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Abstract

Rheumatoid arthritis (RA) manifests as a multifaceted autoimmune condition, primarily
targeting joints and synovial membrane. In 2020, it was estimated that around 17.6 million
individuals globally were diagnosed with RA. Projections indicate that this number could rise
to 30 million by 2050. In RA, immune cells, such as lymphocytes (T-cells, B-cells, and natural
killer cells) and monocytes (macrophages and dendritic cells), along with mast cells, are
prominently contributes to the pathogenesis of the disease. Hence, thorough comprehension of
the intricate mechanisms involved in RA pathogenesis is imperative for formulating precise

therapeutic strategies tailored to mitigate the varied stages of disease progression.

The European League Against Rheumatism (EULAR) has established guidelines for RA
treatment, endorsing monotherapy or combination therapy consisting of synthetic Disease-
modifying antirheumatic drugs (DMARDs), corticosteroids, biological DMARDs, or targeted
DMARD:s. Several guidelines promote the implementation of initial combination therapy with
synthetic DMARDs as a preventive measure against progressive joint damage. Also, the
effectiveness of combination of synthetic molecules with natural products for the management
of RA has been investigated. Teriflunomide (TFD) the drug of choice, it is an active metabolite
of Leflunomide, (categorized as synthetic DMARD) that acts by inhibiting the mitochondrial
enzyme dihydroorotate dehydrogenase (DHODH), which is a critical component of the de-
novo pyrimidine synthesis pathway, ultimately leading to the suppression of proliferation of
active lymphocytes. Oral administration of TFD has been associated with significant
hepatotoxicity and systemic adverse effects. Apart from the synthetic drugs, natural products
have been documented to exhibit anti-inflammatory and anti-arthritic properties through acting
by multiple pathways. Natural products also often exhibit insufficient solubility and
bioavailability when administered orally. Therefore, adopting a topical delivery method is
crucial, aiming for localized effectiveness within joint tissue while minimizing systemic levels

through dose reduction.

However, there remains limited exploration regarding the efficacy of combining TFD with
natural products for the treatment of RA. Based on the literature, well-known anti-
inflammatory natural products namely Andrographolide (ANG), Quercetin (QCN), Resveratrol
(RES), Rutin (RUT), and Tanshinone IIA (TAN) were selected for combination development
with TFD. Thus, aim of the present dissertation was to develop “TFD and Natural Products

Loaded Transferosomes for Treatment of Rheumatoid Arthritis.”



Prior to the evaluation of in-vivo activity of the combination, the in-vitro synergistic anti-
inflammatory activity of selected natural products in combination with TFD, in LPS stimulated
RAW 264.7 cells was evaluated to identify the most effective combination exhibiting high
synergy. The initial screening was performed using nitric oxide (NO) assay to determine the
ICs0, with prior determination of the safest concentration range using the MTT assay.
Synergistic analysis was performed using a constant ratio design using NO assay, and
calculating combination index (CI), isobologram analysis and dose reduction index (DRI).
Among the tested combinations, QCN, RES, and TAN with TFD displayed low CI values
(0.484 to 0.957) and were evaluated for proinflammatory cytokines inhibition using ELISA
based assay. Notably, the combination of QCN and TFD showed significant synergistic activity,
with CI values of 0.470 and 0.607 (at Fa = 0.5) for TNF-a and IL-6, respectively. Intracellular
ROS measurement with this combination revealed greater synergistic activity, suggesting a
promising combination for RA treatment. Hence, the combination of TFD and QCN was further

selected for the evaluation of efficacy in RA.

A simple and cost-effective UV-Visible spectrophotometric method was developed for the
simultaneous estimation of TFD and QCN using absorption factor method and validated as per
ICH guidelines. Also, rapid, and sensitive simultaneous Reversed-phase high-performance
liquid chromatography (RP-HPLC) method was developed by implementing analytical quality
by design (AQbD). The developed method was also validated as per the ICH guidelines. The
developed method can be applicable for the estimation of TFD and QCN in the prepared topical

formulation.

TFD and QCN loaded transferosomes were prepared separately using QbD approach,
employing 3-level, 3-factorial Box-Behnken design (BBD). The independent variables,
including the quantities of Phospholipon® 90 G (PL 90G), sodium cholate, and tween 80, were
chosen to operate at three distinct levels (+1, 0, -1 represents high, intermediate, and low level)
against dependent variables such as vesicle size (nm) and entrapment efficiency (%EE). The
ANOVA analysis indicated the quadratic model to be the most suitable fit for the experimental
results with p > 0.001 and regression coefficient of for all variables were > 0.98. The
composition was optimized using numerical and desirability methods with the optimized

composition falling within the design space.

The transferosomes were prepared by thin film hydration method and optimized composition

exhibited a vesicular size of 107.80 = 2.68 nm (PDI of 0.283 £ 0.008) and the zeta potential
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(ZP) of -32. £ 1.98 mV for TFD transferosomes. Similarly, for QCN transferosomes the
vesicular size was found to be 96.32 + 3.32 nm (PDI of 0.289 + 0.005) and the ZP values were
determined to be -30.7 £ 1.14 mV. The % EE was found to be 79.92 + 0.20 % and 89.55 +
0.10 % for TFD and QCN transferosomes, respectively. The in-vitro drug release showed a
sustained release up to 10 hrs by TFD transferosomes and 12 h by QCN transferosomes,
whereas both the free drugs solutions showed drug release within 2 h. For preparation of
transferosomal combination gel, TFD and QCN at a ratio of 1:3.5 was taken based on the in-
vitro screening study and formulated using Carbopol 974P. The topical combination gel
underwent thorough evaluation of rheology. The transferosomal gel exhibited enhanced
permeability, as evident from the ex-vivo skin permeation and retention studies using excised
rat abdominal skin. The synergistic combination of TFD and QCN transferosomal gel
effectively suppressed NO, TNF-a and IL-6 levels in in-vitro LPS induced RAW 264.7 cells.
The cytotoxicity study in HaCaT cells indicated non-toxicity of the gel, that was further

confirmed by skin irritation study conducted in rats.

The in-vivo anti-arthritic activity was evaluated in complete freund’s adjuvant induced paw
edema model in female Wistar rats for a period of 28 days. The evaluation was carried out for
various parameters such as paw volume, arthritic score, X-ray analysis, inhibition of
proinflammatory cytokines in serum & paw tissue, and histopathological examination of paw
& liver tissues. The findings indicated that the transferosomal gel demonstrated greater anti-
arthritic activity compared to the free drug loaded gel. Histopathology of the liver revealed
marginal changes in hepatocellular structure with oral administration of TFD, in contrast to the
topical transferosomal gel. Also, the topical combinational transferosomal gel exhibited
reduced collagen deposition and decreased levels of TNF-a and IL-6 in paw tissue. The
comprehensive study concluded that the combination of TFD and QCN transferosomal gel
holds promise for the effective treatment of RA through localized delivery, and may allow for

the dose reduction thereby mitigating systemic side effects of TFD.
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1.1. Introduction

Rheumatoid arthritis (RA) manifests as a multifaceted autoimmune condition, primarily
targeting joints with inflammatory arthritis and also with extra articular manifestations [1,2].
The development of RA arises from a combination of genetic predisposition and various
environmental factors, that collectively contribute to the complex interplay which triggers and
exacerbates the condition [3]. The World Health Organization (WHO) reported that, in 2019
approximately 1% of the global population was affected by RA, impacting an estimated 18
million people. Notably, around 70% of those affected by RA are women, with a significant
portion (55%) are over the age of 55. It is estimated that this number could rise to 30 million
by 2050 [4]. RA typically initiates in smaller joints, that progress symmetrically. Persistent
inflammation and immune dysregulation in RA potentially culminate in erosive synovitis and
progressive joint destruction in the absence of therapeutic intervention [1,5]. The clinical
manifestations and characteristics associated with RA have been delineated in Figure 1.1. The
primary symptoms linked with RA encompass discomfort in the joints, swelling, stiffness, and
warmth in the affected joints, ultimately resulting in a reduction in joint mobility. The clinical
manifestation of RA is marked by hyperplasia or hypertrophy of synovial membrane,
infiltration of immune cells secretion of inflammatory cytokines and proteolytic enzymes into
synovium, new blood vessel formation (angiogenesis), activation of osteoclasts (leading to
bone erosion), proliferation of fibroblast-like synoviocytes (FLS), and pannus formation, all
contributing to the chronic inflammatory process and joint destruction observed in the disease

[6,7].
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Figure 1.1. Clinical manifestations (on left) and characteristics (on right) associated with RA
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1.2. Pathophysiology of RA

The pathophysiological cascade of RA encompasses a multifaceted interplay among diverse
immune cells, cytokines, and inflammatory mediators [8]. A thorough comprehension of these
intricate mechanisms is imperative for formulating precise therapeutic strategies to address the
different stages of disease progression [9]. Ding et al. 2023 outlined the triphasic progression
of RA, commencing with an initial non-specific inflammatory phase characterized by immune
cell proliferation within the synovium, followed by a chronic inflammatory phase and
culminating in a final phase of tissue damage orchestrated by the production of diverse

inflammatory cytokines [10].

1.2.1. Role of immune cells in the pathogenesis of RA

In RA, various immune cells, including lymphocytes (T-cells, B-cells, natural killer cells),
monocytes (macrophages, dendritic cells DCs), and mast cells, play significant role in disease
development. Specifically, T-cells, B-cells, and macrophages that are found in the synovium
or circulating in peripheral blood crucially contribute to RA pathogenesis [11]. RA is said to
be triggered by diverse genetic and environmental factors, leading to activation of the immune
system [12]. The adaptive and innate immune systems are both involved in RA pathogenesis.
The innate immune response promptly triggers inflammation and tissue damage in response to
stimuli, while the adaptive immune system mounts a precise, antigen-specific reaction,
culminating in autoantibody production and sustained inflammation in RA [13,14]. This dual
activation by adaptive and innate immunity perpetuates the chronic inflammation and joint
damage as characteristics of the disease [15,16].

Upon encountering specific susceptibility factors, this activation prompts post-translational
modifications of arginine residues in proteins, transitioning them to citrulline in a process
known as citrullination and prompts the antigen-presenting cells (APCs) to recognize altered
proteins containing peptidyl arginine and peptidyl citrulline residues [12,17]. The APCs
(comprising dendritic cells, macrophages, and B cells) instigate the T cell activation through a
sequence of intricate interactions that entail antigen presentation alongside co-stimulatory
signals [18]. APCs internalize antigens from their microenvironment and subsequently
enzymatically process them into peptides. These peptides are then displayed on the APC
surface and bound to major histocompatibility complex (MHC) molecules. Upon encountering
a peptide-MHC complex, the T cell receptor on a naive CD4+ T cell forms an immunological
synapse with the APC, initiating downstream signaling by phosphatidylinositol 3 kinase (PI3K)

pathway cascades that culminate in CD4+ T cell activation [19]. Additionally, co-stimulatory
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molecules on the APC surface, such as CD80 and CD86, interact with corresponding receptors
on the T cell, providing the second signal necessary for full T cell activation and proliferation.
This activation process is crucial for initiating and orchestrating adaptive immune responses
against pathogens or self-antigens, in RA [20,21]. Following activation, naive CD4+ T cells
undergo differentiation into specific T helper (Th) subpopulations, including Thl, Th2, T
regulatory cell (Treg), Th17, T19, T22 and T follicular cells (Tth), each producing a distinct
array of cytokines crucial for modulating immune responses, as depicted in the Figure 1.2.
Subsets like Thl, Th17, Th9, Th22, and Tth cells collectively contribute to the generation of
diverse inflammatory cytokines and matrix metalloproteinases (MMPs), fostering
inflammation. Conversely, Treg and Th2 cells play pivotal roles in immune regulation by
secreting anti-inflammatory cytokines, thus suppressing the immune responses [21,22].
Further, B cells undergo differentiation into plasma cells, which is driven by T cell-derived
signals and cytokines. These plasma cells generate autoantibodies such as rheumatoid factor
(RF) and anti-citrullinated protein antibodies (ACPAs), targeting self-antigens within the
synovial tissue. The resulting formation of immune complexes exacerbates chronic
inflammation, leading to tissue damage and joint destruction typical of RA [23]. Furthermore,
activated B cells can present autoantigens to T cells, intensifying the immune response and
sustaining the autoimmune cascade in RA [24]. T cell-derived cytokines such as tumor necrosis
factor-alpha (TNF-a), interferon-gamma (IFN-y), and interleukin-17 (IL-17) directly stimulate
macrophages, leading to their activation and production of inflammatory mediators [11,25,26]
Similarly, activated B cells , can also stimulate macrophages through antigen presentation to T
cell and cytokine secretion [24]. Activated macrophages contribute to inflammation by
releasing pro-inflammatory cytokines, such as TNF-a, IL-1P, and IL-6, as well as by producing
reactive oxygen species and tissue-degrading enzymes, collectively promoting synovial
inflammation, cartilage degradation, and joint damage in RA [21,27]. The various cytokines
produced by T, B cells and macrophages are represented in Figure 1.2.

Apart from the immune cells, fibroblast like synoviocytes (FLS) undergo aberrant proliferation
triggered by receptor activator of nuclear factor kappa B ligand (RANKL) interaction,
activating nuclear factor kappa B (NF-xB) pathways in response to inflammatory cytokines.
Macrophages release RANKL upon activation by TNF-a and IL-1p, IL-6 and IL-17 crucial for
osteoclastogenesis. Subsequently, RANKL binds osteoclast precursors, initiating NF-xB
cascades, promoting differentiation into mature osteoclasts, ultimately contributing to bone
resorption [21,28]. Besides their pro-inflammatory functions, cytokines such as TNF-o and IL-

1 stimulate chondrocytes, the key cells regulating cartilage homeostasis, to secrete matrix-
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degrading enzymes [11,29]. This enzymatic activity results in the degradation of vital cartilage
components like collagen and proteoglycans, leading to structural deterioration and functional
impairment of cartilage. Consequently, this mechanism significantly contributes to the
progressive cartilage degradation observed in RA, ultimately worsening joint damage and

impairing joint function [29].
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Figure 1.2. Various cytokines produced by T cells, B cells and macrophages

Other immune cells like mast cells, DCs, and natural killer (NK) cells contribute to RA
pathogenesis [11]. Mast cells in synovium promote inflammation in RA, although their exact
role is still unclear [30]. Elevated activated DCs in RA synovial tissues act as antigen-
presenting cells, initiating and sustaining joint inflammation. Research studies has been
conducted using tolerogenic DCs (tolDCs) to suppress autoimmune responses in RA therapy
[31,32]. CD56+ NK cells overexpress in inflamed joints, producing higher IFN-y levels,
highlighting their pathogenic role in RA [33].Thus, understanding these immune cell dynamics
is crucial for advancing RA therapeutic regimen. The intricate mechanisms underlying the

pathogenesis of RA are visually depicted in Figure 1.3.
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Figure 1.3. Mechanism underlying the pathogenesis of RA

1.2.2. Signaling pathway involved in RA

The progression of RA involves intricate dysregulation across pivotal signaling pathways such
as Janus kinase-signal transducer and activator of transcription (JAK-STAT), mitogen-
activated protein kinase (MAPK), NF-kB, phosphoinositide 3-kinase-Akt (PI3K-Akt), and
Wingless/Integrated (Wnt) pathways (Figure 1.4) [10,17]. The mechanistic insights into the
intricate molecular pathways underlying RA pathogenesis presents potential targets for
therapeutic intervention aimed at attenuating disease progression.

