying amounts
of 20 mg, 40 mg, and 60 mg into the BH for further studies, hereafter referred to as PH20, PH40,
and PH60, respectively. Pure PEITC (20, 40, and 60 mg) was first suspended in 100 pL absolute
ethanol with gentle mixing for 10-15 min. In light-protected conditions, the resultant ethanolic
PEITC was finally added to the BH while stirring (at < 10 °C) for 24 h until a homogenous
solution was obtained. The final concentration of all three PEITC-containing hydrogels was 20
mg/mL (PH20), 40 mg/mL (PH40), and 60 mg/mL (PH60) of PEITC, respectively. The

concentration of absolute ethanol in the hydrogel solution was 2 % v/v. To remove the ethanol
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fraction from the PEITC-containing hydrogel solutions, the solutions were kept at stirring (at <
10 °C) for 24 h. The final pH of the different hydrogel formulations BH and PEITC-loaded
hydrogels (PH20, PH40, PH60) was measured in triplicates using a digital pH meter (Five Easy
TM Plus, Mettler-Toledo AG, Switzerland) (Ahsan et al., 2020). All hydrogels (PEITC-loaded

and Blank) were stored at 4 °C until further studies.

Drug encapsulation efficiency (EE %) was indirectly measured; for this purpose, the 1
mL swollen PEITC-loaded hydrogels (PH20, PH40, PH60) solution was incubated with 9 mL
1X PBS (37 °C, pH 7.4) for 2 h. The drug concentration in the solution was measured
spectrophotometrically at 365 nm using the 1,2-benzene dithiol (BDT)-based cyclo-condensation

assay(Cong et al., 2018; Zhang, 2012).

Table 15. Name and description of hydrogel preparations related to methods section —Part

A
Name of hydrogel preparations Description
BH Blank hydrogel

PH20 PEITC-loaded hydrogel at conc. 20 mg/mL
PH40 PEITC-loaded hydrogel at conc. 40 mg/mL
PH60 PEITC-loaded hydrogel at conc. 60 mg/mL

PEITC20 Free PEITC at conc. 20 mg/mL

PEITC60 Free PEITC at conc. 60 mg/mL

5.2.1.3. Physicochemical characterization

5.2.1.3.1. Sol-gel-sol phase transition measurements (Tsoiger) iN PEITC-loaded hydrogels
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Tube-tilting method was performed to study the hydrogel's phase transition, where the
BH's thermo-sensitive behavior (1 % CS and 10-40 % PF-127) was determined as a function of
gelation time (Ahmad et al., 2019; Jung et al., 2017). For this purpose, a glass vial (5 mL screw-
capped) containing 1 mL of the polymer solution was dipped in water baths (Julabo ED,
Germany) maintained at 25 °C and 37 °C. The fluidity of the hydrogel mixture was checked by
tilting the immersed vial at different time points. At any given time, the mixture in the solution
phase was considered a ‘flowing liquid’ and the gel phase as a ‘non-flowing gel.” The time taken
until no flow was observed in the solution was taken as gelation time. The samples were

independently tested at 25 °C and 37 °C in triplicates and expressed as a mean + SD.
5.2.1.3.2. Injectability of hydrogels

The injectability of solutions of BH and PEITC-loaded hydrogels (PH20, PH40, PH60)
was assessed by observing thread-like hydrogel formation when the solution (at 4 °C) in a
syringe (24-gauge needle) was injected into a vial containing PBS solution at 37 °C (Fan et al.,

2017).
5.2.1.3.3. FTIR characterization

FTIR studies for PH60, BH, and PEITC60 samples were conducted to check for PEITC
incorporation or any chemical modifications (Nicolet iS5, Thermo Scientific, USA) (Xu et al.,
2017). The freeze-dried hydrogel samples were powdered, thoroughly mixed with KBr by
grinding with a mortar and pestle, compressed to a pellet using a die, and placed in the FTIR
sample holder. For the PEITC60 spectrum, a sample drop was placed between two plates and
mounted on the FTIR sample holder to record the spectrum. The FTIR spectrum was recorded

from 24 scans for wave numbers ranging from 4000 to 400 cm™* with 2 cm™ resolution in
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transmittance mode. The FTIR spectra were normalized, and major vibration bands were

associated with its chemical groups.

5.2.1.3.4. Morphological characterization of the hydrogels

The morphology of the BH and PH60 was analyzed using FESEM. The samples were
frozen at —80 °C for 12 h and kept in a freeze-dryer for 36 h (FreeZone 4.5, Labconco, USA)
(Pankongadisak and Suwantong, 2019; Qian et al., 2019; Yu et al., 2017). The dried materials
were uniformly spread on a silicon wafer and coated with gold under a vacuum. The gold-coated
silicon wafer was then pasted on a metallic stub for analysis using a FESEM (ZEISS
GeminiSEM 450, Carl Zeiss, Germany). The analysis was performed at an operating voltage of 5

kV under a high vacuum.

5.2.1.3.5. Evaluation of pH-responsiveness of hydrogel (swelling ratio)

Freeze-dried hydrogels (ranging from 100-180 mg) were used to study the swelling
behavior of hydrogels (at 37 °C) in pH 5.4 and pH 7.4 buffered solutions. The dried hydrogel
(Wp) was weighed and allowed to swell separately in 5 mL of buffer solutions (for 5h, 37 °C) in
glass vials (10 mL screw-capped). The excess solution was removed from the swollen gels at
different intervals by blotting and weighing (W;) using a digital analytical balance (Quintix 224
Analytical Balance, Sartorius, Germany). Later, a fresh volume of buffer solution (5 mL) was
added to the respective gels to maintain the sink conditions and further swelling (Chatterjee et
al., 2019; Davoodi et al., 2016; Montaser et al., 2019). The swelling ratio of the different

hydrogel formulations was calculated from equation (1):

W =W

Swelling ratio (%) = x 100 (1)

0
5.2.1.3.6. In vitro hydrogel degradation studies
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The in vitro degradation profile of the BH and PEITC-loaded hydrogels (PH20, PH40,
PH60) was performed in situ by observing the behavior of gels in their wet form for 14 days
(Arunkumar et al., 2016; Chatterjee et al., 2019; Pankongadisak and Suwantong, 2019). Firstly, 1
mL of each sample in a tube was allowed to gel completely at 37 °C for 3 h. The final
concentration of PEITC-loaded hydrogels was 20 mg/mL (PH20), 40 mg/mL (PH40), and 60
mg/mL (PH60) of PEITC, respectively. About 3 mL of PBS (0.1 M, pH 7.4) was then added to
the gels and stirred (70 rpm, 37 °C) in a shaking incubator (New Brunswick™ Excella® E24
Shaker Series, Eppendorf AG, Germany). After every 24 h, the buffer solution was drained to
weigh the hydrogels, followed by a fresh addition of PBS (3 mL) to the individual vials. The
procedure was continued every 24 h for 14 days. The in vitro degradation of hydrogels in the
swollen state was studied by determining the % weight remaining at a given time. The
experiments were performed in triplicates, with the values presented as mean = SD. The %

weight of the remaining gel was weighed and plotted against the time (days).