1.2.2.1. JAK/STAT pathway

In RA, the activation of the JAK/STAT pathway is triggered by diverse cytokines, including
interleukins and interferons. Upon cytokine binding to their receptors, JAK kinases are
activated, leading to the phosphorylation of STAT proteins. Phosphorylated STAT molecules
then form dimers and translocate to the nucleus, where they regulate the expression of genes
involved in inflammation, immune response, and tissue degradation. This intricate signaling
cascade involves the JAK family, including JAK1, JAK2, JAK3, and TyK2, collaborating with
the STAT family, which encompasses STAT1-4, STATSA, STATSB, and STAT6, thereby
contributing to the multifaceted cellular processes and regulatory mechanisms underlying RA

pathogenesis [10,34].
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Figure 1.4. Various signaling pathways involved in the RA pathogenesis [17]
1.2.2.2. MAPK pathway
Activation of MAPKs, namely p38 kinases, extracellular signal-regulated kinase (ERK), and
c-Jun N-terminal kinase (JNK), leads to the transcription and activation of genes encoding
inflammatory cytokines such as TNF-a, IL-1, and IL-6. These cytokines further perpetuate
inflammation, contributing to synovial hyperplasia, cartilage degradation, and joint damage
characteristic of RA [10]. ERK1 and ERK2 responds to various stimuli like ischemia, oxidative
stress, and neurotransmitters, playing a pivotal role in cell differentiation, proliferation, and
survival regulation [35]. In RA, JNK MAPKSs primarily contribute to cartilage degradation
through MMP activation [36]. Conversely, P38, a prominent member of the MAPK family, is
closely associated with the inflammatory response in RA, emphasizing its significance in the
disease process [37].
1.2.2.3. PI3K-Akt pathway
The PI3K-Akt pathway is pivotal in RA, that orchestrates cellular functions such as
proliferation, metabolism, angiogenesis, and cell survival in response to various stimuli,
thereby contributing to the inflammatory cascade.
The PI3K dimer consists of a regulatory subunit (p85) and a catalytic subunit (p110), forming
an active enzyme complex. Activation of PI3K can occur through conformational changes
within the dimer or by the interaction with Ras and pl110. Upon activation, PI3K
phosphorylates phosphatidylinositol lipids, converting phosphatidylinositol 4,5-bisphosphate
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(PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3), thereby initiating downstream
signaling cascades [38]. Akt (protein kinase B) pathway is activated by PIP3 and 3-
phosphoinositide-dependent protein kinase-1 (PDK1). PIP3 recruits Akt and PDK1 to the
plasma membrane, where PDK1 phosphorylates Akt, leading to its activation. Once activated,
Akt phosphorylates various downstream targets, including lipid kinases, transcription factors,
regulators of small G proteins, and metabolic enzymes, among others. This cascade of events
influences cell survival, proliferation, and metabolism, thereby playing a role in the
development of RA [17,39].

1.2.2.4. Wnt pathway

The Wnt signaling pathway, that is crucial in cancer and embryonic development, is also
involved in RA, impacting synovial inflammation and bone metabolism regulation. RA
involves two Wnt pathways: canonical (beta-catenin-dependent) and non-canonical (beta-
catenin-independent). In the canonical Wnt pathway, Wnt binds to Frizzled (Fz) family
receptors and co-receptors, low-density lipoprotein receptor-related protein 5 (LRPS) and low-
density lipoprotein receptor-related protein 6 (LRP6). This interaction activates cytoplasmic
proteins including glycogen synthase kinase 3 beta (GSK-3p), axin 1, adenomatous polyposis
coli (APC), disheveled (DVL1), casein kinase 1 alpha 1 (CSNKI1A1), and beta-catenin,
initiating signal transduction.

In the noncanonical Wnt pathway, WntSA initiates signaling through DVLI, leading to
intracellular Ca™ release and activation of calcium/calmodulin-dependent protein kinase II
alpha (CAMK2A) and protein kinase C (PKC). This cascade promotes NF-kB transcription
factor activation, inducing the expression of proinflammatory cytokines/chemokines.
Additionally, noncanonical signaling via the planar cell polarity pathway, involved in DVL1
activation of Rac and Rho proteins, regulation of cytoskeleton organization and cell
differentiation/growth [40].

1.2.2.5. NF-kB signaling pathway

NF-«B comprises dimeric transcription factors such as RelA (p65), c-Rel, RelB, NF-kB1 (p50),
and NF-«B2, with the most common form in activated cells being the RelA/NF-kB1 (p65/p50)
heterodimer, often referred to as the 'classic’ NF-kB [41]. NF-kB activation triggers
transcription of TNF-a, IL-1B, and IL-6, contributing to chronic inflammation in affected
joints. Stimuli like reactive oxygen species (ROS) activate IkB kinase (IKK), resulting in the
proteasomal degradation of IkB and the subsequent release of NF-kB. NF-kB translocate to the

nucleus, and regulates the inflammation-related gene expression. The signal-induced
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processing of IkB involves a series of steps including phosphorylation, ubiquitination, and

proteasomal degradation, governed by three major multiprotein complexes: IKK, IxB ubiquitin
ligase, and the 26S proteasome [17,42].
1.2.2.6. Other transcriptional factors

Several transcription factors, including, Nuclear factor erythroid 2-related factor 2 (Nrf2),
hypoxia-inducible factor (HIF), and Activator Protein-1 (AP-1) play crucial roles in the
pathogenesis of RA. Nrf2 is involved in cellular defense mechanisms against oxidative stress,
which is implicated in RA pathology. HIF regulates responses to hypoxia, a condition observed
in the inflamed synovium of RA patients. AP-1 controls the expression of genes involved in
inflammation and tissue destruction in RA. Collectively, dysregulation of these transcription

factors contributes to the complex pathogenesis of RA [10,43].

1.3. Diagnosis

The primary objective for the management of RA is early diagnosis and prompt initiation of
treatment to mitigate the risk of irreversible structural damage to the joints [4]. The American
College of Rheumatology (ACR) and the European League Against Rheumatism (EULAR)
have established the guidelines and criteria for diagnosis, treatment recommendations, and
management strategies for RA. The aim of these guidelines is to improve patient outcomes and
quality of life based on set of variables including risk factors, assessing the extent and type of
joint involvement, and symptom duration [32].Employing differential diagnosis to confirm RA
possess a significant challenge and thus underscores the importance of preferred medical
strategy for distinguishing it from osteoarthritis and other related conditions. The pattern of
synovitis varies across different rheumatic conditions. RA typically manifests symmetrically,
affecting larger joints such as the proximal interphalangeal (PIP) and metacarpophalangeal
(MP) joints. Conversely, in ankylosing spondylitis, synovitis is limited to smaller joints, while
in psoriatic arthropathy, it develops asymmetrically, including involvement of the toes.
Moreover, inflammation tends to be more severe in RA compared to osteoarthritis, which
typically exhibits asymmetric inflammation, primarily affecting the distal interphalangeal
(DIP) joints [1,21].

In RA, the diagnostic biomarkers encompass serological indicators like RF and ACPAs
antibodies, indicative of an autoimmune condition. Inflammatory biomarkers such as C-
Reactive Protein (CRP) and Erythrocyte Sedimentation Rate (ESR) provide insights into
disease activity [44]. Imaging techniques such as X-rays and magnetic resonance imaging

(MRI), and ultrasonography elucidate structural joint changes indicative of RA progression
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[45]. Synovial fluid biomarkers, notably cytokines and chemokines, reflect the intensity of
synovial inflammation. MMPs and tissue inhibitors are pivotal in the joint remodeling
processes associated with RA pathogenesis [46]. Genome-wide association studies (GWAS)
employing single nucleotide polymorphism (SNP) analysis have identified numerous genes
linked to RA susceptibility, particularly those encoding immunoregulatory factors . Over 35
risk loci have been identified as potential biomarkers for RA. Notably, the HLA (human
leukocyte antigen)-DR4 and shared epitope (SE) alleles at the HLA—DRB1 locus collectively
contribute to approximately 15% of the overall RA disease risk [47]. These diverse biomarkers
collectively facilitate accurate diagnosis, ongoing disease monitoring, and tailored therapeutic

interventions in RA management.

1.4. Treatment and management of RA

NSAIDs are employed in RA treatment during the acute phase response to alleviate pain by
mitigating inflammation. These drugs act by inhibiting inflammatory mediators generated in
the cyclooxygenase (COX) pathway [48]. NSAIDs can be categorized based on their
mechanisms into nonselective NSAIDs (e.g., ibuprofen, naproxen), semi-selective NSAIDs
(e.g., diclofenac, indomethacin), and coxibs (e.g. rofecoxib, celecoxib). These drugs have
varying side effects and toxicities, including cardiovascular, gastrointestinal, renal, and
hematologic effects [41].

On the other hand, glucocorticoids, such as prednisone, methylprednisolone, prednisolone,
hydrocortisone, dexamethasone, and triamcinolone, exhibit higher potency and efficacy in
treating RA compared to NSAIDs, owing to their intricate anti-inflammatory and
immunosuppressive mechanisms. However, they entail a greater risk of side effects compared
to NSAIDs and are therefore recommended for short-term use at low doses in RA management
[4]. The anti-inflammatory effects of glucocorticoids stem from their binding to glucocorticoid
receptors, forming a receptor-glucocorticoid complex. This complex interacts with DNA
sequences called glucocorticoid response elements, modifying the transcription of various
genes involved in the inflammatory response [42].

Disease-modifying antirheumatic drugs (DMARDs) constitute an important group of
medications employed to induce remission by suppressing autoimmune activity and delaying
or preventing joint degeneration [43]. These drugs possess both immunosuppressive and
immunomodulatory properties and are classified into conventional synthetic DMARDs
(sDMARD:s), targeted synthetic DMARDs (tsDMARDs) or small molecule DMRDS, and
biologic DMARDs (bDMARD:s) [34,40]. Conventional SDMARDs encompass a diverse range
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of medications, including methotrexate, leflunomide, hydroxychloroquine, and sulfasalazine
that are commonly used for treatments of RA [44]. Additionally, gold salts such as
aurothioglucose, auranofin, and gold sodium thiomalate, along with D-penicillamine, are
frequently employed. Other compounds such as azathioprine, cyclosporine, minocycline, and
cyclophosphamide are prescribed in RA when the disease is particularly aggressive or
refractory to other treatments [45]. tsDMARDs function by selectively inhibiting signaling
pathways involved in the inflammatory cascade of RA. These include JAK inhibitors (e.g.,
tofacitinib) [46], JAK-STAT pathway inhibitors (eg. peficitinib, baricitinib and ruxolitinib),
spleen tyrosine kinase bruton’s tyrosine kinase pathway (SYK-BTK) inhibitors (evobrutinib,
spebrutinib and tirabrutinib), and those that interfere with NF-kB pathway (eg. Iguratimod)
[40,47]. bDMARDs exhibit high specificity, targeting precise pathways within the immune
system. Examples of bDMARDs include TNF inhibitors (e.g., adalimumab, etanercept),
interleukin inhibitors (e.g., tocilizumab, sarilumab), and B-cell inhibitors (e.g., rituximab).
Conventional SDMARDs are commonly employed as first-line therapy and administered
promptly after the diagnosis of the disease to mitigate disease progression. If first-line therapy
is not well tolerated or if it proves to be ineffective, bDMARDs or tsDMARDs are
recommended [40,48].

1.5. Combination delivery used in RA treatment (Preclinical and Clinical studies)

In 2022, EULAR has issued 11 treatment recommendations for RA treatment. It consists of
three phases. In Phase I, newly diagnosed RA patients are advised to initiate DMARDs
promptly, with methotrexate being the preferred initial treatment, and if not well tolerated,
alternatives such as leflunomide, sulfasalazine, or SDMARDs are prescribed. The combination
with short-term glucocorticoids is well recommended to instant pain relief. If the target is not
achieved within 6 months, phase II entails switching to another synthetic DMARD, alone or in
combination, with the addition of glucocorticoid. In case of high disease activity bDMARDs
or JAK inhibitors are recommended based on risk assessment. Phase III involves considering
alternative TNF-a antagonists, cell-targeted therapy, or cytokine antagonists if the desired
clinical outcomes aren't met within the specified time frame [49,50].

Taking into account the factors outlined in treatment guidelines by EULAR, the co-delivery or
combination of DMARDS with glucocorticoids or other NSAIDs has proven effective in
managing RA [51,52]. By targeting various pathways implicated in RA's pathogenesis,
combination therapy offers a more efficacious approach to treatment. This strategy aids in

retarding joint degradation, negating long-term toxicity, lowering drug resistance, increasing
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targeting ability, and enhancing the overall quality of life for patients [53]. A study highlighted
the benefits of using glucocorticoids as adjunctive therapy with DMARDs. The findings
emphasized that medium to high doses of glucocorticoids represented a valuable approach in
bridging the temporal interval between the initiation of DMARDs and the manifestation of
their therapeutic effects [54]. Similarly, in a randomized trial conducted by Calgiineri, M.et al.
1999 found that the triple combination of methotrexate, sulfasalazine, and hydroxychloroquine
produced superior efficacy compared to both monotherapy and two-drug combinations [55].
Also, DMARD:s in conjunction with corticosteroids or anti-TNF drugs present an appealing
choice as components of combination therapy for early RA, given their ability to swiftly
alleviate RA [56].

The primary goal in RA treatment is to achieve complete remission and to explore the potential
use of combination therapies particularly in patients with very early RA. There have been
various strategies utilized in the administration of combination therapy, each presenting its own
set of advantages and disadvantages. These strategies encompass both the step-up and step-
down approaches. In the step-up approach, treatment typically begins with monotherapy,
reserving combination therapy for patients who do not respond adequately to monotherapy.
Conversely, the step-down approach involves initiating aggressive treatment initially to
effectively suppress inflammation in RA. Once the disease is controlled, medications with
higher toxicity profiles are gradually withdrawn, and treatment is continued with the agent
offering the optimal balance between efficacy and toxicity [57]. Administering aggressive
combination therapy, even for a short duration during the early established phase of RA, leads
to long-term advantages compared to monotherapy. According to a report by Verschueren, P.
et. al 2008, in a routine clinical practice, employing a step-down treatment strategy for early
RA proves to be more effective than a step-up approach [58]. Similarly in a two-year COBRA-
Slim regimen (15 mg methotrexate weekly and a weekly step-down scheme of oral prednisone)
for RA treatment achieved the most favorable balance between effectiveness and safety,
regardless of the patients' prognosis [59]. Despite this, step-up therapy involving methotrexate,
sulfasalazine, and cyclosporin has proven to be effective in treating RA, with 40% of patients
receiving combination therapy and 21% receiving monotherapy after three years [60]. Apart
from these various combinations of therapeutic agents in clinical trials for their effectiveness
in RA treatment are summarized in Table 1.1 [61]. Although there are promising findings, the
current evidence is not enough to support the use of combination DMARD therapy for all early

RA patients due to concerns about potential adverse effects. Therefore, it is essential to evaluate
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the effectiveness of different treatment strategies, particularly among those with early RA, to
determine the most suitable initial approach [57].

Additionally, various research endeavors have explored the impact of the combination of
different agents either conventional or encapsulated within nanocarriers, in both in-vitro and
in-vivo model, aiming for enhanced treatment efficacy, with reduced side effects [53]. In
addition to synthetic agents, natural products have demonstrated anti-inflammatory and
immunomodulatory effects by targeting multiple pathways involved in RA [62,63]. The most
reported natural products for RA treatment include andrographolide, boswellic acid, curcumin,
quercetin, resveratrol, rutin, tanshinone IIA etc. These agents, whether used alone or in
combination with synthetic DMARDs, have been extensively studied in the literature for the
treatment of RA [64]. According to the 21.CFR guidelines, combining two or more drugs in a
single dosage form is referred to as fixed combination products. This approach is specially
considered in cases where the combination of drugs can enhance the safety or effectiveness of
the primary active component and minimize the risk of abuse of primary component. Table
1.2 summarizes the various combination of drugs and their effectiveness in in-vivo animal

models for treatment of RA.
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Table 1.1. Clinical trials of various combinations via oral route for RA treatment

Name of the combination

Tocilizumab, Oral
Corticosteroids and

Methotrexate

Combination with Methotrexate or Other Non-Biologic DMARD:s in
Participants with Active Rheumatoid Arthritis and an Inadequate Response to

Current Non-Biologic DMARD Therapy or the First Anti-TNF Biologic Agent

Trail No Study Title Phase
drugs
Etanercept and Methotrexate Study Evaluating the Combination of Etanercept and Methotrexate in
NCT00252668 Phase 4
Rheumatoid Arthritis Subjects
Leflunomide, Methotrexate, . . .
) Triple III Comparison of Leflunomide Alone Vs Two DMARD Combinations in
NCTO00579878 Sulfasalazine and Phase 3
‘ the Treatment of Rheumatoid Arthritis
Hydroxychloroquine
Imatinib and Methotrexate A Study of Imatinib 400 mg Once Daily in Combination with Methotrexate in
NCT00154336 . . Phase 2
the Treatment of Rheumatoid Arthritis.
. A Study on Safety and Efficacy of Tocilizumab (RoActemra/Actemra) Alone or
Tocilizumab T S
NCTO01987479 in Combination with Non-Biologic Antirheumatics in Participants with Phase 3
and Methotrexate
Rheumatoid Arthritis
Treatment of Early RA: Minocycline in Combination with Methotrexate Vs
NCT00579644 | Minocycline and Methotrexate Phase 3
Methotrexate Alone
Combination Therapy of F8IL10 and Methotrexate in Rheumatoid Arthritis
NCT02076659 F8IL10 and Methotrexate ' Phase 3
Patients
NCT02046603 A Study of Tocilizumab (RoActemra/Actemra) in Monotherapy or in Phase 3
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Trexan, Salazopyrin, Oxiklorin,

TNF-blocking Therapy in Combination with Disease-modifying Antirheumatic

NCT00908089 . o . . o Phase 4
prednisolone and infliximab Drugs in Early Rheumatoid Arthritis
Azathioprine, Chloroquine,
‘ A Study of Subcutaneous Tocilizumab as Monotherapy and/or in Combination
Hydroxychloroquine, ‘ . o o ‘ . ‘
NCT01941095 with Non-Biologic Disease Modifying Anti-Rheumatic Drugs (DMARDs) in Phase 3
Leflunomide, Sulfasalazine, o ' _ -
- Participants with Rheumatoid Arthritis
Tocilizumab
Adalimumab and Study of the Optimal Protocol for Methotrexate and Adalimumab Combination
NCT00420927 ' _ - Phase 4
Methotrexate Therapy in Early Rheumatoid Arthritis
A Multi-center, Randomized, Double-blind, Placebo-controlled Study to
Certolizumab Pegol + Evaluate the Efficacy and Safety of Certolizumab Pegol in Combination with
NCT01521923 ) _ o _ _ Phase 3
Methotrexate Methotrexate in the Treatment of Disease Modifying Antirheumatic Drugs
(DMARD)-naive Adults with Early Active Rheumatoid Arthritis
A Study of PF-06438179 (Infliximab-Pfizer) and Infliximab in Combination
PF-06438179, Infliximab and
NCT02222493 with Methotrexate in Subjects with Active Rheumatoid Arthritis Phase 3
Methotrexate
(REFLECTIONS B537-02).
Masitinib in Combination with Methotrexate, in Treatment of Patients with
NCTO00913432 | Masitinib and Methotrexate Phase 2
Active Rheumatoid Arthritis
A Study of Ocrelizumab in Combination with Methotrexate in Patients with
NCT00485589 | Ocrelizumab and Methotrexate . - . Phase 3
Rheumatoid Arthritis Who Are Naive to Methotrexate (FILM)
A Comparative Study Between PF-06410293 and Humira® in Combination with
NCT04230213 | PF-06410293 and adalimumab Phase 3

Methotrexate in Participants with Active Rheumatoid Arthritis
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Study of the Efficacy and Safety of BCD-089 in Combination with Methotrexate

NCT04227366 | BCD- 89 and Methotrexate ' . . ' ' . Phase 3
in Patients with Active Rheumatoid Arthritis (SOLAR)
BCD-055, Remicade® and Comparative Clinical Trial of Efficacy and Safety of BCD-055 and Remicade®
NCT02762838 Phase 3
Methotrexate in Combination with Methotrexate in Patients with Active Rheumatoid Arthritis
Filgotinib Alone and in Combination with Methotrexate in Adults with
NCT02886728 | Filgotinib and Methotrexate Moderately to Severely Active Rheumatoid Arthritis Who Are Naive to Phase 3
Methotrexate Therapy (FINCH 3)
Rituximab in Combination with An Observational Study of Rituximab in Combination with Methotrexate in
NCT01283399 o . . . - Phase 3
Methotrexate Participants with Active Rheumatoid Arthritis
NCT00162279 Abatacept and Etanercept The Study of Abatacept in Combination with Etanercept Phase 2
RoActemra/Actemra and An Observational Study of RoActemra/Actemra (Tocilizumab) in Combination
NCT01384461 Phase 3

methotrexate

with Methotrexate in Patients with Rheumatoid Arthritis (ACTIVATE)
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Table 1.2. Summary of reported combination delivery and their effectiveness in in-vivo animal studies for treatment of RA

Combination
S. No Route Dosage form Target Therapeutic outcomes Ref
of drugs
Diclofenac inhibits
. Cyclooxygenase (COX) and Compound patch presented better anti-
Diclofenac ) ) ) ) ) )
Transdermal prostaglandin. Teriflunomide inflammatory and analgesic effects in the
1 and Patch o ‘ o ‘ [65]
_ ‘ inhibits dihydroorotate study of adjuvant arthritis in rats and acetic
Teriflunomide o o o
dehydrogenase enzyme acid-induced writhing syndrome in mice.
(DHODH)
_ _ Ketoprofen inhibits COX The skin permeation and dynamic activity of
Teriflunomide . o .
and prostaglandin. combination patch was increased compared
2 and Transdermal Patch ‘ o ‘ ‘ . o [66]
Teriflunomide inhibits with teriflunomide and ketoprofen individual
Ketoprofen
DHODH patches.
_ _ Methotrexate inhibits purine In arthritic assessment study, it showed a
Teriflunomide Hydroxy- o ) o o )
Subcutaneous ) and pyrimidine synthesis. significant reduction in ankle diameter,
3 and | apatite ST - S e
delivery Teriflunomide inhibits arthritis score and less hepatotoxicity with
Methotrexate nanoparticles o )
DHODH the combination of nanoparticles
Teriflunomide Teriflunomide inhibits The combination showed enhanced
4 and Intra-articular | Topical patch DHODH. Lornoxicam inhibition of swelling on primary arthritis of | [68]
Lornoxicam inhibits COX enzymes bilateral hind paws
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Methotrexate Hyaluronate- | Methotrexate inhibits purine . _ _
o o . Greater accumulation of nanoparticles in the
and ) functionalized and pyrimidine synthesis. _ _ ] o
. . Intra-articular . ' o synovial region. The nanoparticles exhibited | [69]
Teriflunomide hydroxyapatite Teriflunomide inhibits o )
' synergistic effect in the treatment of RA.
nanoparticles DHODH
o Carrageenan induced arthritis rat model
Tofacitinib targets TNF-a, . . .
' exhibited reduced joint swelling, muscle
Loxoprofen IL-14, iINOS, JAK2, JAK3, ) ) _
Photothermal atrophy, and cartilage destruction with the
and Transdermal _ and STAT3. o [70]
o Microneedles ‘ o combination patch. Also, downregulated the
Tofacitinib Lornoxicam inhibits COX _ _
mRNA expression levels of proinflammatory
enzyme .
cytokines
Pioglitazone acts on
Peroxisome proliferator- Treatment with combination in the arthritic
Pioglitazone activated receptor-gamma animals showed significant reductions in
and Oral Suspension (PPAR-y). Prednisolone paw volume, and tibiotarsal joint thickness [71]
Prednisolone inhibits inflammatory Also, it significantly decreased plasma levels
cytokines by binding to of TNF-a and IL-6.
glucocorticoid receptor
Naproxen, Naproxen acts on COX The combination effectively ameliorated the
Prednisolone . pathway. Prednisolone acts CFA-induced arthritis and were more
Oral Solution o o o o [72]
and Hydroxyc by binding to glucocorticoid effective in combination as compared to
hloroquine receptor. individual drug therapy
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Hydroxychloroquine acts by
inhibiting toll-like receptor
(TLR) signaling pathways.

Methotrexate inhibits purine

In in-vivo RA experimental model

Aceclofenac
Topical and ' and pyrimidine synthesis. demonstrated that the combination regains
9 and Nano particles o o [73]
Intravenous Aceclofenac inhibits COX the structure of paw bones and joints is
Methotrexate o )
enzyme similar to the market formulations.
Dexamethasone inhibits NF-
Tofacitinib kB and AP1 transcription . o
) ) o Combined effect has shown good inhibitory
and ) factor signaling. Tofacitinib
10 Subcutaneous Solution effect on RA paw edema compared to [74]
Dexamethaso inhibits the phosphorylation
monotherapy.
ne and activation of Janus
kinase
COX 2 and VEGF levels decreased with
Methotrexate inhibits purine
Leflunomide . ‘ combination therapy compared to individual
‘ and pyrimidine synthesis. )
11 and Oral Suspension drug treatment. It also improved the ankle [75]
Leflunomide inhibits o
Methotrexate circumference and clinical scores compared
DHODH
to monotherapy
Bucillamine Oral and Bucillamine acts by NF-kB Bucillamine and etanercept combination
ral an
12 and Suspension inhibition. Etanercept is a treatment also reduced serum IL-1a and [76]
Subcutaneous
Etanercept anti-TNF biologic agent. granulocyte macrophage colony-stimulating
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factor and tended to reduce serum IL-1p and

IL-6 levels.

Curcumin and

Curcumin acts by inhibiting

Combination of curcumin and diclofenac

nanoparticle resulted in reduced pain and

13 Diclofenac Oral Nanoparticles | NF-«xB. Diclofenac inhibits ‘ [77]
. inflammatory cytokines (TNF-a, IL-6, and
Sodium COX and prostaglandin.
IL-1B)
Quercetin acts by inhibiting
Combination of quercetin exhibited
COX-2, NF-kB and AP-1
Methotrexate Intra enhancement in anti-inflammatory activity
14 . Suspension activity. Methotrexate o . _ [64]
and Quercetin peritoneal o . and reduced toxicity associated with
inhibits purine and )
_ methotrexate in CFA induced rat
pyrimidine synthesis.
Curcumin acts by inhibiting
NF-«B. Methotrexate The combination curcumin reduces the
Curcumin and Intra
15 Suspension inhibits purine and hepatotoxicity induced by [78]
Methotrexate peritoneal
pyrimidine synthesis methotrexate in CFA induced rat
Curcumin acts by inhibiting
Human Serum The combination exhibited a synergistic
Prednisolone NF-kB. Prednisolone acts by
16 Intravenous Albumin o o activity in CFA induced rat compared to [79]
and Curcumin . binding to glucocorticoid ‘ ‘
Nanoparticle single drug nanoparticles and free drug

receptor
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Table 1.1. underscores the importance of utilizing oral combination delivery consisting of
dual therapy, triple therapy, or quadruple therapy for RA treatment. These includes sDMARDs
(leflunomide, methotrexate, hydroxychloroquine, sulfasalazine, minocycline, azathioprine),
tsDMARDs (filgotinib, abatacept, etanercept), bDMARDs (tocilizumab, infliximab,
adalimumab, certolizumab, ocrelizumab, rituximab), tyrosine kinase inhibitors (imatinib,
masitinib) and corticosteroids (prednisolone). All of these combinations are at various phases
of clinical trials, with the combinations of trexan, salazopyrin, oxiklorin, prednisolone, and
infliximab (NCT00908089) and adalimumab and methotrexate (NCT00420927) currently in
phase 4 trials.

The data depicted in Table 1.2. illustrates documented combinations of various synthetic
molecules utilized in the treatment of RA as reported in the literature. These include SDMARDs
(methotrexate, teriflunomide, hydroxychloroquine, bucillamine), tsDMARDs (tofacitinib,
etanercept), NSAIDs (aceclofenac, diclofenac, ketoprofen, lornoxicam, naproxen) and
glucocorticoids (prednisolone, dexamethasone). Apart from these, the combination of synthetic
drugs with natural products namely curcumin and diclofenac Sodium; methotrexate and
quercetin; methotrexate and curcumin; prednisolone and curcumin have also been reported.

These highlights the potential efficacy of such combinations for RA treatment.

1.6. Problems associated with conventional dosage forms in RA

Various conventional formulations, including tablets, capsules, oral liquids, and parenteral
preparations, play a crucial role in the therapeutic approach to RA [80]. The conventional
management of RA typically involves the administration of NSAIDs, glucocorticoids, and
synthetic DMARD:s, either alone or in combination, with the primary goal of alleviating pain
and inhibiting disease progression [1]. However, the prolonged use of NSAIDs is linked to
adverse effects such as gastrointestinal bleeding, cardiovascular effects, and nephrotoxicity
[81]. Similarly, extended administration of glucocorticoid agents may precipitate
complications including muscle atrophy, osteoporosis, suppression of the hypothalamic-
pituitary-adrenal axis, glaucoma, and diabetes [82]. Systemic adverse effects are common
among synthetic DMARDs used to RA, affecting various physiological systems. These effects
include hematologic abnormalities such as leukopenia and anemia, hepatotoxicity indicated by
elevated liver enzymes, and pulmonary complications such as interstitial lung disease.
Furthermore, potential risks include lymphomas and non-melanoma skin cancers, renal toxicity
leading to impaired renal function, allergic reactions, bone marrow suppression, and an

elevated susceptibility to both common and serious infections [83]. Table 1.3 presents a
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compilation of conventional medications alongside their documented adverse effects as

reported on the labels of respective brands from drug products approved by the United States
Food and Drug Administration (US FDA).