5.2.1.3.7. In vitro drug release studies

The release of encapsulated drugs from the hydrogel at different pH was studied in acidic
(5.4) and physiological (7.4) conditions. In vitro, PEITC release studies from the PEITC-loaded
hydrogels (PH20, PH40, PH60) were carried out using a dialysis membrane of MWCO 12,000-
14,000 Da (Nie et al., 2011; Xu et al., 2017). A 1 mL freshly prepared hydrogel formulation was
taken into the dialysis membrane and immersed in 10 mL of freshly prepared buffer at two
different pH conditions, 5.4 and 7.4, respectively (Lin et al., 2020; Tran Vo et al., 2022; Wang et
al., 2020). The samples were stirred at 100 rpm (37 °C) in a rotary shaker (New Brunswick™
Excella® E24 Shaker Series, Eppendorf AG, Germany). At pre-determined time intervals, 200

ML of the medium was withdrawn, and a fresh 200 pL dissolution medium was added. The
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amount of PEITC released in the PBS was determined by a BDT assay. The sample absorbance
was measured at 365 nm using a UV-vis spectrophotometer (BioSpectrometer® Kinetic
Eppendorf, Hamburg, Germany). All tests were conducted in triplicate. The following buffer
composition of the release medium was used for the in vitro drug release study.
A. Buffer Composition of release medium at pH 5.4

1. Sodium acetate anhydrous (mw: 82.03 g/mol)

2. Glacial Acetic acid (mw : 60.05 g/mol)

3. Adjust the pH with Hydrochloric acid and Sodium hydroxide solution
B. Buffer Composition of release medium at pH 7.4

1. Sodium chloride (mw: 58.44 g/mol)

2. Potassium chloride (mw: 74.55 g/mol)

3. Disodium hydrogen phosphate (mw: 141.96 g/mol)

4. Potassium dihydrogen phosphate (mw: 136.08 g/mol)

5. Adjust the pH with Hydrochloric acid.

5.2.1.3.8. Determination of PEITC using BDT assay

A cyclo-condensation reaction between ITCs and BDT was performed to quantify the
amount of PEITC present in the samples (Zhang, 2012). Briefly, 100 puL of the sample was
mixed thoroughly with potassium phosphate buffer (500 puL in 1 % Triton X-100, pH 8.5),
followed by 8 mM methanolic BDT (500 pL). The BDT reaction was performed at 65 °C for 2 h
in a dry bath (AccuBlock™ Digital Dry bath, Labnet International Inc, USA) and cooled to room
temperature. The absorbance of the supernatant obtained following centrifugation (at 21000 x g

for 10 min) was measured at 365 nm.
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5.2.1.4. Hemocompatibility assessment

Fresh blood from healthy male SD rats was withdrawn by retro-orbital bleeding, and vials
containing EDTA solution (anticoagulant) were collected. The vials were centrifuged at 2000
rpm for 15 min to collect the erythrocytes and then washed thrice with PBS (pH 7.4). The
hemolysis assay was performed by incubating 50 pL of the samples with 950 uL of erythrocyte
solution (5 % erythrocytes/PBS suspension) in a centrifuge tube (1.5 mL) for 3 h at 37 °C.
Following incubation, the samples were centrifuged at 2000 rpm at 4 °C for 10 min. A 150 pL of
supernatant was transferred to the respective well of a 96-well plate (flat-bottomed, Eppendorf).
The sample absorbance was measured at 540 nm in a multimode microplate reader (Thermo
Scientific, Varioscan Flash, USA). The total hemolysis was achieved by incubating the
erythrocytes with 1 % Triton X-100 (positive control) and PBS as a negative control for
comparison (Hu et al., 2021; Pandit et al., 2019; Zhao et al., 2020). The following equation

calculated the hemolysis rate for the different concentrations of hydrogels equation (2):

(Sample 0.D — Negative control 0.D)

Hemolysis rate = x 100 (2)

(Positive Control 0.D — Negative control 0.D)

5.2.1.5. In vivo gel formation and degradation studies

Male SD rats (180-220 g b.w.) were used for the in vivo gel formation and degradation
studies. The animals were randomized into six groups (with six animals in each group): (i) the
negative control, (ii) PEITC20, (iii) BH, (iv) PH20, (v) PH40, (vi) PH60 and anesthetized
(inhalation, 3-5 % isoflurane) prior to injection or surgery. For the (i) negative control group,
400 pL of sterile PBS was administered as an SC injection at the prominent vertebra (seventh
cervical spine) of the animal. In the case of other groups (ii - vi), 400 pL of the hydrogel solution

was injected at the same anatomical site. The injected site was palpitated after 30 mins to
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observe gel formation in situ. At pre-determined intervals, the anesthetized rats (CO,
asphyxiation) were sacrificed, and the gel site was cut open for observation (Wu et al., 2017; Xu
et al., 2019; Zhang et al., 2017; Zhao et al., 2015).
5.2.1.6. Biocompatibility assessment

The in vivo biocompatibility was microscopically evaluated by examining the histological
samples stained with H&E (Xu et al., 2019; Zhang et al., 2017). The histology section was
prepared by excising the skin surrounding the gel-implanted site. The paraffin-embedded blocks
of skin samples were prepared by initially fixing them for 4 days in 10 % neutral buffered
formalin, followed by a dehydration procedure in a graded series of ethanol. About 5.0 um thick
sections were sliced on a semi-automatic rotary microtome (Radical Scientific, India), followed
by H&E staining. The stained samples were observed at different magnifications (4x and 10x)
using a digital optical microscope (Meji, Japan) to evaluate the observations.
5.2.1.7. Sample preparation and conditions for HPLC