Table 1.3. Various adverse effects reported for conventional dosage forms by USFDA

Drug

Dosage form

Brand

Adverse effects

NSAIDS

Ibuprofen

Tablet

Advil

GI discomfort and bleeding
increase the risk of heart
attack, and severe allergic
reactions to people using
aspirin

Aspirin

Capsule

Vazalore

GI  discomfort, allergic
reactions, Reye’s syndrome

Naproxen

Tablet

Aleve

GI discomfort, increase the
risk of heart attack, severe
allergic reactions to people
using aspirin

Celecoxib

Capsule

Celebrex

Gl discomfort,
anaphylactoid  reactions,
increase  the risk  of
cardiovascular risk, upper

respiratory tract infection

Meloxicam

Tablet and oral
suspension

Mobic

GI
anaphylactoid
and anemia

discomfort,
Reactions,

Glucocorticoids

Prednisone

Tablets

Rayos

Fluid retention, alteration in
glucose tolerance, elevation
in blood pressure, increased
appetite and weight gain

DMARDs

Methotrexate

Tablets

Trexal

Ulcerative stomatitis,
leukopenia, nausea,

and abdominal distress

Leflunomide

Tablets

Arava

Hepatotoxicity,
teratogenicity
respiratory infection,
headache, rash,
liver enzymes,

diarrhea,

nausea,
abnormal
dyspepsia.

Oral administration of natural products presents disadvantages including inadequate systemic

absorption, variability in efficacy, and a lack of specificity for RA-affected organs/tissues [84].
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Additionally, due to their short half-life and inadequate concentration at the target site, natural
products often require frequent dosing, which can lead to patient non-compliance. Therefore,
careful monitoring of adverse effects is vital for optimizing RA therapy and ensuring patient
safety [85].

In terms of drug delivery precise targeting to the afflicted joint presents a notable challenge,
affecting both efficacy and systemic exposure control. To overcome these challenges
associated with oral administration, research efforts require innovation in topical delivery
methods. In this endeavor, the objective should be to enhance stability, refine targeting
mechanisms, ensure safety, optimize drug release, and comply with regulatory standards for
the efficacious treatment of RA. Topical delivery address the above challenges of conventional
dosage form by presenting numerous benefits, including avoidance of hepatic metabolism,

sustained drug release, dosage adaptability, and protection against gastrointestinal degradation.

1.7. Challenges in topical delivery

In recent years, there has been a surge of interest in topical drug administration due to its non-
invasive nature and high patient compliance facilitated by its ease of application. Additionally,
dermal delivery presents numerous benefits, including sustained drug release, dosage
adaptability, reduced adverse effects, avoidance of hepatic metabolism, and protection against
gastrointestinal degradation. The effectiveness of topical drug delivery depends on intricate
interplays between the skin's physiological traits, intrinsic attributes of drug molecules
(including size, solubility, and lipophilicity), and application techniques (such as
nanotechnology, microneedle, electroporation, iontophoresis, and sonophoresis) [86,87].

The skin, as the largest organ in the human body, acts as a pivotal barrier modulating the
permeability of topically applied drugs, representing roughly 15% of an adult's total body
weight [88]. In topical drug delivery, the skin barrier is the initial obstacle that comprises of
three layers - the epidermis, dermis, and subcutaneous hypodermis. The epidermis
encompasses the non-viable stratum corneum and the viable epidermis, with the former
forming a dense barrier due to its multiple layers of keratinocytes and lipid bilayers. The
dermis, situated beneath the epidermis, is rich in fibroblasts, adipocytes, blood vessels, and
skin appendages, serving as the primary site for drug absorption. Meanwhile, the hypodermis,
situated below the dermis, primarily consists of loose connective tissue and adipose cells, that
play a role in heat insulation and energy storage [80,89,90].

Drug absorption through the skin encompasses two main pathways: The trans epidermal route

and the skin appendage route. The trans epidermal route includes the transcellular and
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intercellular routes. In the transcellular route, drugs traverse the lipid membrane structure of
the stratum corneum, hindered by hydrated keratin-filled cells, requiring a delicate hydrophilic-
lipophilic balance. Conversely, in the intercellular pathway, drug molecules penetrate the
dermis through the lipid matrix between keratinocytes. Capillaries in the dermis efficiently
facilitate drug absorption into circulation, making the intercellular pathway the primary route.
Skin appendage absorption involves drugs penetrating through hair follicles, sweat glands, and
sebaceous glands. This route typically offers a faster penetration rate compared to the
transepidermal route. However, the skin appendages cover a small area, making them a
secondary pathway for transdermal drug absorption [80,91].

Ensuring drug delivery to the synovial tissues holds paramount importance in the treatment of
RA, the effective delivery of topically applied drugs into deeper tissues is imperative for
eliciting therapeutic effects by efficiently inhibiting various inflammatory pathways. The
efficacy of topical or transdermal products in alleviating inflammation within joints is widely
reported [92]. However, the process of transporting drugs into the deeper layers of synovial
tissues following topical application to the joints remains ambiguous [68]. The intricate
mechanisms governing topical drug movement may involve local enhanced delivery, possibly
facilitated by the local vasculature. This mechanism generates a convective force, propelling
topically applied drugs deeper into the underlying tissue before systemic distribution ensues
[93].

In topical delivery, drugs can reach the synovial cavity via direct diffusion at the application
site and systemic circulation. At the dermal level, drugs may enter local blood vessels for
distribution to deeper inflamed tissues [94], with the possibility of uptake into the systemic
circulation through dermal microcirculation resulting in low systemic exposure [95,96].
Topically applied drugs can exhibit a depot effect, leading to their prolonged accumulation in
various skin layers such as the stratum corneum, epidermis, dermis, and subcutaneous fatty
tissue, thereby forming a reservoir for sustained drug release into surrounding tissues [97,98].
The efficiency of this reservoir depends on the drug's properties, including solubility, protein-
binding capacity, absorption, concentration, clearance, application time, and mode [99,100].
Drug movement through the skin primarily occurs through passive diffusion, driven by
concentration gradients and tissue partitioning, following Fick’s Law [101-103]. Topical
application of NSAIDs like diclofenac, ketoprofen, methyl salicylate, and felbinac has been
found to cause notably higher drug concentrations in treated knee joint tissues, including
synovial fluid, compared to systemic levels or untreated sites. This suggests direct diffusion

and local blood redistribution that play significant role in this effect [104,105]. Comparable
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findings have been documented by Bae, J et.al 2016 for leflunomide administered topically,
with concentrations 6.5 to 5.0 fold higher in the synovial fluid than at non-application sites

following the use of leflunomide topical solution or patch [93].

1.8. Topical nano formulations for treatment of RA

Given the availability of various conventional methods for topical RA treatment, nanoparticles
have emerged as a significant advancement in drug delivery. Topical nano carriers serve as
crucial components in the delivery of drugs for RA by augmenting drug penetration through
the skin barrier, primarily the stratum corneum, consequently enhancing localized therapeutic
effectiveness. These carriers enable targeted delivery to inflamed joints, reducing systemic side
effects of conventional oral medications, while also ensuring sustained drug release for
prolonged therapeutic effects and enhanced patient compliance [106,107]. Moreover, they
provide a versatile platform for incorporating various drugs and therapeutic agents, allowing
tailored combination therapies to meet individual patient needs. Nano formulations like
nanoemulsion, solid lipid nanoparticles (SLNs), niosomes, transferosomes, and ethosomes

have emerged to enhance drug permeation in topical applications for RA treatment [86].

1.9. Transferosomes in drug delivery

In recent years, there has been an increase in the study of novel drug delivery systems aimed
at improving efficacy, patient compliance, and therapeutic outcomes in the pharmaceutical
sciences. Among these advances, transferosomes have emerged as a new lipid-based bilayered
vesicular carrier technology, offering exceptional potential in topical drug administration
[108]. Transferosomes, also known as ultra-deformable vesicles, differ significantly from
traditional liposomal carriers because of their remarkable flexibility and elasticity [109]. The
inherent deformability of transferosomes enables them to traverse the stratum corneum, the
primary barrier of the skin, thereby facilitating enhanced penetration into the deeper layers of
the epidermis. As a result, transferosomes present a promising approach for achieving more
efficient and precise transdermal drug delivery by surmounting the challenges posed by the
epidermal barrier [110]. The diagram illustrating the structure of transferosomes is presented

in Figure 1.5.
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Figure 1.5. Structure of transferosomes

Transferosomes are composed of phospholipids along with edge activators such as surfactants
or bile salts. Phospholipids are amphiphilic molecules characterized by a hydrophilic head
group containing phosphates and a hydrophobic tail composed of both saturated and
unsaturated fatty acids connected by a glycerol moiety. The phospholipid bilayer structure of
transferosomes closely resembles the natural lipid bilayers found in the skin. This similarity
enhances the biocompatibility of transferosomes, making them well-suited for interaction with
biological systems without causing adverse effects [111]. Apart from these the surfactants have
the unusual capacity to deform and squeeze through narrow pores, including the intercellular
spaces of the stratum corneum. The specifics of the composition, along with examples, are
provided in Table 1.4. Moreover, the composition of transferosomes can be tailored to
accommodate a diverse array of drugs, encompassing hydrophilic, lipophilic, and amphiphilic
substances. This versatility renders transferosomes an attractive foundation for formulating an
extensive array of in pharmaceutical industry [112].

Several hypotheses have been proposed to understand the permeability of lipid vesicles across
skin membranes. The potential mechanism for drug transportation through the skin via
vesicular systems is depicted in Figure 1.6. These include free drug mechanism, where the
drug penetration into skin independently after vesicle release, focusing on drug properties
rather than vesicle composition; penetration enhancing properties of vesicles, in which the
presence of surfactant demonstrate to improve transdermal drug delivery by reducing skin
permeability barriers and interacting with the stratum corneum; fusion with the stratum
corneum where the lipid vesicle merge with the stratum corneum or attach to surface via

adsorption leading to enhancement in penetration of active moieties; intact vesicle penetration

26



Chapter 1

into the epidermal layer; and penetration of vesicles through the hair follicle (trans appendageal

route) [113].

Table 1.4. Composition of transferosomes

Component Examples Function
Phospholipids Soya phosphatidyl choline, Dimyristoly | A crucial element for the
phosphatidylcholine (DMPC), | formation of a lipid
Hydrogenated soya phosphatidylcholine | bilayer vesicle
(HSPCQ), and other modified
phospholipids
Surfactants Span 60, Span 80, Tween 60, Tween 80 | Membrane softening
and sodium cholate, sodium | agent provides -elasticity
deoxycholate, stearyl amine and deformity
Hydrating media Aqueous media or pH buffer The formation of self-
assembled vesicles occurs
in hydrating media

Transferosomes, with their hydrophilic surface, respond to dermal hydration gradients,
propelling vesicles through skin channels as noninvasive drug carriers. Their high membrane
flexibility and skin permeability enable simultaneous modulation of skin components. Under
local hydration stresses, transferosomal vesicles deform and autonomously navigate through
pores significantly smaller than their average diameter in a self-regulated manner. Hydrostatic
pressure differences facilitate their passage through the stratum corneum, driven by hydrotaxis
and governed by elastomechanics principles [113].

Transferosomes have demonstrated effectiveness in delivering topical treatments for RA, as
evidenced by reported studies. Zeb A. et.al 2017 reported that the topical delivery of
methotrexate using ultra deformable vesicles, that exhibited potential in-vivo activity in CFA
model. It reduced the paw volume and pro-inflammatory cytokine expression in paw tissue
compared to other conventional liposomes and free drug loaded gel [114]. Similarly Taymouri,
et.al 2021 reported that transferosomal gel exhibited more paw edema inhibition compared to
imatinib gel in CFA induced rat model [115]. In addition to synthetic molecules, natural
product-loaded transferosomes have been also assessed for their efficacy in treating RA. Sarwa
et al. 2015 demonstrated that in carrageenan-induced rats, the transferosomal gel containing

capsaicin exhibited superior inhibitory activity compared to Thermagel (a marketed
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formulation) [116]. Similarly, Sana et.al 2021 reported that curcumin transferosomal gel
increased the antiarthritic activity in CFA induced mice compared to conventional gel. Also it

reduced the TNF-a and IL-6 levels in paw tissue [117].

«

Figure 1.6. Mechanism of permeation of lipid vesicles, a) the penetration enhancing
mechanism; b) vesicle adsorption to and/or fusion with the stratum corneum; c) intact vesicular
penetration mechanism (intact vesicles penetration into intact skin); d) trans-appendageal
penetration [118].

Based on the data and existing literature, the transferosomes represent a promising platform for
topical drug delivery, offering a versatile and effective means of overcoming the skin's barrier

properties for the effective treatment of RA.

1.10. Conclusion

Management of RA effectively requires a combination therapy to address its diverse underlying
pathways. Following EULAR guidelines, initiating DMARD treatment upon diagnosis aims to
slow disease progression. Drug combinations are tailored based on disease severity, typically
involving sSDMARDs with glucocorticoids or bDMARDs/tsDMARDs. Clinical studies have

explored both step-down and step-up approaches, employing double or triple treatments for
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long-term RA management. Researchers have explored the combination of DMARDs with
corticosteroids or NSAIDs in both in-vitro and in-vivo models to investigate their potential
synergistic effects in managing RA. In addition to this, natural products have been reported to
demonstrate anti-arthritic activity either as monotherapy or in combination with synthetic
molecules. Systemic administration of medications is often linked to numerous adverse effects
and hence delivering combination therapies via topical routes presents challenges, as it can
mitigate systemic effects by exerting localized action, as elucidated by Fick's law of diffusion.
Topical nano carriers such as transferosomes incorporating combination drugs represent a
promising strategy for delivering medications into deeper tissues, such as the synovium while

reducing systemic effects.
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2.1. Introduction

sDMARDs constitute a group of distinct compounds primarily utilized in the treatment of RA
due to their ability to modify the immune system and alter the progression of the disease.
sDMARDs are commonly recommended as the initial treatment for RA by various guidelines,
including those from the EULAR, the French Society for Rheumatology, the Asia Pacific
League of Associations for Rheumatology (APLAR), the National Institute for Health and Care
Excellence, and the Brazilian Society of Rheumatology. sDMARDs are prescribed as the first-
line therapy for RA and are preferred over bDMARDs and tsDMARDs due to their efficacy,
safety, accessibility, and cost-effectiveness [1].

The commonly used sDMARDs includes methotrexate, leflunomide, sulfasalazine, and
hydroxychloroquine. Methotrexate functions by inhibiting dihydrofolate reductase, a crucial
enzyme involved in the synthesis of tetrahydrofolate necessary for cell proliferation. This
disruption affects various cells, including synovial lymphocytes, ultimately resulting in
immunosuppression [2]. Leflunomide inhibits mitochondrial enzyme, crucial for pyrimidine
synthesis, leading to decreased production of pyrimidine nucleotides essential for DNA and
RNA synthesis in activated lymphocytes [3]. Hydroxychloroquine regulates the immune
response by disrupting antigen presentation and T cell activation. Additionally, it inhibits toll-
like receptor signaling and decreases the production of pro-inflammatory cytokines. These
actions collectively alleviate joint inflammation and mitigate pain in individuals with RA [4].
Sulfasalazine undergoes metabolism into two components: 5-aminosalicylic acid and
sulfapyridine. Through this process, it exerts anti-inflammatory effects by suppressing the
production of inflammatory mediators and regulating the activity of immune cells that
contribute to the inflammatory response [5].

Methotrexate has emerged as the most frequently prescribed medication, either used alone or
in combination with other drugs. For patients unable to tolerate methotrexate, leflunomide is
often the next preferred treatment of choice [6]. Most studies have reported that both
methotrexate and leflunomide are considered effective DMARDs, exhibiting comparable
efficacy over the long term [7,8].

2.1.1. Teriflunomide (TFD)

2.1.1.1. Background

Leflunomide is a SDMARDs, that received approval from the United States Food and Drug
Administration (US FDA) for the treatment of RA in 1998. It is marketed under the brand name
ARAVA and available in oral tablet forms of 10 mg, 20 mg, and 100 mg. Leflunomide is an

isoxazole derivative, that undergoes metabolism via the cytochrome P450 2C19 enzyme
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(CYP2C19) to produce its active metabolite, A77 1726 (formally known as TFD) through the
opening of its isoxazole ring [9,10]. The active metabolite TFD exhibits the principal
pharmacological effects for treating RA. The physicochemical properties of TFD are
represented in Table 2.1.

Table 2.1. Physicochemical properties of TFD

Name Teriflunomide (TFD)
N
Il
N
Chemical structure =~
OH O F
F
F
7)-2-cyano-3-hydroxy-N-[4-
IUPAC name (@) 2oy Y N
(trifluoromethyl)phenyl]but-2-enamide
Molecular formula C12HoF3N20
Molecular weight 270.21 g/mol
BCS class Class 11
pKa 3.1at23°C
Log P 2.7
Melting point 228-232°C
Sparingly soluble in acetone, slightly
soluble in polyethylene glycol and ethanol,
very slightly soluble in isopropanol and
Solubility

practically insoluble in water. Solubility of

TFD is low at pH values below 4.0 and

increases at higher pH.

TFD has gained recognition as a DMARD owing to its immunomodulatory and anti-
inflammatory characteristics. Subsequently, in 2012, TFD was approved by the US FDA, the
European Union, and Canada for treating patients with relapsing forms of multiple sclerosis

[10,11]. TFD is marketed under the brand name AUBAGIO® and is available as 7 mg and 14

mg oral tablets.
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2.1.1.2. Mechanism of action

TFD exerts its anti-inflammatory and antiproliferative effect by selective and non-competitive
inhibition of the enzyme dihydroorotate dehydrogenase (DHODH), a critical component of the
de-novo pyrimidine synthesis pathway presents in the mitochondria. Blockage of DHODH
causes T cells, B cells, and other fast-dividing cells to halt their cell cycle progression
specifically in the G1 phase. This interference with DNA and RNA synthesis impedes the

proliferation and function of activated lymphocytes, that are pivotal in the pathogenesis of RA

[12,13] (Figure 2.1).
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Figure 2.1. Mechanism of action of TFD [13].

TFD has been reported to inhibit tyrosine kinases, including those within the JAK/STAT
pathway, playing a vital role in regulating the production of proinflammatory cytokines such
as TNF-a and IL-17 [14,15]. In addition to the JAKs, TFD also impede the function of other
tyrosine kinases, such as members of the 'Src family,' involved in T cell signal transduction,
and epidermal growth factor receptor (EGFR) receptor tyrosine kinase [15,16].

TFD has also been demonstrated to inhibit the NF- kB pathway in T cells, a crucial process for
suppressing the expression of various inflammatory cytokines [17,18]. Apart from this, it is
also shown to inhibit prostaglandin E2 (PGE2), MMP1, IL 6 in human, FLS [19], and COX-2
directly both in-vitro and in-vivo [20].

In summary, TFD mechanism of action involves inhibition of DHODH, modulation of tyrosine
kinases, and suppression of pro-inflammatory cytokines, collectively contributing to its

therapeutic efficacy in RA.
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2.1.1.3.Adverse effects associated with oral administration of TFD

The oral administration of TFD has been demonstrated as an effective treatment for RA, but it
is also linked with various adverse effects. Among these, hepatotoxicity is considered the most
severe. A boxed warning highlighting the risk of hepatotoxicity has been included on the label
of AUBAGIO®. It is essential to monitor liver function by assessing bilirubin and alanine
aminotransferase (ALT) levels before initiating treatment with TFD, as well as periodically
thereafter, to detect any signs of liver injury. TFD has been associated with teratogenicity and
embryo lethality, therefore, it is contraindicated during pregnancy. Furthermore, TFD has been
reported to demonstrate bone marrow effects, peripheral neuropathy, increased blood pressure,
respiratory effects, hypersensitivity, and serious skin reactions. In addition to these, commonly
reported adverse reactions include diarrhea, respiratory infections, nausea, headaches, rashes,
abnormal liver enzymes, and dyspepsia [21].

2.2. Natural Products for the treatment of RA

Extensive research has been conducted on natural products across various health conditions,
including cancer, infectious diseases, and autoimmune disorders [22]. Synthetic compounds
used to treat RA have been linked to various unwanted side effects, in addition to being
relatively costly. Consequently, a growing number of patients are exploring natural products as
alternatives to alleviate symptoms associated with RA and related conditions, drawn by the
desire to avoid these limitations [23]. Complementary and Alternative medicine (CAM)
therapies are reported to be utilized by more than 36% of adults in the USA [24]. In this
scenario, researchers have explored and documented the potential of natural products to play a
role in both the onset and treatment of the disease. This interest also stems from their
recognized antioxidant and anti-inflammatory properties. Present strategies for effectively
managing RA frequently incorporate CAM approaches, which have garnered attention from
both patients and the scientific community in recent years. However, understanding the
mechanism of natural products is challenging to evaluate their efficacy resulting in uncertainty
in both public and professional communities. Hence, elucidating the mechanism of action of
natural products stands as a significant priority, as emphasized by the National Center for
Complementary and Integrative Health (NCCIH) and the National Institutes of Health (NIH)
in the United States [22].

Natural products exhibit anti-inflammatory and anti-arthritic properties through acting by
multiple pathways. These include the suppression of activating molecules like proinflammatory
cytokines and chemokines, the modulation of anti-inflammatory mediators such as interleukins

(IL-4, IL-10), and regulation of the balance between T-helper type 17 (Th17) and Regulatory
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T cells (Tregs) that plays a crucial role in the pathogenesis of the disease, and modulation of
the interaction between the immune system and bone tissue [25,26]. These effects can be
achieved by intervening in various pathways, including JAK-STAT, MAPK, NF-«B, PI3K-Akt,
and Wnt pathways as mentioned in the section 1.2.2.

Dudics, S et.al 2018 reported various natural products including boswellic acids, curcumin,
celastrol, harpagoside, carotenoids, flavonoid glycosides, terpenoids, quercetin, resveratrol etc.
for treatment of autoimmune arthritis. Curcumin, capsaicin, piperine, quercetin, resveratrol,
and tetrandrine have been investigated individually for their potential in treating RA through
incorporation into nanoparticles. These investigations have involved evaluations conducted
through both in-vitro and in-vivo studies [27-32]. Among various natural products,
andrographolide, quercetin, resveratrol, rutin, and tanshinone ITA were selected for evaluating
their synergistic anti-inflammatory activity due to their previously reported effectiveness in RA
by targeting multiple pathways. The rationale for selecting these natural products stems from
the comprehensive understanding of the detailed mechanisms through which each exhibits
activity in RA, as described below.

2.2.1. Andrographolide (ANG)

2.2.1.1.Background

ANG is obtained from the whole plant of Andrographis paniculata, belonging to the family
Acanthaceae. It is a bioactive diterpene lactone that demonstrates notable anti-inflammatory
and immunomodulatory properties, offering potential therapeutic benefits [33]. The
physicochemical properties of ANG are represented in Table 2.2.

2.2.1.2.Mechanism of action

ANG exhibits significant anti-inflammatory properties in RA by targeting various pathways. It
is reported to effectively reduce the production of key pro-inflammatory cytokines such as
TNF-a and IL-6, pivotal in the inflammatory process [34]. Moreover, ANG inhibits the
activation of NF-kB and STAT3 by modulating the expression of SOCS1 and SOCS3 signaling
pathways, leading to the downregulation of inflammatory iNOS and COX-2 gene expression
[35]. Additionally, it has demonstrated inhibitory effects on FLS by promoting caspase-3
activation, elevating levels of cell cycle inhibitors p21 and p27, and reducing cyclin-dependent
kinase 4 content. By limiting MMPs, ANG is reported to help in preserving joint integrity and
function. Furthermore, it decreases the expression of protein arginine deiminase 4 (PADA4),
which is involved in promoting neutrophil apoptosis and inhibiting neutrophil autophagy,

thereby contributing to its overall therapeutic effects in rheumatoid arthritis [34].
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Table 2.2. Physicochemical properties of ANG

Name Andrographolide (ANG)
@)
HO (0]

Chemical structure

HO
OH

(3E,48)-3-[2-[(1R,4aS,5R,6R,8aS)-6-

hydroxy-5-(hydroxymethyl)-5,8a-dimethyl-
IUPAC name 2-methylidene-3.4,4a,6,7,8-hexahydro-1H-
naphthalen-1-yl]ethylidene]-4-

hydroxyoxolan-2-one

Molecular formula C20H3005
Molecular weight 350.4 g/mol
BCS class Class 11
oKa 13.8 (strong acidic)
-2.8 (strong basic)
LogP 2.2
Melting point 235.3°C
Slightly soluble in methanol or ethanol, very
Solubility slightly soluble in chloroform, and almost

insoluble in water.

2.2.2. Quercetin (QCN)

2.2.2.1. Background

QCN is a flavonoid found abundantly in various plant-based foods such as apples, berries,
onions, and green leaves. Additionally, citrus fruits, grapes, tomatoes, and green tea are rich
sources of this flavonoid. Herbs like parsley, capers, and dill also contain significant amounts
of QCN. It is renowned for its antioxidant and anti-inflammatory properties, that are attributed
to its ability to modulate signaling pathways involved in inflammation [36]. Also, QCN has

been extensively studied for its safety and tolerability in humans, leading to its designation as
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Generally Recognized as Safe (GRAS) by the US FDA for use as a dietary supplement in the
year 2010 [37]. The physicochemical properties of QCN are represented in Table 2.3.
Table 2.3. Physicochemical properties of QCN

Name Quercetin (QCN)

OH O

Chemical structure

2-(3,4-dihydroxyphenyl)-3,5,7-

IUPAC name )
trihydroxychromen-4-one
Molecular formula CisHi1007
Molecular weight 302.23 g/mol
BCS Class Class II
6.38 (acidic)
pKa
-4 (basic)
Log P 1.5
Melting point 316 °C
Very soluble in ether, methanol; soluble
in ethanol, acetone, pyridine, acetic acid
Solubility

Soluble in alcohol and glacial acetic acid;

insoluble in water

2.2.2.2. Mechanism of action

QCN has been documented to show promise in autoimmune diseases by modulating various
signaling pathways, including those associated with inflammation and the regulation of
immune response [38]. QCN has demonstrated anti-arthritic activity through its immune-
regulatory effects, as well as its anti-inflammatory and bone-protective mechanisms [39].
Studies have demonstrated that QCN inhibits the differentiation of TH17 cells, implicated in
RA pathogenesis and joint inflammation. Moreover, it promotes regulatory T cells (Tregs)
differentiation, that suppresses immune reactions and sustains immune tolerance. By balancing
TH17 cells and Tregs, QCN mitigates inflammation and autoimmune responses in RA,

potentially through restraining NLRP3 inflammasome activation and activating HO-1-
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mediated anti-inflammatory pathways, thus offering therapeutic potential for managing RA
[40]. The anti-inflammatory activity of QCN is attributed to its ability to decrease the levels
of pro-inflammatory cytokines while increasing anti-inflammatory cytokines by regulating
various signaling pathways such as NF-kB, adenosine deaminase, MAPK signaling pathways
and GSK-3pB [39]. In addition to this, QCN exhibits bone-protective effects by inhibiting
MMPs, RANKL, COX-2, and PGE; production [39,41]. Moreover, its antioxidative activity is
manifested through the Nrf2/HO-1 signaling pathway, which helps to alleviate synovial
inflammation [39].

2.2.3. Resveratrol (RES)

2.2.3.1. Background

RES, is a natural polyphenolic stilbenoid compound, that was initially isolated from Veratrum
grandiflorum belonging to the family Melanthiaceae. It occurs in various sources like berries,
seeds, and in over 70 plant species [42]. The physicochemical properties of RES are represented
in Table 2.4.

2.2.3.2. Mechanism of action

RES is reported to suppress the TNF-a triggered PI3/Akt signaling pathway in FLS, leading to
the inhibition of IL-1B and MMP3 production [43]. RES activates sirtuin 1 (SIRT1), a member
of the sirtuin family of proteins involved in various cellular processes. By activating SIRT1,
RES assists in regulating inflammation, oxidative stress, and immune responses associated
with RA pathogenesis, achieved in part by downregulating NF-«xB and MMP1/MMP13. RES
boosts the production of mitochondrial reactive oxygen species (MTROS), lowers the
concentrations of autophagic and oxidative stress proteins (Beclinl, LC3A/B, MnSOD), and
triggers apoptosis in FLS by modulating the mitochondrial membrane potential. RES exhibits
the ability to hinder the adhesion of T cells to chondrocytes mediated through TNF-B, by
suppressing the AHR receptor, consequently decreasing the production of CYPIAI.
Consequently, this dual action leads to a reduction in the quantity and functionality of Th17
cells in the draining lymph nodes [44]. Additionally, RES inhibits monocyte differentiation by
blocking the PMA-induced phosphorylation and nuclear translocation of PU.1 [45].
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Table 2.4. Physicochemical properties of RES

Name Resveratrol (RES)
OH
o J
Chemical structure O N
OH
5-[(E)-2-(4-
IUPAC name L(E)-2-¢ )
hydroxyphenyl)ethenyl]benzene-1,3-diol
Molecular formula C14H 1203
Molecular weight 228.24 g/mol
BCS Class Class 11
8.49 (strong acidic)
pKa
-6.2 (strong basic)
LogP 3.10
Melting point 254°C
Soluble in methanol, ethanol and DMSO,
Solubility

low water solubility

2.2.4. Rutin (RUT)

2.2.4.1. Background

RUT, is a flavanol glycoside, that is frequently found in a variety of plants, including
passionflower, tea, buckwheat, apple, and citrus. It plays a crucial role as a nutritional
component within these food sources. Additionally, it is known by alternative names such as
rutoside, quercetin-3-rutinoside, and sophorin. Chemically, RUT consists of the flavonolic
aglycone QCN combined with the disaccharide rutinose. The term "Rutin" originates from the
plant Ruta graveolens, which belongs to the Rutaceae family [46]. The physicochemical
properties of RUT are represented in Table 2.5.