The samples to detect PEITC levels in plasma/tissues were prepared following a BDT
reaction. The amount of PEITC present was assessed with respect to the amount of cyclo-
condensation adduct that was detected using Reverse phase (RP)-HPLC. The LC 20A HPLC
system (Shimadzu, Maryland, USA) consisted of a degasser, a binary pump, a manual injector, a
temperature oven, and a model SPD-20A photodiode array detector. The chromatographic
analysis was performed using the Enable C18H column (4.6 x 150 mm i.d., Spinco Biotech,
India) with a particle size of 5 pm and maintained at 60 °C. The mobile phase consisted of
double-distilled water (solvent A) and ACN (solvent B) at a ratio (40:60, v/v) with a flow rate of
1 mL/min for 10 min (Qindeel et al., 2020). The samples for HPLC analysis were prepared as

follows. Briefly, 25 uL of plasma/tissue was incubated with a reaction mixture containing 125
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pL of 100 mM potassium phosphate buffer (pH 8.5) and 125 pL of 8 mM BDT in ACN at 65 °C
for 2 h to allow PEITC and their metabolites (mainly N-acetylcysteine conjugates) to be
converted into its adducts 1,3-benzodithiole-2-thione. The 1,3-benzodithiole-2-thione adduct
formed was detected at 365 nm. About 10 pL of the sample was injected into the HPLC system.
The amount of PEITC present in the plasma/tissues was deduced from the standard curve of
PEITC obtained from a serial dilution of PEITC stock solution (from 0.1 to 10 ug/mL) with the
blank plasma/tissue samples.
5.2.1.8. Pharmacokinetic analysis using HPLC

The pharmacokinetic studies were performed on healthy male SD rats randomly divided
into three groups. Animals in group | and group Il were treated as reference groups where the
group | animals received a single oral dose of PEITC in 1 % DMSO (PEITC equivalent to 33.3
mg/kg b.w.) while group Il animals received an SC injection of 500 pL of PEITC solution (20
mg/mL in 1 % DMSO). In group 111 animals, 500 pL of PH20 was injected with SC to form a gel
at the injection site. The blood samples withdrawn at defined time points (0.5, 1, 1.5, 2, 2.5, 3, 4,
6, 8, 12, 16, 24, 36, and 48 h) were mixed with EDTA solution followed by centrifugation (3000
x g at 4 °C) to remove the plasma and stored in a —80 °C freezer until further analysis by HPLC.
The samples for the HPLC analysis were prepared by mixing 200 pL plasma samples with 400
pL acetonitrile (ACN) and centrifuging the contents thoroughly at 16,600 x g at 4 °C for 5 min.
The supernatant containing the PEITC was subjected to BDT following the methods described
in section 5.2.1.7.(Chuang et al., 2019; Ye et al., 2002). A 10 pL of this clear supernatant was
injected into the HPLC system (Ahmad et al., 2019; Jin et al., 2020). PK solver software (an add-
in program in Microsoft Excel) was used to determine the different pharmacokinetic parameters

(Qindeel et al., 2020).
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5.2.1.9. In vivo biodistribution studies

A Dbiodistribution study was performed on healthy SD rats. A single 500 pL single
administration of the different formulations [two concentrations of Free PEITC (PEITC20 and
PEITC60) and PEITC-loaded hydrogels (PH20 and PH60)] was administered in the animals by
SC route. The rats were euthanized at 2 h and 8 h post-injection with CO, asphyxiation for
excision of major organs (kidney, liver, heart, spleen, and lungs). The isolated organs were
thoroughly washed with ice-cold PBS and stored at —80 °C. Before the sample preparation, the
excised tissue was thawed, rinsed well with saline (ice-cold), and blotted dry. The samples for
HPLC were prepared by homogenizing the 100 mg of the tissue sample in 100 pL of PBS and
mixing it with 700 pL of ACN in a clean tube and vortexed for 5 min. The homogenates were
centrifuged (at 15,700 x g for 15 min at 4 °C) to collect the supernatants. The amount of PEITC
(following a BDT reaction) in the different tissue supernatant was determined by HPLC analysis
(Kim et al., 2015).
5.2.1.10. In vivo safety studies

For the in vivo studies, twelve SD rats in four groups (n = 3) received a single SC
injection of 500 uL sterile PBS (standard control), a group I; PEITC60, group II; BH, Group Ill;
PH60, and group 1V respectively. The animal's general status was monitored daily, and their
body weight was measured every 7™ day using a digital balance. On the 14™ day post-injection,
the blood samples and other major organs (heart, liver, spleen, and kidneys) were removed from
the euthanized rats. The serum samples were prepared to assess liver and kidney function as
major indicators using a semi-automated biochemistry analyzer (Merilyzer Cliniquant, India).
The complete blood panel data from healthy control and treated rats were also tested using a

hematology analyzer (PE-6800, Prokan, China). Paraffin-embedded blocks of the major organs
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were prepared following fixation with 10 % neutral buffered formalin for 4 days. A 5.0 um
section was stained using H&E, and a histological examination was performed under an optical
microscope (Meji, Japan) (Yu et al., 2018).
5.2.1.11. Development of an advanced AlA rat model

FCA was used to induce arthritis in female SD (180-240 g b.w.) rats. Briefly, 250 pL of
FCA was injected SC into the sub-plantar region of the left hind paw under deep isoflurane
anesthesia except for the rats serving as control (administered 250 uL of sterile PBS). The
animals were monitored for arthritis parameters for 12 days following FCA immunization to
assess disease development (Deng et al., 2021; EI-Sheikh et al., 2019; Helmy et al., 2017;
Pandey et al., 2018; Zeb et al., 2017).
5.2.1.12. In vitro biocompatibility of PEITC-loaded hydrogel on isolated primary cells

5.2.1.12.1. Isolation and primary culture FLS cells

A single intradermal injection (250 pL) of FCA, a solution containing 1 mg/mL heat-
killed Mycobacterium tuberculosis (Sigma-Aldrich, St. Louis, USA) in sterile paraffin oil, was
administered into the sub plantar region of the left hind paw of the healthy SD rats to induce
arthritis. By day 7, clinical symptoms such as swelling of the feet and an inability to bend the
ankle had been noticed. FLS were isolated following the previously reported method with minor
modifications (Ganesan & Rasool, 2017). On day 12 following arthritis induction, the synovial
tissues with the synovial membrane were isolated from FCA-induced arthritis-induced rat knees
under sterile conditions. For healthy rats, the isolation of fresh synovial tissues with the synovial
membrane from rat knees was performed at day O under aseptic conditions. Initially, the rats
were euthanized using CO, asphyxiation, and their knee joints were removed and then soaked in