2.2.4.2. Mechanism of action

RUT hinders the development of osteoclasts initiated by RANKL in bone marrow-derived
macrophages. This inhibition stems from its ability to suppress reactive oxygen species induced
by RANKL, thereby resulting in reduced TNF-a levels. Furthermore, RUT also attenuates the
activation of NF-kB in response to RANKL [47]. RUT has been documented to inhibit
proinflammatory cytokines like TNF-a and IL-1p in adjuvant-induced RA by suppressing the
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expression of NF-kB p65 protein [48]. Additionally, RUT has been noted for its ability to
inhibit inflammation and extracellular matrix molecule (ECM) damage induced by advanced
glycation end products (AGE) in chondrocytes. This effect is achieved by targeting proteins in
the NF-kB/MAPK pathway, such as BCL-2 and TRAF-6 [49]. RUT exhibits notable
effectiveness in suppressing various inflammatory markers such as TNF-a, IL-1p, IL-6, IL-13,
IL-17, IFN-y, MMPs, Ob-cadherin, RORyt, Cox-2, and iNOS. Moreover, it enhances the levels
of IL-4, IL-5, IL-10, and BMP-6/7. Furthermore, RUT reduces the expression of PI3K, Akt and
phosphorylated forms of STAT-1/3, IkB, NF-xB, p38, JNK, and B-catenin [50].

Table 2.5. Physicochemical properties of RUT

Name Rutin (RUT)

OH

Chemical structure

2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-
[(2S,3R,48,5S,6R)-3.4,5-trihydroxy-6-

IUPAC name [[(2R,3R,4R,5R,6S)-3,4,5-trihydroxy-6-

methyloxan-2-ylJoxymethyl]oxan-2-

ylJoxychromen-4-one

Molecular formula C27H30016
Molecular weight 610.5 g/mol
BCS Class Class II
6.37 (strong acidic)
pKa
-3.7 (strong basic)
Log P -1.3
Melting point 157°C
Soluble in methanol, ethanol very slightly
Solubility

soluble in water.

51



Chapter 2

2.2.5. Tanshinone IIA (TAN)

2.2.5.1. Background

TAN is a lipophilic compound classified as a diterpene quinone. It is isolated from the dried
roots and rhizomes of the Chinese herb Salvia miltiorrhiza Bunge, which belongs to the
Lamiaceae family. It has been reported to exhibit a wide array of activities including anti-
inflammatory, antiviral, antioxidant, neuroprotective, anti-atherosclerotic, antiallergic,
anticonvulsant, antifatigue, anti-Alzheimer, and antiangiogenic [51]. The physicochemical
properties of TAN are represented in Table 2.6.

Table 2.6. Physicochemical properties of TAN

Name Tanshinone ITA (TAN)

o)
(I
Chemical structure o

1,6,6-trimethyl-8,9-dihydro-7H-

IUPAC name
naphtho[1,2-g][1]benzofuran-10,11-dione
Molecular formula Ci9H1803
Molecular weight 294.3 g/mol
BCS Class Class 11
pKa -
Log P 4.3
Melting point 205-215°C
Easily soluble in organic solvents such as
Solubility ethanol, methanol and benzene, and

insoluble in water.

2.2.5.2. Mechanism of action

TAN has been documented to suppress the differentiation of osteoclasts by inhibiting lactate
dehydrogenase C (LDHC) mediated ROS generation. This leads to a reduction in the levels of
IL-17, MMP-9, and tartrate-resistant acid phosphatase (TRAP) [52]. TAN has been observed
to inhibit the proliferation of RA fibroblast-like synoviocytes through multiple signaling
pathways, including AKT/mTOR (mammalian target of rapamycin), MAPK, NF- kB and HIF-
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1 [53]. TAN has also been reported to inhibit the expression of MMP9, receptor for advanced
glycation end product (RAGE), and toll-like receptor 9 (TLR9) in both collagen-induced
arthritis (CIA) mice and RA-FLS [54]. Additionally, it has been documented that TAN inhibits
apoptosis in RA-FLS by blocking the cell cycle in the G2/M phase and via the mitochondrial
pathway [55].

2.3. Combination delivery of natural products and synthetic compounds

Natural products have been investigated for their potential in effectively managing RA in
combination with synthetic molecules. Several studies have reported on this combination
approach. Haleagrahara, N et. al 2019 reported the efficacy of combination of methotrexate
and QCN in collagen-induced arthritis. The adjuvant therapy with QCN exhibited effective
inhibition of joint inflammation by decreasing the expression of TNFa and MMP genes in the
ankle joints of arthritic mice [56]. Banji, D et.al 2011 also, reported the combination efficacy
of curcumin and methotrexate in CFA induced arthritis. The administration of curcumin
markedly decreased methotrexate-induced hepatotoxicity by virtue of its antioxidant properties
[57]. The combination of curcumin-diclofenac has been reported to exhibit better efficacy in
mitigating pain, suppressing inflammatory cytokines, and ameliorating histological alterations
during acute inflammation in carrageenan induced rats [58]. Similarly, co-delivery of
curcumin-prednisolone nanoparticles have been found to accumulate within inflamed joints by
ELVIS effect (Extravasation through Leaky Vasculature and the subsequent Inflammatory cell—
mediated Sequestration). This co-delivery approach have demonstrated superior therapeutic
efficacy compared to nanoparticles loaded with monotherapy in adjuvant induced arthritis in
rats [59]. Apart from this topical application of a combination of methotrexate and RES
nanoemulsion has demonstrated a reduction in a paw volume in carrageen induced rats [60].
Collectively, the above studies indicate that combining synthetic molecules with natural
products encompasses an effective approach for treating RA.

2.4. Disadvantages of oral administration of Natural products

Natural products have been extensively studied for their efficacy against a variety of diseases,
yet their oral administration presents several challenges. These include issues with poor
absorption, distribution and metabolism properties leading to inconsistent bioavailability and
therapeutic effects [61]. Additionally concerns arise regarding the stability of these products.
Furthermore, the absence of target-specific delivery mechanisms can result in unintended side
effects associated with them [62] necessitating alternative routes of administration for effective

and localized delivery.
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ANG has been reported for its low solubility and limited bioavailability. Additionally, oral
administration often leads to vomiting. Large doses of it and related preparations orally can
induce epigastric discomfort and diminish appetite [33]. QCN possess low solubility, limited
gastrointestinal retention, and rapid excretion. Furthermore, its oral administration often results
in poor clinical efficacy due to rapid degradation in alkaline conditions [27]. RES exhibits
poor bioavailability following oral administration and has stability issues, leading to
suboptimal in-vivo pharmacokinetics [63]. RUT has solubility and stability issues ultimately
resulting in inadequate oral bioavailability [64]. TAN has also been documented to possess

poor solubility and limited bioavailability after oral administration [65, 66].

2.5. Gaps in existing research

RA manifests as immune-mediated inflammation impacting the joints and synovial tissue,

eliciting pain and inflammation. Inadequate treatment may result in the progressive

deterioration of joint function over time. Numerous inflammatory mediators, (including TNF-

a, [L-6, and IL-1B, IL-17) play crucial roles in the pathophysiology of the condition, stemming

from the body's immune dysregulation. EULAR, ACR, and other guidelines recommend the

early initiation of SDMARDs, either in monotherapy or combination therapy, upon diagnosis
of the disease. TFD, acts by inhibiting the mitochondrial enzyme DHODH, leading to the
suppression of active lymphocyte proliferation. Several guidelines promote the implementation
of initial combination therapy as a preventive measure against progressive joint damage.

Clinical trials have consistently demonstrated the superior efficacy of combination therapy as

mentioned in Table 1.1. Researchers have further investigated the synergistic effects of

combination of synthetic as well as natural products for enhanced treatment outcomes in RA,

as outlined in Table 1.2.

However, based on the literature, the following gaps have been identified in the effective

management of RA.

» The ongoing scientific exploration involves the combination of synthetic molecules with
natural products for the treatment of various diseases. However, there remains limited
exploration regarding the efficacy of combining TFD with natural products for the
treatment of RA

»  Multiple researchers have documented the efficacy of combination therapies in-vivo, yet
there remains a gap in understanding the in-vifro potential of these combinations
prior to their in-vivo exploration

» The oral administration of TFD has been associated with significant hepatotoxicity and

systemic adverse effects. Similarly, natural products often exhibit insufficient solubility
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and bioavailability when administered orally. Thus, an alternative delivery approach is
imperative, one that ensures localized action, effectively demonstrating activity
within joint tissue while minimizing systemic levels through dose reduction.
2.6. Aim of the study
Given the potential gaps in existing research, our objective is the development of
“Teriflunomide and Natural Products Loaded Topical Transferosomal Gel for the
Treatment of Rheumatoid Arthritis.”
2.7. Objectives
1. To evaluate the synergistic anti-inflammatory activity of selected natural products
(ANG, QCN, RES, RUT, and TAN) in combination with TFD in LPS stimulated RAW
264.7 cells.
2. Analytical method development and validation of the TFD and the QCN using UV-
visible spectroscopy and High-performance liquid chromatography (HPLC).
3. Development and evaluation of combination of TFD and QCN loaded transferosomal
gel.
4. In-vivo evaluation of antiarthritic activity of combination (TFD and QCN) topical

transferosomal gel in complete freund's adjuvant induced rat model.
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Chapter 3

3.1. Introduction

Macrophages are an integral component of the immune system, actively engaged in the
inflammatory response underlying the pathogenesis of RA. Serving as antigen-presenting
cells, they release a multitude of inflammatory cytokines and chemokines, that significantly
contribute to the erosion of cartilage, bone, and surrounding tissues [1]. Upon macrophage
stimulation, activation of NADPH oxidase complex initiates the production of superoxide
radicals, inducing oxidative stress and subsequent ROS generation within the cell [2]. These
ROS can activate pro-inflammatory pathways and serve as signaling molecules, influencing
cellular functions like proliferation, differentiation, and apoptosis. Additionally, ROS may
induce mitochondrial dysfunction and DNA damage, contributing to cellular pathology [3].
The stimulated macrophages produce various inflammatory mediators such as nitric oxide
(NO) and inflammatory cytokines (TNF-a and interleukins) [4]. NO that is regulated by nitric
oxide synthase (INOS), contributes to inflammation in RA by influencing tissue damage and
disease progression. The inflammatory mediators such as TNF-a and IL-6 are known to play
pivotal roles in the pathogenesis of inflammatory arthritis linked to joint destruction in RA
[5]. The production of TNF-a and IL-6 are regulated by the JAK-STAT, NF-kB and MAPK
signaling pathways, collectively impacting inflammatory responses in RA [4,6]. Therefore,
targeting the suppression of pro-inflammatory mediators released by activated macrophages
is a beneficial approach in preventing diseases associated with inflammation such as RA.

The utilization of combination therapy has emerged as a successful approach in managing
inflammatory RA, given its intricate origin and pathophysiology. Furthermore, combination
of synthetic molecules with natural products holds promise as a future avenue for treating
RA. This approach exploits the synergistic activity aiming to improve treatment outcomes
and mitigate side effects in disease management through dose reduction [7,8]. As mentioned
in Chapter 2, various natural products such ANG, QCN, RES, RUT and TAN have been
extensively studied for their therapeutic potential in treating RA. The combination of these
natural products along with TFD represents a promising approach for improved
pharmacological efficacy by targeting multiple inflammatory pathways simultaneously
(Figure 3.1) [4].

Previously the individual anti-inflammatory activities of above natural products have been
reported, however combination of these natural products along with TFD has not been
investigated. Thus, the present study aims to investigates the potential synergistic effects of
combining TFD with natural products namely ANG, QCN, RES, RUT and TAN in
lipopolysaccharide (LPS) stimulated RAW 264.7 cells with the objective of identifying the
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most effective combination. The combinations were evaluated for their inhibitory activity
against NO production and proinflammatory cytokines, such as TNF-a and IL-6, followed by

evaluating reactive oxygen species (ROS) production.

Arthritic
Joint

Figure 3.1. Mechanism of inhibition of pro-inflammatory cytokine production in
macrophages

3.2. Materials and methods

3.2.1. Materials

TFD (99.9% pure) was obtained as a gift sample from the MSN Laboratories Private Limited
(Sangareddy, India). ANG, QCN, RES, RUT and TAN were purchased from the Yucca
Enterprises (Mumbai, India) with the purity of > 97%. Dulbecco's Modified Eagle Medium
(DMEM) with high glucose was purchased from Gibco (New York, USA). Fetal Bovine
Serum (FBS) and Dimethyl Sulfoxide (DMSO) were purchased from Himedia (Mumbai,
India). LPS (£. coli O26:B6) was purchased from Sigma Aldrich. N-(1-naphthyl)
ethylenediamine dihydrochloride (NEDD), 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) and 2',7'-Dichlorodihydrofluorescein diacetate
(DCFDA) were purchased from SRL Pvt. Ltd (Mumbai, India). Sulfanilamide was
purchased from Spectrochem Pvt. Ltd (Mumbai, India), TNF-a and IL-6 ELISA kits were
purchased from Elabscience (Houston, USA).

3.2.2. Cell culture

RAW 264.7 cells were procured from the National Centre for Cell Science (NCCS), Pune,
Maharashtra, India. The cells were cultured in DMEM high glucose media with 10% FBS
and supplemented with 1000 U of penicillin and 100 pg of streptomycin per mL under

constant temperature of 37 °C, at humidified atmosphere of 5% CO- in an incubator.
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3.2.3. Cell viability assay using MTT

The cell viability or cytotoxicity assay for the TFD and selected natural products (ANG,
QCN, RES, RUT and TAN) were performed in RAW 264.7 cells using MTT assay. For
assessing the cell viability, RAW 264.7 cells were seeded at density of 5x10° cells /well in 96
well plate with 100 uL of volume in each well and incubated for 24 h to allow cells to adhere
to the plate. After, the cells were treated with different concentrations of TFD and natural
products individually in the range of 1-50 uM for 24 h. Then the complete media was
removed and MTT was added at a concentration of 0.5mg/mL followed by incubation for
another 4 h. The cell supernatant was removed carefully. The formation of formazan crystal
was observed visually, and the crystals were further dissolved by the addition of DMSO in
each well and kept under rotary orbital shaker at 150 rpm for 30 min. The absorbance was
measured at 570 nm with a reference wavelength of 630 nm using microplate reader (Bioteck
Synergy H1, Santa Clara, USA) [4].

3.2.4. Nitric oxide (NO) assay

The concentrations with cell viability above 95% were selected for performing the NO assay.
The NO assay uses a griess reagent for the detection of NO levels in a sample. RAW 264.7
cells were seeded at density of 2.5 x10* cells/ well in a 12 well plate and incubated for 24 h.
Prior to treatment with LPS at 1pg/mL for 2 h, cells were treated with various concentrations
of TFD and natural products individually. After a subsequent incubation period of 24 h, the
100 pL of supernant was collected and treated with equal volume of Griess reagent (a
mixture of 2 % sulphanilamide and NEDD in 5% phosphoric acid solution). Finally, the
absorbance was measured at 540 nm after 15 min of incubation at room temperature using
microplate reader. The concentration of nitrite produced was determined using a standard plot
of NaNO,. This plot was generated by measuring the absorbance at 540 nm across a range of
concentrations from 10 to 100 pM of NaNO,. Then, the concentration required to produce
50% inhibition of NO (ICso) values were calculated using non-linear regression using Graph
pad prism [9-11].