75 % alcohol for 2 min. Muscle tissues were removed, and the hind limbs were separated at the
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femur/fibula/tibia junction. The synovial layer tissues containing the synovial membrane were
isolated in a sterile environment, soaked in sterile PBS for 5 min, rinsed with PBS, and placed in
a petri dish. The synovial tissue was minced and digested by incubating it with 0.1 % (w/v) type
IV collagenase (Sigma-Aldrich, St. Louis, USA) in DMEM supplemented with 5 % FBS and
antibiotic solution 1X for 3 h at 37 °C under gently agitating tube every 15 min in a water bath.
Following incubation, add fresh DMEM Media supplemented with 10% FBS and antibiotic
solution 1X to the tube before centrifuging at 300 x g, RT for 10 min. Remove the supernatant
with caution so as not to disrupt the pellet, then resuspend the pellet in a fresh DMEM medium.
Transfer the cell-containing supernatant to a 60 mm x 15 mm tissue culture dish, and then
incubate for 7 days at 37 °C with 5 % CO,. The tissue suspension is filtered through a sterile 70-
pm nylon mesh cell strainer (Himedia, India) to eliminate tissue debris to get a healthy cell
population. The adhering cells were trypsinized at 80-90% confluence, passaged at a 1:2 ratio,
and recultured in the same condition. At the 4™ passage, the purity of isolated FLS cells was
assessed by flow cytometry using FITC-coupled monoclonal antibodies to CD90.1 and PE-
coupled monoclonal antibodies to VCAML1 (CD106) cell surface markers. A homogeneous
population of FLS at passages ranging from 3 to 9 was used for the experiments. Healthy FLS is

referred to as N-FLS, whereas arthritis-induced FLS is referred to as RA-FLS.
5.2.1.12.2. In vitro cytotoxicity test (MTT assay)

The MTT assay assessed the in vitro cytotoxicity of PEITC-loaded hydrogel against N-
FLS and RA-FLS. The cells were seeded in 96-well plates at 10 x 10° cells/well density and
cultured for 36 h at 37 °C with 5% CO; in a CO, incubator.BH and the various concentrations of
PH50 were added to wells to maintain a final drug concentration over a range of 5-100 uM. The

media was discarded 24 and 48 h after the incubation period. After adding fresh 30 uL of MTT
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solution (5 mg/mL), the cells were incubated for an additional 4 h. Finally, 150 uL of DMSO
was added to each well to dissolve the formazan crystal that had formed, and an absorbance
measurement at 570 nm was performed using a multimode microplate reader (Thermo Scientific,
Varioskan Flash, USA). The untreated cells served as a control. The following equation (3) was

employed to calculate cell viability:

Absorbance of the tested sample

Cell viability (%) = x 100 ©)

Absorbance of the control sample

5.2.1.13. In vivo therapeutic efficacy of PEITC-loaded hydrogel
5.2.1.13.1. Induction of AlA in SD rats

The AIA rat model was developed per the method described in section 5.2.1.11. The
animals were monitored for arthritis parameters every 4™ day up to the 36" day following FCA
immunization (Deng et al., 2021; EI-Sheikh et al., 2019; Helmy et al., 2017; Pandey et al., 2018;
Zeb et al., 2017).

Following 12 days of the arthritis induction, macroscopical observations were made for
uniform swelling and redness in the FCA-injected paws (Pandey et al., 2018; Zeb et al., 2017).
The rats were randomly divided into five groups (n = 4), (i) regular healthy control group
(standard), (ii) arthritis group (FCA-challenged and injected with sterile PBS, model), (iii) PH50
challenged with FCA, (iv) PEITC50 treated group challenged with FCA, and (v) BH treated
group challenged with FCA. The hydrogel administration protocol was initiated after day 12 by
locally injecting 50 uL of PBS, PH50, PEITC50, and BH directly into the knee joints of arthritic
rats on days 12, 18, 24, 30 after FCA immunization (Kim et al., 2019).

5.2.1.13.2. Assessment of arthritis progression upon FCA administration
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The paw edema in each rat was periodically examined on the 14™, 21, 28" and 35" day
after administration of different formulations (Gou et al., 2017; Vincenzi et al., 2013). Paw
edema volume (expressed in ml) was measured by making a visible mark on each paw at the
tibiotarsal joint and dipping the paw at the marked level. The displaced volumes were recorded
using a digital plethysmometer (WBPO1, Vihan Techno Services, India). The body weight of rats
was measured using a standard digital weighing balance. From day 0 to 36, the body weight of
each animal was recorded every 4 days and presented as (g) (Pan et al., 2017).

The arthritis score was determined by microscopically observing the degree of swelling
and redness of joint edema of periarticular tissues in the FCA-injected and non-injected paw. The
arthritis score was assigned based on the following observations: a). ‘0’ for normal with no
erythema and swelling; b). ‘1’ for swollen digits with erythema; c). ‘2’ for mild swelling of limbs
and erythema, d). ‘3" for moderate swelling observed from the ankle extending to the
metatarsophalangeal or metacarpophalangeal joints, and €). ‘4’ for severe swelling observed
extending from the ankle to the digits, culminating in ankylosis and loss of joint movement. The
arthritis score for an individual rat was calculated as the sum of the four paw scores (a maximum
score taken as 16 per rat). The severity of arthritis and therapeutic efficacy of the formulation
was assessed based on the scores obtained by the rats from the treatment groups (on day 14, 21,
28, and 35) (Asenso et al., 2019; Qian et al., 2017; Wei et al., 2013).
5.2.1.13.3. Blood collection and serum separation

Blood was withdrawn from each animal by retro-orbital plexus bleeding under isoflurane
anesthesia and sacrificed by CO; asphyxiation at the endpoint. The blood samples were collected
in a sterile 1.5 mL tube and centrifuged at 3000 rpm for 10 min at 4 °C (Centrifuge 5424 R,

Eppendorf AG, Germany). The serum samples thus obtained were used for assessing different
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biochemical parameters and markers for oxidative stress and inflammation. (Hassan et al., 2019;
Pandey et al., 2018; Yang et al., 2020; Yin et al., 2020b).
5.2.1.13.4. Determination of thymus and spleen index

On the final day (37" day) of immunization, the rats from the different treatment groups
were sacrificed using CO; asphyxia to isolate the immune organs (thymus and spleen). The
organs were weighed to determine the index of the spleen and thymus as follows in equations (4

and 5) (Jing et al., 2019; Wang et al., 2019; Yang et al., 2020):

. Spl ight
Spleen index (%) :% X 100 (4)

Thymus weight

x 100 )

Thymus index (%) = Bodyweight

5.2.1.13.5. Evaluation of oxidative stress

Oxidative stress in the animals was assessed by estimating the serum levels of different
biochemical markers such as MDA, NO, GSH, and MPO. MDA is one of the thiobarbituric acid-
reactive substances (TBARS) generally used for estimating lipid peroxidation. Lipid
peroxidation in the serum was determined by following a standard protocol where the formation
of malondialdehyde-thiobarbituric acid (MDA-TBA) adduct upon reacting MDA with TBA in
acidic conditions at 100 °C. The absorbance of the reaction end product (TBARS) was
determined at 532 nm using a spectrophotometer. 1,1,3,3-tetra methoxy propane was used as the
standard, with the results expressed as UM of TBARS (Helmy et al., 2017; Mazumder et al.,
2019; Uchiyama and Mihara, 1978; Yagi, 1998). Serum NO was measured by Griess assay using
a commercial Nitrite/Nitrate Assay Kit (Sigma-Aldrich, USA) and performed per the
manufacturer’s instructions (Brizzolari et al., 2021; Helmy et al., 2017; Miranda et al., 2001).
Estimation of GSH in the serum was performed by the standard Ellman and Moron
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dithionitrobenzoic acid (DTNB) method (Ellman, 1959; Moron et al., 1979). Here, the sulfhydryl
groups in the samples, when mixed with DTNB, formed a yellow color solution detected at 412
nm. The concentration of GSH (in uM) was calculated from the standard GSH curve. MPO
activity in serum was detected following the protocol provided by the manufacturer
(Elabscience, MD, USA).
5.2.1.13.6. Evaluation of cytokines levels in the serum

An ELISA was performed to determine the relative serum levels of representative pro-
inflammatory cytokines, anti-inflammatory cytokines, and bone erosion markers (Helmy et al.,
2017; Linghang et al., 2020; Wei et al., 2013; Yeo et al., 2019). Here, interleukins (IL-1p, IL-
17A, IL-6, and IL-10) and RANKL were measured using commercially available rat-specific
ELISA Kkits from Elabscience, MD, USA, and Invitrogen, Thermo Fisher Scientific, MI, USA in
case of TNF-a as per manufacturer’s instruction. The serum (50 pL) obtained from the animals
of the different treatment groups was used to detect cytokines. The procedures and data analyses
provided by the manufacturer were followed. Absorbance at 450 nm was measured using a
multimode microplate spectrophotometer (Thermo Scientific, Varioscan Flash, USA), and the
concentrations of cytokines were calculated from a standard curve.
5.2.1.13.7. Biochemical test to assess liver and kidney function

The hepatotoxicity and nephrotoxicity in different treatment animal groups were
evaluated by determining the levels of different biochemical markers following the 37-day study
period. The serum levels of ALT, AST, BUN, and CRE were determined according to the
manufacturer's instructions using commercially available kits (Meril Diagnostics). A Merilyzer
Cliniquant, a semi-automated biochemical analyzer, was used to test these biochemical

parameters (Wang et al., 2019; Yin et al., 2020Db).
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Part B

5.2.2. Preparation and therapeutic evaluation of dual-drug nanoparticles loaded hydrogel
5.2.2.1. Fabrication and characterization of drug-loaded nanosystems

5.2.2.1.1. Fabrication of blank NP and MTX NP

The nanoprecipitation technique was applied to fabricate MTX NP. In brief, different
amounts (80-150 mg) of PLGA (shown in Table 16) were dissolved in a solvent mixture of
acetone and DMSO (9:1), followed by the addition of MTX, and vortexed until a clear solution
was obtained. The above organic phase was added drop-by-drop into an aqueous phase (20 mL)
containing 0.1 % w/v PF-127 surfactant under continuous stirring (at 800 rpm) until complete
removal of organic solvent. The obtained nanoparticles were dialyzed against 10 % DMSO to
remove unloaded Free MTX, followed by dialysis against water to remove small residuals of
DMSO. Finally, the obtained MTX NP was lyophilized using Mannitol (cryoprotectant) and

stored at 4 °C.

Table 16. Different polymer compositions for the preparation of MTX NP

Batch no PLGA polymer Amount of MTX Solvent mixture PF-127
composition (mg) (mg) (Acetone: DMSO) % (W/v)

I 80 5.2 9:1 0.1

I 120 5.2 9:1 0.1

" 150 5.2 9:1 0.1

5.2.2.1.2. Preparation of PEITC NE

PEITC NE was prepared and optimized by varying the concentration of surfactants

(Span-80: Tween-80) shown in Table 17. Different surfactant mixtures were selected based on
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the hydrophilic—| balance (HLB) values between 4 and 15 and used for NE preparation. The

procedure involved specific amounts of olive oil and surfactant mixture taken in a glass vial and

subjected to stirring for 1 h at 1200 rpm. Subsequently, under constant stirring, the aqueous

phase was added dropwise to the oil phase, and stirring was continued for another 3 h. The

obtained blank NE was probe sonicated at 60 % amplitude (with a pulse of 5 s ON and 5s OFF)

for 30 min (Li et al., 2015). Further optimized blank NE was used to prepare the PEITC NE, in

which PEITC (40 mg) and specific amounts of olive oil were added in the oil phase. A similar

procedure was employed as that of blank NE.

Table 17. Different surfactant concentrations for the preparation of PEITC NE

Batch no Constants PEITC Content (mg) Variables

Surfactant 1 Surfactant 2
(% Span 80) (% Tween 80)

1 Aqueous phase- 6 4

2 72% 8 2

3 40 2 8

4 9 1

5 Oil phase- 18% 3 7

6 1 9

7 9.7 0.3

8 10 0

5.2.2.1.3. Determination of % EE and % DL of MTX NP

The prepared drug-loaded nanoparticles were placed in a dialysis bag (MWCO 10 kDa)

and dialyzed against 10 % DMSO in a static condition for 4 h. Finally, the concentration of Free
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MTX was determined using a UV-visible spectrophotometer (BioSpectrometer® Kinetic

Eppendorf, Hamburg, Germany) at 302 nm (Mohanty et al., 2020).

5.2.2.1.4. Drug content for the optimized PEITC NE

The PEITC content in the NE was determined by taking 10 pL of PEITC NE, diluting it
to 100 pL with DMSO, and vortexing thoroughly until a clear solution. The obtained clear
solution containing PEITC was analyzed wusing a UV-visible spectrophotometer
(BioSpectrometer® kinetic Eppendorf, Hamburg, Germany) using BDT assay at 365 nm

described in section 5.2.1.2 with minor modification (Aly et al., 2019).

5.2.2.15. PS, PDI, and ZP

PS, PDI, and ZP were determined by preparing different dilutions of samples using Milli
Q water at a room temperature of 25 °C with a backscattered angle of 173° using Zetasizer Nano

ZS (Malvern Instruments, Malvern, UK) (Danhier et al., 2018).