3.2.5. Synergy studies using NO assay

To evaluate the synergy using the NO assay, the ICso value of TFD and natural products were
determined. Constant ratio design (Figure 3.2) was used to perform the synergistic analysis
of the selected natural products in combination with TFD with the help of Compusyn

software version 1.0 [4,12,13].
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Figure 3.2. Synergistic effect analysis — Constant ratio design

Prior to evaluating synergy, the MTT assay for the combination of TFD with natural products
at a same concentration (as outlined in Figure 3.2) were conducted on LPS-stimulated RAW
264.7 cells, as per the procedure detailed in section 3.1.3. Further, the NO assay was
performed for each natural products alone and in combination with TFD at 3/4, 1/2, 1/4, of
ICso. The obtained activity data was keyed into Compusyn software to calculate the
Combination Index (CI) value and to generate isobologram curves for the NO measurement.
These isobologram representations, alongside the CI value, provided insights into the nature
of the interaction, determining whether their effects are synergistic or antagonistic. The CI

index values were calculated using following equation 3.1

_AX+BX
T A1 B1

Here, AX and BX indicate the concentration of drugs used in combination to produce X effect,

while A7 and B represent the concentrations used individually to produce the same effect
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Synergy is said to occur if the CI < 1, while if CI =1 or CI >1 then it indicates additive or
antagonistic effect [4,14]. The isobologram curve interpretation relies on data points'
positioning: below for synergy, above for antagonism, and on the line for additivity [4,15]. It
assesses combined drug effects compared to individual treatments, guiding treatment
optimization. Further the Dose Reduction Index (DRI) values for all combinations were
provided, delineating the potential reduction in individual drug dosages while maintaining
efficacy. Higher DRI values suggest increased scope for dose reduction in combined
therapies, balancing efficacy and side effects [15]. Additionally, polygonogram was utilized
to visually depict the effects of combined drug doses, facilitating the analysis of drug
interactions within a single graph.

3.2.6. Determination of proinflammatory cytokines inhibition

RA being a complex phenomenon associated with immune-mediated inflammatory diseases,
it is imperative to assess the inhibitory potential against various inflammatory mediators.
Given that TNF-a and IL-6 play pivotal roles in disease progression, it is essential to assess
the inhibitory potential of the selected individual natural products and their combinations
with TFD [16,17]. The evaluation of inhibitory activity against TNF-a and IL-6, involved the
examination of the combination of a natural products with TFD, specifically focusing on
those combinations with the best CI values that were determined through the NO assay.
RAW 264.7 cells were seeded at a density of 2.5 x 10* cell/well in a 12 well plate and
incubated for 24 h. Cells were treated with various concentrations of TFD and Natural
products alone or in combination with TFD. Following a 2 h incubation, cells were treated
with LPS at a concentration of 1 pg/mL. After a 24 h incubation period, the supernatant was
taken and centrifuged at 10000 rpm for 10 min. Further the supernant was analyzed for
proinflammatory cytokines such as TNF-a and IL-6 using experimental protocol provided by
sandwich ELISA kit and the final absorbance was taken for both at 480 nm. Further
assessment involved calculating the CI for synergistic analysis in inhibiting TNF-a and IL-6
using Compusyn software.

3.2.7. Determination of intracellular ROS

ROS generation in RA exacerbates oxidative stress, leading to heightened oxidative damage
and inflammation in tissues. Elevated ROS levels also stimulate cytokine production, thereby
perpetuating the autoimmune response and promoting joint degradation [18]. Modulating
ROS generation offers potential therapeutic interventions to alleviate oxidative injury and

manage disease progression in RA and hence was evaluated as follows [19].
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3.1.7.1. Fluorescence intensity

The most effective combination against proinflammatory cytokine activity was further
assessed for the measurement of ROS using a fluorogenic dye DCF-DA. This allowed to
assess the activity of hydroxyl, peroxyl, and other ROS within cellular environments. RAW
264.7 cells were plated in a 96 well plate at a density of 5 x10? cells/well and allowed to
incubate for 24 h. Following this, the cells were treated with different concentrations of TFD
and natural products (exhibiting higher synergy), followed by stimulation with LPS after 2 h.
After another 24 h of incubation, the cells were exposed to phosphate buffer saline (PBS)
containing 10 uM of DCF-DA and incubated at 37°C for 30 min in the dark. Fluorescence
intensity was recorded using microplate reader at excitation wavelength of 485 nm and
emission wavelength of 528 nm, respectively [4].

3.1.7.2. Fluorescence microscope

The experiment was conducted following the procedure outlined in the above section.
Following a 30 min incubation period with DCF-DA, the cells underwent three washes with
ice-cold PBS. Subsequently, fluorescence images were captured using a 40X magnification
and a green fluorescent protein channel (ZEISS Vert A1) [4].

3.3. Statistical analysis

All the experiments were performed in triplicates and the data was mentioned as mean + SD.
The ICso values were calculated using nonlinear regression using GraphPad prism version
9.1.0. Two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test was used to calculate the difference. Synergistic analysis was performed using Compusyn
software version 1.0.

3.4. Results and discussion

3.4.1. Effect of TFD and Natural products on cell viability

The cell viability was determined for TFD and natural products (ANG, QCN, RES, RUT and
TAN) individually prior to the evaluation of the anti-inflammatory activity in RAW 264.7
cells. In accordance with reported studies, the concentration range of 1-50 uM was evaluated
for both TFD and all natural products. A cell viability exceeding 95 % was considered as
indicative of non-cytotoxicity. The MTT data for concentration ranges up to 1-30 uM for
TFD and all natural products are depicted in Figure 3.3. Additionally, these concentrations

were utilized for subsequent studies.
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Figure 3.3. MTT assay of a) TFD; b) ANG; c) QCN; d) RES; e) RUT and f) TAN

The MTT assay results indicated that TFD, within the concentration range of 1-10 uM,

demonstrated non-cytotoxicity. At 30 uM, it displayed 76 % cell viability, aligning with

findings from Pandey et al. 2021. ANG demonstrated no cytotoxic effects within the tested

concentration range of 1-30 uM. This corresponded with the observations of Chiou et al.

2000, who noted over 95% cell viability, even at a concentration as high as 50 uM. Similar

findings were reported by Lee et. al 2011, where no cell death was observed at the

concentration of 50 uM. [20,21]. QCN exhibited cell viability > 95 % with the concentration

range of 1-20 uM which was comparable with the results reported by Endale et al. 2013 and
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H.N Lee et al. 2018 [22,23]. RES at a concentration range of 1-20 uM was considered as

non-cytotoxic and results were in accordance with previous study by Zong et al. 2012 [24].
Rutin exhibited no cytotoxic effects within the concentration range of 1-30 uM, consistent
with Chen et al. 2001 report where no cell death was observed at 40 uM [25]. TAN also did
not exhibited cytotoxicity 1-25 uM and the results were comparable with the Jang et al. 2006
[26].

3.4.2. NO assay

The MTT assay identified the safest concentration, ensuring cell viability exceeding 95%,
which was subsequently utilized for conducting the NO assay. The % NO inhibition for the
individual TFD and all natural products at different concentration ranges were tested. The
first step entailed constructing the standard curve for NaNO2, with concentration plotted on
the X-axis and absorbance on the Y-axis. The regression equation was determined to be y=
0.0093x+ 0.0505 with regression coefficient of 0.999. and the respective graph is represented
in Figure 3.4

y = 0.0093x + 0.0505
1.00- R%2=0.9993

Absorbance

0.00- T T T T T
0 20 40 60 80 100

Concentration (nM)

Figure 3.4. Calibration curve for NaNO>

Further, the ICso values for the individual TFD and all the natural products were established
via non-linear curve fit analysis using GraphPad Prism (version 9.1.0) from dose-response
curve [27]. Figure 3.5 depicts the dose-response curves for the individual TFD and natural
products, with log concentration on the X-axis and % NO inhibition on the Y-axis. The ICso
value for TFD was found to be 3.43 uM. The ICso value for ANG, was determined to be
19.27 uM, that closely aligned with the Chiou et al. 2001 [20]. The ICso value for QCN was
found to be 12.08 uM, a result closely resembling to that reported by Yan et al. 2021 [28].
The ICso value of RES was found to be 15.07 uM, that closely aligned with the reported
value by Cho et al. 2002 [29]. The ICso of RUT was determined to be 25.77 uM, while Chen
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et al. 2001 reported a value of 41.5 uM. The ICso value for TAN was determined to be 15.51

uM, that was consistent with the value reported by Jang et. al 2003 [30].
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Figure 3.5. Dose-response curve analysis for the NO assay a) TFD; b) ANG; c) QCN; d)

RES; e) RUT and f) TAN

3.4.3.Synergistic activity using NO assay

The MTT assay for all natural products in combination with TFD was initially conducted to
assess their impact on cell viability in LPS-stimulated RAW 264.7 cells, with the results
presented in Table 3.1. All combinations exhibited cell viability of approximately 90% or
higher within the selected concentration range following LPS stimulation of RAW 264.7

cells.
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Table 3.1. % Cell viability for the combinations in LPS stimulated RAW 264.7 cells

% Cell viability at
Name 3/4™ ICso 1/2" ICso 1/4% ICso
TFD-ANG 90.16 91.96 93.25
TFD-QCN 90.54 93.26 95.19
TFD-RES 90.92 92.51 95.82
TFD-RUT 89.67 91.84 93.51
TFD-TAN 90.90 92.47 92.98

The synergistic activity of all natural products (ANG, QCN, RES, RUT and TAN) in
combination with TFD was conducted using Compusyn software, utilizing the NO assay in
LPS-stimulated RAW 264.7 cells. Initially the % nitrite inhibition at 3/4, 1/2, 1/4, of their
respective ICso was assessed individually and then for combination of natural products with
TFD. The respective dose response curves for individual and combinations are represented in
Figure 3.6a and 3.6b, respectively. Subsequently, a synergistic study for the NO was
performed using a constant ratio design. The CI values corresponding to 50% inhibition (Fa =
0.50) were calculated using Compusyn software. The CI values ranged from 0.484 to 0.957
indicating synergistic activity for all the tested combinations. The respective CI plots have
been depicted in Figure 3.6¢ and the values are represented in Table 3.2. TFD-QCN
demonstrated the highest synergistic activity, followed by TFD-RES > TFD-TAN > TFA-
RUT > TFD-ANG.

The isobologram analysis for the tested combinations is depicted in Figure 3.7. The
individual doses of natural products and TFD to achieve Fa=0.9, Fa=0.75 and Fa=0.5 were
calculated and shown as green, red and blue lines, respectively and the data was plotted on X-
axis (for natural products) Vs y-axis (for TFD) using Compusyn software. As shown in
Figure 3.7, the combination of natural products along with TFD to achieve Fa=0.9, Fa=0.75
and Fa=0.5 inhibition was present below the respective lines represented by green triangle,
red square and blue circle symbols, respectively. Thus, results proved that all tested
combinations exhibited synergistic activity. However, from the image, it is evident that the
dose required to exhibit synergy varied. For e.g. QCN requires a lower dose (as indicated by
its narrow plot) when compared to RUT that requires a higher dose (as indicated by its

broader plot) when combined with TFD.
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Figure 3.6. Dose-response curve using NO assay for a) TFD and natural products

individually; b) natural products in combination with TFD; ¢) CI plots
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The DRI values for all combinations were calculated and are presented in Figure 3.8 and in

the corresponding Table 3.2.
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Figure 3.8. DRI plots for a) TFD & ANG; b) TFD & QCN; ¢) TFD & RES; d) TFD &
RUT; e) TFD & TAN using NO assay

From the above data, it is evident that the DRItrp was high for TFD-QCN combination with
the value of 4.09 (Fa= 0.5).

Table 3.2. Inhibitory activity of individual and combinations for synergistic effect against

NO
Combination ratio
Natural
[TFD : Natural CI value DRI trD
Products
product]
ANG 1: 5.7 0.809 2.69
QCN 1: 3.5 0.487 4.09
RES 1:4.3 0.617 3.30
RUT 1: 8 0.933 2.30
TAN 1:4.5 0.628 3.18

The polygonogram depicted in Figure 3.9 illustrates a notably thicker line associated with the
TFD-QCN combination, indicating more synergy compared to other combinations.

Conversely, the TFD-RUT combination shows a thinner line, suggesting comparatively less
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synergy. This visual representation may signify the varying degrees of synergistic activity

among different combinations in targeting inflammatory pathways.

TFD

RUT QcM

TAMN AMG

RES

Figure 3.9. Polygonogram

The analysis of CI index, isobologram, and polygonogram collectively demonstrates that the
TFD-QCN combination, at a ratio of 1:3.5, exhibited superior synergistic activity compared
to the other combinations assessed. Specifically, the combination of TFD-QCN demonstrated
the lowest CI values of 0.487 at Fa=0.5, indicative of greater synergistic activity. Moreover,
the DRI values further supports this by demonstrating that the use of QCN could potentially
enable a more significant reduction in dose of TFD in the combination. Followed by this,
TFD-RES combination and TFD-TAN showed synergistic activity with CI values of 0.617
and 0.628 respectively. Furthermore, based on their CI values, the combinations of TFD-
QCN, TFD-RES, and TFD-TAN were chosen for evaluating their activity against TNF-a and
IL-6 in RAW 264.7 cells.

3.4.4. Determination of proinflammatory cytokines inhibition

The inhibitory potential against proinflammatory cytokines (TNF-a and IL-6) was evaluated
for the combinations of TFD-QCN, TFD-RES, and TFD-TAN in RAW 264.7 cells at the
ratio of 1:3.5, 1:4.4 and 1:4.5, respectively. Figures 3.10 depict the inhibitory activity of

these combinations against TNF-a and IL-6.
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The baseline levels of TNF-a and IL-6 were 47.60 + 4.07 pg/mL and 32.38 + 2.85 pg/mL
respectively. However, upon LPS stimulation, these levels increased significantly to 289.90 +
2.71 pg/mL for TNF-a and 211.75 £ 3.96 pg/mL for IL-6. Treatment with the combination of
TFD-QCN, TFD-RES, and TFD-TAN showed a statistically significant difference (p <
0.0001) compared to individual treatments against both TNF-o and IL-6 across all three
tested concentration ranges, demonstrating dose-dependent activity. The TFD-QCN (at a
concentration of 3uM of TFD and 10.5 uM of QCN) exhibited decreased TNF-a and IL-6
level with the values of 112.15 + 4.08 pg/mL, 89.37 £+ 5.46 pg/mL respectively. For TFD-
RES (at a concentration of 3uM of TFD and 13.2 uM of RES) resulted in 125.99 + 2.61
pg/mL, 99.52 + 2.18 pg/mL for TNF-a and IL-6 respectively. Similarly, for TFD-TAN (at a
concentration of 3uM of TFD and 13.5 puM of TAN) resulted in 129.00 + 2.69 pg/mL for
TNF-a, 103.00 = 4.27 pg/mL for IL-6.