5.2.2.2. Fabrication and characterization of dual-drug nanoparticles loaded hydrogel

5.2.2.2.1. Fabrication of dual-drug nanoparticles loaded hydrogel

Pluronic F-127 (PF-127) and sodium alginate (SA) polymers were used to prepare the
single and dual nanoparticles loaded thermosensitive hydrogels (BD NP HG, MTX NP HG,
PEITC NE HG, and DD NP HG). All the hydrogel formulations were prepared according to the
method previously described by Yin et al. 2020a (Yin et al. 2020a). Briefly, blank PLGA NP
was uniformly dispersed in the o/w NE by sonication for 10-15 min. After the dispersion, 1 %
SA was added and mixed uniformly at 600 rpm until homogenous dispersion. To the above

nanoparticular SA dispersion, different concentrations of PF-127 (shown in Table 18) were
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added in cold conditions (4-10 °C) and stirred continuously at 1000 rpm for 24 h to obtain the
BD NP HG. In the preliminary studies, different concentrations of PF -127 (11, 12, 13, and 15 %
wi/v) with 1% SA were used to optimize the preparation of BD NP HG. A similar procedure was
followed to fabricate MTX NP HG, PEITC NE HG, and DD NP HG. For the preparation of
BD NP HG, PEITC NE HG, and DD NP HG, 12 % w/v PF-127 was used, whereas for MTX NP
HG, 19 % w/v PF-127 was selected. The different hydrogels obtained were stored at a

refrigerated temperature (4 °C) (Qindeel et al., 2019; Vignesh et al., 2018; Yin et al., 2020a).

Table 18. Different compositions of SA and PF-127 for the preparation of in-situ hydrogels

Batch no. | Name of the hydrogel SA composition (%) PF-127 composition (%)
(wWiv) (wWiv)
I MTX NP HG 1 19
I PEITC NE HG 1 12
Il DD NP HG 1 12

Table 19. Name and description of hydrogel preparations related to methods section —Part

B
Name of hydrogel preparations Description
BD NP HG Blank dual nanoparticles loaded hydrogel.
MTX NP HG MTX-PLGA nanoparticle-loaded hydrogel
PEITC NE HG PEITC nanoemulsion-loaded hydrogel
DD NP HG Dual-drug nanoparticles loaded with hydrogel.
BL HG Blank hydrogel

171



BL HG was prepared by 1% (w/v) SA and 19 % (w/v) PF-127. The name and description

of hydrogel preparations are mentioned in Table 19.
5.2.2.2.2. FTIR study

FTIR studies for Free MTX, Free PEITC, BD NP HG, MTX NP HG, PEITC NE HG, and

DD NP HG were analyzed to investigate the incorporation of drug or chemical interactions
between the drug and excipients using FTIR spectrophotometer (Nicolet iS5, Thermo Scientific,
USA) in which each sample was mixed with KBr and compressed into a pellet using a die. Each
sample pellet was further scanned individually at an average of 16 scans at a resolution of 4 cm™
over a wavelength of 4000-500 cm™.
5.2.2.2.3. Determination of drug content

The amounts of drug loaded into the different hydrogels were estimated using
centrifugation. Briefly, 100 uL of the gel was taken, and the contents were dissolved entirely in 1
mL DMSO. Later, it was centrifuged at 10,000 rpm for 15 min, and the obtained clear
supernatant was subjected to different dilutions using DMSO and measured by a UV-visible
spectrophotometer. MTX was determined at 302 nm, and PEITC was analyzed using BDT assay
at 365 nm.
5.2.2.2.4. Solubility studies

Using the shaking method, the aqueous solubility studies were carried out between the
free MTX, free PEITC, and the optimized DD NP HG. The specified amount of hydrogel was
taken, equivalent to the unprocessed free drugs, and then dispersed in the water. Further, the
shaking was done at 100 rpm for 1 h, and the dispersions were centrifuged at 10,000 rpm for 15

min. Finally, the amount of drug in the supernatant was examined using a UV-visible
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spectrophotometer at 302 nm for MTX and 365 nm for BDT-conjugated PEITC (Aly et al.,
2019).
5.2.2.2.5. Determination of gelation time

The determination of gelation time for all the hydrogel formulations was measured as per

the method described in section 5.2.1.3.1.
5.2.2.2.6. In vitro degradation studies

The in vitro degradation profile of different hydrogel formulations was performed by
observing the behavior of gels in their wet form using the shaking method. Initially, 1 mL of
hydrogel formulation (in sol form) was taken in a 5 mL glass vial and left undisturbed for 30 min
at 37 °C to form a gel. About 3 mL of PBS (0.1 M, pH 7.4) was added to the gels and gently
stirred (50 rpm, 37 °C) in a shaking incubator (New Brunswick™ Excella® E24 Shaker Series,
Eppendorf AG, Germany). After every 24 h, the buffer solution was removed to weigh the
hydrogels, followed by a fresh addition of PBS (3 mL) to the individual vials. A similar
procedure was continued until > 80 % degradation of the hydrogel. The process was continued
every 24 h for 6 days. All the experiments were performed in triplicates, and the results were
presented as mean = SD. A graph was plotted between the % weight of the gel remaining versus
time in days (Mao et al., 2016; Qu et al., 2019). The in vitro degradation rate of the hydrogels
was estimated by using equation 6:

(Wi-Wg)

1

In vitro biodegradation = x 100 (6)
Wi represents the initial weight of the hydrogel

Wy represents the weight of the degraded hydrogel
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5.2.2.2.7. Injectability of hydrogels

The injectability of BD NP HG, MTX NP HG, PEITC NE HG, and DD NP HG was

performed per the method described in section 5.2.1.3.2.

5.2.2.2.8. Morphological characterization of the dual-drug nanoparticles loaded hydrogel

The morphology of the BL HG and DD NP HG was analyzed using FESEM as per the

method described in section 5.2.1.3.4.

5.2.2.2.9. Rheological properties of the dual-drug nanoparticles loaded hydrogel

The rheological properties of the hydrogels were performed using an HR-30 rheometer
(TA instruments). The storage modulus (G’) and loss modulus (G"”) were recorded during a
temperature ramp from 25 °C to 45 °C, with a rate of 3 °C/min. The complex viscosity (*)
measurements were also performed at 25 °C and 37 °C, with a range of angular frequencies (®:
0.1-100 rad/s) for the injectable application. For G and G" of frequency dependencies, the data
were collected for the modulus with a frequency range of a range of angular frequencies (®: 0.1-
100 rad/s) at 37 °C (Ke et al., 2020; Monteiro do Nascimento et al., 2021).
5.2.2.2.10. In-vitro drug release and kinetics studies

The MTX and PEITC release profiles from different formulations were evaluated in vitro
at pH 7.4 in PBS with 0.5 % Tween-80 (Yin et al., 2020a). Briefly, 250 uL of the different
samples ( MTX NP HG, PEITC NE HG, and DD NP HG) containing 1 mg MTX and 10 mg
PEITC were placed into a dialysis membrane (MWCO 10 kDa) and allowed to form a gel (at 37
°C). The dialysis bag with the sample gel was suspended in a beaker containing 50 mL
dissolution medium (PBS with 0.5 % tween-80) and placed in a shaker incubator with constant
shaking at 100 rpm maintained at physiological body conditions (37 °C, pH-7.4). Samples were
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withdrawn at different time intervals: 0, 1, 2, 4, 6, 8, 12, 24, 36, 48, 72, 96, and 120 h. The
specific amount of drug released at different time points was analyzed using a UV-visible
spectrophotometer at 302 nm for MTX and 365 nm for PEITC using BDT assay.

The results were plotted in various kinetic models, including Zero-order, first-order,
Higuchi, Hixon-Crowell, and Korsmeyer Peppas, to determine the drug release kinetics from the
hydrogels models.
5.2.2.2.11. Stability studies

The physical stability of the drug-loaded hydrogels (MTX NP HG, PEITC NE HG, and
DD NP HG) was investigated by storing the nanoparticular hydrogels at 4 °C for 60 days. The
samples were withdrawn at predetermined intervals and estimated for percentage drug loading
(% DC). The stability of the hydrogel was assessed by studying the variations in the final drug
content (Mura et al., 2018).
5.2.2.3. Cell-based studies

5.2.2.3.1. In vitro cytotoxicity test (MTT assay)

The MTT assay was used to assess the in vitro cytotoxicity of DD NP HG against N-FLS
and RA-FLS as per the method described in section 5.2.1.12.2. The cells were treated with BD
NP HG, PEITC NE HG (PEITC at final concentration: 25 50,100 uM), MTX NP HG (MTX at
final concentration: 0.375, 0.75, 1.5 uM) & DD NP HG (PEITC - 25 50,100 pM & MTX —
0.375, 0.75, 1.5 uM) for 24 h and 48 h; respectively. All experiments were conducted in six

replicates (mean £ SD, n = 6).

5.2.2.3.2. Apoptosis detection assay
RA-FLS cells' apoptosis rate was assessed using a flow cytometer (FACS Calibur BD

LSRFortessa TM, USA). The cells (5x10°) were treated with BD NP HG, PEITC NE HG
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(PEITC at final concentration: 100 uM), MTX NP HG (MTX at final concentration: 1.5 uM) &
DD NP HG (PEITC: 100 pM & MTX: 1.5 uM) for 24 h (Chen et al., 2017). A FITC annexin v
apoptosis detection kit 1 (BD Biosciences, San Diego, CA, USA) was used to quantify the
apoptotic cells of cultured RA-FLS, according to the manufacturer’s protocol. After 24 h of
treatment, the cells were collected and stained for 15 minutes at 4°C in the dark with Annexin V-
fluorescein isothiocyanate (FITC) and propidium iodide (P1). The BD FACSDivaTM Software

determined the apoptotic rate (Chen et al., 2021). The assay was performed in three replicates.

5.2.2.3.3. ELISA assay

To evaluate the anti-inflammatory effect of DD NP HG, the RA-FLS cells were cultured
in a 6-well plate. The six groups were assigned as control (untreated RA- FLS, Group 1), model
(LPS stimulated RA-FLS, Group Il), BD NP HG (LPS + blank dual nanoparticles loaded
hydrogel treated RA-FLS, Group I11), MTX NP HG (LPS + MTX-PLGA nanoparticle loaded
hydrogel RA-FLS, Group 1V), PEITC NE HG (LPS + PEITC nanoemulsion loaded hydrogel
treated RA-FLS, Group V), and DD NP HG (LPS+ Dual-drug nanoparticles loaded hydrogel
treated RA-FLS, Group VI). The concentration of the PEITC NE HG (PEITC at final
concentration: 100 uM), MTX NP HG (MTX at final concentration: 1.5 puM) & DD NP HG
(PEITC: 100 pM & MTX: 1.5 uM) were maintained. Except for the control group, LPS with
medium concentration was controlled at 1 pg/mL in all groups and then incubated for 4 h.
Further, the cells were treated with different formulations and incubated for another 24 h at 37
°C and 5 % CO,. The levels of various cytokines (TNF-a, IL-17A, and IL-6 ) in the supernatant
were determined using ELISA Kits (Invitrogen, USA) (Yu et al., 2022). The samples were
prepared by carefully collecting the supernatant in each well into individual microfuge tubes

centrifuged at 3000 rpm for 10 min. The required volume of the samples was then transferred
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into a 96-well plate to determine the OD value at 450 nm on the enzyme scale instrument, and

the concentration of inflammatory factors was calculated according to the standard curve.
5.2.2.3.4. Quantitative RT-PCR analysis

The RA-FLS cells were plated in 6-well flat bottom tissue culture plates with a 5x10°
cells/well density. The cells were then divided into six treatment groups: control (untreated RA-
FLS, Group 1), model (LPS stimulated RA-FLS, Group 1), BD NP HG (LPS + blank dual
nanoparticles loaded hydrogel treated RA-FLS, Group 11l), MTX NP HG (LPS + MTX-PLGA
nanoparticle loaded hydrogel RA-FLS, Group 1V), PEITC NE HG (LPS + PEITC
nanoemulsion loaded hydrogel treated RA-FLS, Group V), and DD NP HG (LPS+ Dual-drug
nanoparticles loaded hydrogel treated RA-FLS, Group VI). The concentration of the PEITC NE
HG (PEITC at final concentration: 100 uM), MTX NP HG (MTX at final concentration: 1.5
MM) & DD NP HG (PEITC: 100 pM & MTX: 1.5 uM) were maintained. Except for the control
group, LPS with medium concentration was controlled at 1 pug/mL in all groups and then
incubated for 4 h. Further, the cells were incubated by these materials for 24 h under bacteria-

free conditions of 37 °C and 5 % CO, (Yu et al., 2022).

After 28 h, the total RNA was extracted from RA-FLS using an RNA isolation kit
(PureLink™ RNA Mini Kit, Thermo Fischer Scientific) according to the manufacturer's
instructions. The RNA quantity and integrity were estimated using NanoDrop (ONEC, Thermo
Fisher Scientific) and verified by electrophoresis using 1 % agarose gel. RNA with good quality
having Ageo/Azgo ratio = 1.9 — 2.0 with a visible band corresponding to 16S and 28S were
selected for cDNA synthesis. Further, about 2 pg of total RNA was used for reverse transcription

using a Reverse Transcription Kit (Maxima First Strand cDNA kit, Thermo Fischer Scientific) in
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a Thermal Cycler (Veriti®, Applied Biosystems) following the manufacturer's instructions. Real-
time PCR was performed to measure the mRNA expression levels of IL-15, OPG, RANKL,
DKK1, NFATc1, and the GAPDH (housekeeping gene), using an SYBR Green PCR Master mix
(iTag Universal SYBR® Green reaction mix, BioRad) in a QuantStudio5 (Applied Biosystems).
PCR reactions consisted of 0.25 uM of forward and reverse primers (Sigma-Aldrich), 1X SYBR
Green reaction mix (BioRad), and a dilution series of cDNA with a total volume of 10 pL.
Reaction condition was performed at 95°C for 3 min followed by 40 cycles of 95°C for 15 s;
60°C for 1 min. Finally, the relative gene expression of the genes was analyzed from the 244
values(Schmittgen and Livak, 2008). For comparison, the control (group 1) and LPS-stimulated
RA-FLS as a model (group I1) were used as untreated. Details of primers used in real-time PCR

are listed in Table 20.

Table 20. Sequences of the primers used for real-time PCR

Amplicon | Tm Reference
Sl Gene Primer sequence size (bp) | (°C)
No.
IL-1p FP 5-GCTGTGGAGAAGCTGTGGCA-3 153 62.5 (Jeong et al., 2020)
1 RP 5’-GGGAACGTCACACACCAGCA-3’ 62.5
2 OPG FP 5’-GAGTGTGCGAATGTGAGGAA-3’ | 215 58.4 (Courbon et al.,
RP 5’-AATTAGCAGGAGGCCAAGTG-3’ 58.4 2018)
3 RANKL | FP 5’-CCGAGACTACGGCAAGTACC-3* | 208 62.5 (Neog et al., 2017)
RP 5’-CTGCGCTCGAAAGTACAGGA-3’ 60.5
4 DKK1 FP 5’-CAACGCGATCAAGAACCTGC-3> | 138 60.5 -
RP 5’-CAAGGGTAGGGCTGGTAGTT-3’ 60.5
5 NFATcl | FP 5’-ATACATGAGCCCATCCCTGC-3’ 155 60.5 -
RP 5’-GTCCTCCAGCAGAAGCCTTC-3’ 62.5
6 GAPDH | FP 5’-GTGATGGGTGTGAACCACGA-3* | 141 60.5 -
RP 5’-GACTGTGGTCATGAGCCCTT-3’ 60.5
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5.2.2.4. In vivo therapeutic efficacy of dual-drug nanoparticles loaded hydrogel
5.2.2.4.1. AA induction and monitoring

The AIA rat model was established by injecting FCA in female SD rats, as described in
section 5.2.1.11. The animals were regularly monitored, and the arthritis parameters were
measured from day 4 to day 33 following FCA immunization (Deng et al., 2021; EI-Sheikh et al.,
2019; Helmy et al., 2017; Pandey et al., 2018; Zeb et al., 2017). After 12 days of the arthritis
induction, the rats with uniform swelling and redness in the FCA-injected paws were selected for
the study (Pandey et al., 2018; Zeb et al., 2017). The rats were randomly divided into seven
groups (n = 4), (i) regular healthy control group (standard control), (ii) arthritis group (FCA-
challenged and injected with sterile PBS, arthritis control, (iii) PEITC NE HG challenged with
FCA, (iv) MTX NP HG challenged with FCA, (v) Free PEITC and Free MTX (Free PEITC +
Free MTX) treated group challenged with FCA, (vi) DD NP HG group challenged with FCA,
and (vii) BD NP HG treated group challenged with FCA. The treatments were started from day
12 by IA injecting 50 L of the test substances directly into the knee joint area of arthritic rats on
days 12, 17, 22, and 27 after FCA immunization (Kim et al., 2019).
5.2.2.4.2. Assessment of arthritis progression upon FCA administration

The paw edema in each rat was examined at specific time points on the 12", 15" 20",
25" 30™ and 33" day after administration of different formulations (Gou et al., 2017; Vincenzi
et al., 2013). Paw edema volume (expressed in ml) was measured by making a visible mark on
each paw at the tibiotarsal joint and dipping the paw at the marked level. The displaced volumes
were recorded using a digital plethysmometer (WBPO01, Vihan Techno Services, India). The paw
thickness (expressed in mm) was measured using a digital micrometer (Mitutoyo, Japan) at

defined time points. The body weight of rats was measured using a standard digital weighing
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balance. Every four days, from day O to day 32, the body weight of each animal was recorded
and shown as (g) (Pan et al., 2017). The arthritis score was calculated by microscopically
observing the swelling and redness of joint edema of periarticular tissues in the FCA-injected
and non-injected hind paws as per the method described in section 5.2.1.13.2. The severity of
arthritis and therapeutic efficacy of the formulation was assessed based on the scores obtained by
the rats from the treatment groups (on day 12, 15, 20, 25, 30, and 33) (Asenso et al., 2019; Qian
etal., 2017; Wei et al., 2013).
5.2.2.4.3. Blood collection and serum separation

Blood was withdrawn from each animal by retro-orbital plexus bleeding under isoflurane
anesthesia and sacrificed by CO, asphyxiation at the endpoint (33" day). The serum separation
protocol was followed per the method described in section 5.2.1.13.3.
5.2.2.4.4. Determination of thymus and spleen index

The rats from the various treatment groups were sacrificed using CO, asphyxia on the
final day (33" day) to isolate the immune organs (thymus and spleen) as per the method
described in section 5.2.1.13.4.
5.2.2.4.5. Evaluation of oxidative stress

The biochemical markers such as MDA, NO, GSH, and MPO to assess the oxidative
stress were measured per protocols described in section 5.2.1.13.5.
5.2.2.4.6. Evaluation of cytokines levels in the serum

The mean serum levels of representative pro-inflammatory cytokines ((TNF-a, IL-1p, IL-
17A, IL-6), anti-inflammatory cytokine (IL-10), and bone erosion marker (RANKL) were
estimated using the ELISA assays. The protocols and ELISA kits were used for this study, as

described in section 5.2.1.13.6.
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5.2.2.4.7. Biochemical test to assess liver and kidney function
The serum levels of different biochemical markers in different treatment animal groups at

the endpoint (33" day) were performed per the methods and kits described in section 5.2.1.13.7.
5.2.2.4.8. Histopathological assessment

At the end of the studies (on day 37: Part A and day 33: Part B), the rats were sacrificed
to dissect the hind limbs of each group. The excised hind limbs were preserved in 10 % neutral
buffered formalin and later decalcified with 14 % neutral EDTA solution. The decalcified tissue
embedded in paraffin blocks was sliced using an automated Rotary Microtome (HistoCore
AUTOCUT, Leica Biosystems, Germany). On the sliced sections, H&E, SO-FG, and T&B
staining were performed according to standard protocols for microscopical observations (Deng et
al., 2021; Ren et al., 2021).
5.2.2.5. Statistical analysis

All gquantitative parameters are presented as the mean + SD. GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, USA) was used for statistical analysis. Comparative analysis
between multiple groups (more than 2 groups) was carried out by one-way analysis of variance
(ANOVA) followed by Dunnett's multiple comparisons tests. A two-tailed paired Student’s t-test
was used to compare the difference between the two groups. The difference with p values: * p <

0.05, ** p < 0.01, *** p <0.001 was considered statistically significant.
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