Additionally, the CI values were computed for the above combinations for TNF-a and IL-6
inhibition. The data indicated that the TFD-QCN combination demonstrated greater
synergistic activity in comparison to TFD-RES and TFD-TAN. Specifically, TFD-QCN
exhibited synergistic activity with CI values of 0.470 and 0.607 (at Fa = 0.5) for TNF-a and
IL-6 inhibition, respectively. TFD-RES demonstrated CI values of 0.651 and 0.640, whereas
for TFD-TAN, the values were 0.699 and 0.693 for inhibition of TNF-a and IL-6,

respectively. The corresponding CI plots are represented in Figure 3.11.
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Figure 3.11. CI plots of combinations for the inhibitory activity against a) TNF-a; b) IL-6

production
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3.4.5. Determination of intracellular ROS

3.3.5.1. Fluorescence intensity

Given that the TFD-QCN combination demonstrated superior synergistic activity in both the
NO assay and proinflammatory cytokine assessments, this particular combination was chosen
for subsequent evaluation of intracellular ROS levels using DCFDA. The combination of
TFD and QCN at a ratio of 1:3.5 was tested across three concentration ranges. The relative
fluorescence intensity of the tested combination is depicted in Figure 3.12a. The data
revealed a dose-dependent activity of the combination, demonstrating a statistically
significant difference (p < 0.001) in their ability to inhibit ROS generation for the
combination when compared to both individual treatments.

3.3.5.2. Fluorescence microscopy

The acquired fluorescence images for the TFD,QCN and their combinations at different
concentrations are represented in Figure 3.12b. From the data it is evident that the
combination of TFD-QCN exhibited a decrease in ROS production significantly (p < 0.001)
as compared to both TFD and QCN individually, consequently mitigating the oxidative stress
within the cell.

As the TFD-QCN combination exhibited significant synergistic activity, understanding the
mechanism is crucial. The mechanism of TFD is well established via inhibition of DHODH
and cell proliferation. It has been reported to inhibit JAK/STAT and NF-kB pathways in T
cells. QCN is reported exhibits of immune-mediated responses by balancing TH17 cells and
Tregs. It is also reported to inhibits NF-kB, adenosine deaminase, MAPK signaling pathways
[31,32]. Addition to this, the QCN exhibits bone-protective effects by inhibiting MMPs,
RANKL production, COX-2, and PGE; production [32]. Macrophages have been observed to
manifest inflammation through diverse pathways, including NF-«B, MAPK, PI3K/Akt, and
JAK/STAT [33]. The observed anti-inflammatory effects of the TFD-QCN combination
against NO, TNF-qa, and IL-6 in RAW 264.7 cells may stem from its modulation of these
diverse signaling pathways. Additionally, TFD is known to induce hepatotoxicity upon oral
administration. However, the high DRI values obtained for the TFD-QCN combination using
the NO assay suggested the potential for reducing the dose of TFD, which could help mitigate

the adverse effects associated with TFD.
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3.5. Conclusion

The current study demonstrates the effectiveness of combination therapy in combating the
inflammatory responses produced by the macrophage cell line upon stimulation. The
combination of TFD along with the natural products were tested in RAW 264.7 cells.
Specifically, among the tested natural products such as ANG, QCN, RES, RUT, and TAN,
the TFD-QCN combination emerged as the most potent, exhibiting significant synergistic
activity against NO inhibition compared to other combinations. The low CI value and high
DRI value for TFD-QCN demonstrate that the combination is effective and may lead to a
dose reduction of TFD, indicating its potential for optimizing therapeutic outcomes. Also, the
combination of TFD-QCN demonstrated a synergistic reduction in TNF-a, and IL-6
production in LPS-stimulated RAW 264.7 cells. Furthermore, the combination of TFD-QCN
resulted in reduction in ROS, indicating a promising therapeutic approach for treating RA by
mitigating inflammation resulting from oxidative stress. Based on the findings from the
synergy studies, TFD and QCN were chosen for the analytical method development using

UV and HPLC, as well as for the development and evaluation of topical formulation.
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4.1. Introduction
The UV spectrophotometer that is known for its simplicity and cost-effectiveness, measures
ultraviolet light absorption to quantify analytes in various fields like chemistry, biology, and
pharmaceuticals [1]. Its ease of use and affordability make it indispensable for laboratories,
ensuring efficient and reliable sample analysis. UV methods for both TFD and QCN have been
reported previously [2—4], but to the best of our knowledge no UV method has been reported
for the simultaneous estimation of both drugs. Multicomponent UV spectroscopy, through the
simultaneous analysis of distinct absorption spectra from sample mixture, is extensively
applied in chemical analysis for the identification and quantification of analytes within
mixtures. The discriminative capability of UV spectroscopy facilitates the efficient
investigation of intricate sample compositions. The utilization of this technique guarantees
precise multicomponent analysis, establishing it as a valuable asset in the field of analytical
chemistry [5,6].
In the realm of analytical chemistry, numerous multicomponent spectroscopic methods have
been developed for the simultaneous determination of multiple substances within complex
mixtures. These includes, simultaneous equation method, absorbance ratio spectra, absorptivity
factor method, derivative ratio spectra, derivative spectrophotometry, difference
spectrophotometry, Q-absorbance ratio method, successive ratio-derivative spectra, dual
wavelength method, isosbestic point method and multivariate chemometric methods [7,8]. In
the specific context of analyzing TFD and QCN in a sample mixture, the "absorption factor
method" was chosen as the preferred technique [9,10]. This method has been applied for the
multiple components in a binary mixture containing X & Y with absorption maxima of Ax and
Ay respectively, and especially when an overlapped spectra is observed. In this method, X does
not show interference at the Ay but Y shows interfere at the Ax. As X does not exhibit any
interference at Ay, the concentration of Y can be directly found at the Ay, while the concentration
X in a binary mixture can be calculated by following equation 4.1.1[5,6].

Ay1hy

1o X Ay

y1iy2 ...eq.4.1.1

Where, Ax+y Ax11s Absorption of mixture at Ax

Absorption of X at AX = Ay Ayy —

Ay1 Ax1/ Ay1 A1 1s Absorption factor for Y
Ax+y Ay1 1s Absorption of mixture at Ay
To find out the absorption factor for Y, different standard solutions of Y are scanned through
the entire UV region, and the average value of absorbance are noted and calculated by using

following equation 4.1.2
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Ay eq4.12
Ay1hyn

Where, Ay1 Ax1 — is Absorption of Y at Ax
Ay1 Ay1 — is Absorption of Y at Ay

Absorption factor =

The aim of the study was to develop a validated UV spectroscopic method for the simultaneous
estimation of TFD and QCN by applying the absorption factor method.

4.1.1.Materials and Methods

As mentioned in chapter 3, TFD (99.9% pure) was obtained as a gift sample from the MSN
Laboratories Private Limited (Sangareddy, India). QCN ( > 98% purity) was purchased from
Yucca Enterprises (Mumbai, India). Analytical grade solvents such as acetonitrile and methanol

were purchased from Merck Life Sciences. All other chemicals used were of analytical grade.

4.1.1.1. Instrument
UV-Visible spectrophotometer (Jasco V-750, Japan) utilizing Spectra Manager software with a
spectral bandwidth of 1 nm was employed for all spectroscopic measurements, using a pair of

1.0 cm quartz cells.

4.1.1.2. Method development

Acetonitrile was selected as a common solvent for studying spectral characteristics of the
selected drugs. A standard stock solution (I mg/mL) of TFD and QCN were made separately
in the acetonitrile. A primary stock solution (100 pg/mL) was prepared from the standard stock
solutions (1 mg/mL) using acetonitrile. Further 10ug/mL was prepared from primary stock
solution and used for the determination of Amax. The samples were scanned through entire UV-

Visible region (200-800 nm) using UV spectrophotometer in the full spectrum mode.

4.1.1.3. Method validation

The developed method was validated for linearity, range, accuracy, precision, limit of detection
(LOD), limit of quantification (LOQ), selectivity, robustness, and ruggedness as per the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use (ICH Q2(R1) ) guidelines [11].

Linearity, range, LOD and LOQ

Six calibration standards (2, 4, 6, 8, 10, 12 pg/mL) for TFD as well as for QCN were prepared
separately in the acetonitrile and analyzed for evaluating the linearity of the developed method
at their respective Amax. (n=3). A linearity curve was plotted with concentration on X-axis and
absorbance on Y-axis with the obtained data. From the linearity curve the regression analysis

i.e., slope, intercept, and correlation coefficient (r*) were determined. The obtained results are
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considered as acceptable only if the r* value was > 0.99. LOD and LOQ of the drug were
derived by calculating the signal-to-noise ratio (S/N ratio of 3.3 for LOD and 10 for LOQ)
using the following equations (4.1.3 and 4.1.4) designated by ICH.
o
LOD =33 x5 ..eq4.13

g

LOQ =10 x ¢ ...eq4.1.4

Where “c” indicates standard deviation of the response and “S” indicates slope of the
calibration curve. Both ¢ and S were determined using Standard Error of estimates (STEYX)
in linear regression [12,13]. The range was determined for both TFD and QCN with acceptable
linearity, accuracy, and precision.

Accuracy

To ascertain the accuracy of the proposed method, recovery study was carried out by the
standard addition method at three different levels i.e., 50, 100 and 150 % representing the
concentrations of 2, 6 and 8 pg/mL for both TFD and QCN separately in acetonitrile. The study
was performed in triplicates by spiking a standard solution of 2 pg/mL of each drug into the
respective samples.

Precision

Precision was studied to find out intra and inter-day variations in the test method for TFD and
QCN. The samples were run in triplicates on the same day at three different time points (Intra-
day) and for three days (Inter-day) at three different concentration levels and % RSD (relative
standard deviation) was calculated.

Robustness

Robustness of the proposed method was carried out by making a deliberate changes in Amax
(£2) for both TFD and QCN. The absorbance of the samples at different wavelengths were
analyzed at three different levels in triplicates and results were mentioned in terms of % RSD
Ruggedness

The ruggedness of the developed method was carried out to check the reproducibility under
normal and expected operated conditions using UV Spectrophotometer by operating with
different analysts on different days. The samples were analyzed in triplicates at three different

levels and the results were depicted in terms of % RSD.

4.1.1.4. Selectivity of the method using Absorption factor method
The selectivity of the proposed method using absorption factor method was initially applied

for the estimation of individual components in a laboratory prepared mixtures in different ratios
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(1:1; 2:1; 3:1 and 4:1 ratio of TFD to QCN) [5,6]. A minimum of four standards solutions of
QCN 1i.e., 4, 6, 8,10 pg/mL were analyzed through the entire UV range (200-400 nm) and

average value of absorption factor was calculated using equation 4.1.5.

Ay17\x1

m ...eq4.1.5
Where, Ay1 Ax1 — Absorption of QCN at 280nm

Ay1 Ay1 — Absorption of QCN at 367nm

Absorption factor =

4.1.2. Results and Discussion

4.1.2.1. Method development

Various solvents, including methanol, ethanol, and acetonitrile, were employed in the method
development. Among these, acetonitrile was chosen due to the favorable solubility of both
analytes in this solvent. A standard solution of 10 pg/mL for both TFD and QCN in acetonitrile
was scanned through the entire UV range of 200-800 nm and full spectrum was shown in
Figure 4.1.1. From the UV spectrum, the Amax of TFD was found to be 280 nm and for QCN it
was found to be 367 nm. Absorption factor method was applied for the simultaneous estimation
of TFD and QCN in a binary mixture because QCN showed interference at the Amax of TFD,
while TFD didn’t showed any interference at the Amax of QCN.

- |
-0.1 L b 5
200 400 600 800
200 400 600 800 " "
Wavelength [nm] Wavelength [m)]

Figure 4.1.1. UV-visible spectrum of a) TFD and b) QCN

4.1.2.2. Method validation

Linearity, range, LOD and LOQ

The developed method was linear with the concentrations of 2, 4, 6, 8, 10 and 12 pg/mL for
both TFD and QCN (n=3), as with the increase in concentration absorbance also increased. The

regression coefficient (r*) value was found to be 0.9982 for TFD and 0.9993 for QCN. The
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linear regression equation were determined as y = 0.08038x — 0.01146 and y = 0.06536x +
0.00427 for TFD and QCN, respectively. The linearity graph (Concentration vs Absorbance)

for both drugs are shown in Figure 4.1.2.

a TFD b QCN
" » 1.0
R?=0.9982 .
2 ¥ =0.08038x -0.01146_~% . R’ = 09993 .
z e S ¥= 0.06536 + 0.00427 -~
= 0.5+ " =
£ £ 0.5+ e
- = -
! . 5 /.
.-’. . ""
o
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Concentration (ng/mL)

Figure 4.1.2. Linearity graph of a) TFD at 280 nm and b) QCN at 367 nm

The regression analysis parameters are mentioned in Table 4.1.1. The LOD & LOQ were found

to be 0.585 & 1.772 pg/mL for TFD and 0.358 and 1.087 pg/mL for QCN.

Table 4.1.1. Regression analysis and validation parameters for TFD and QCN
TFD QCN

Regression analysis

Slope 0.08038 0.06536
Intercept -0.01146 0.00427
Regression coefficient 0.9982 0.99993
Validation parameters
Linearity range 2-12 pg/mL 2-12 pg/mL
limit of detection 0.585 0.358
limit of quantification 1.772 1.087

The overlay spectrums of the concentration range of 2-12 pg/mL for both drugs are represented

in the Figure 4.1.3.
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1 15

Figure 4.1.3. Overlay UV spectrum of a) TFD and b) QCN

Accuracy

The % recovery of the sample at three levels i.e., 50, 100 and 150 % in triplicates were
calculated and the % recovery was found to be in the range of 98.02 to 101.19 for TFD and
98.40 to 101.49 for QCN with % RSD below 2%. The results of accuracy are represented in
Table 4.1.2.

Table 4.1.2. Accuracy or recovery of TFD and QCN at three different levels

Initial
Recovery Amount added %
Drug amount % Recovery
levels (%) (ng/mL) RSD
(ng/mL)
50% 4 2 98.02 + 1.027 1.048
TFD 100% 4 4 101.19+ 1.310  1.282
150% 4 6 99.31 £ 1.946 1.959
50% 4 2 98.40 + 1.373 1.395
QCN 100% 4 4 101.49+1.639  1.599
150% 4 6 09.23 +£1.243 1.253
Precision

The inter-day and intra-day precision was determined at three concentration levels (50, 100,
150 %) and absorbance was noted. The % RSD was found to be < 2% for both TFD and QCN
and the results are represented in Table 4.1.3. The consistent and low % RSD values validate
the reliability and reproducibility of the method, affirming its suitability for practical

application in pharmaceutical analysis.
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Table 4.1.3. Inter-day and intra-day precision for TFD and QCN

Intra-day Inter-day
Drug Concentration Precision %RSD Precision %RSD
fevel Mean (£SD) Mean (£SD)
50% 0.148 £ 0.001 0.149 0.146 + 0.002 1.310
TFD 100% 0.342 +£0.003 0.824 0.307 £ 0.005 1.624
150% 0.459 +0.005 1.006 0.440 + 0.003 0.705
50% 0.146 £ 0.002 1.458 0.146 + 0.002 1.502
QCN 100% 0.289 + 0.002 0.894 0.289 + 0.001 0.302
150% 0.428 +0.003 0.795 0.427 +0.001 0.269
Robustness

To access the robustness of the method the absorbance was noted at different wavelengths (£1
of Amax) and results are mentioned in the Table 4.1.4. For both the drugs the % RSD was found
to be below 2 %. This demonstrated the stability and reliability of the method that was not
affected with slight changes in the wavelengths, confirming its robustness in quantifying the
drugs accurately.

Table 4.1.4. Robustness of the developed method for TFD and QCN

At 279 nm At 280 nm At 281 nm
Drug Concentration Mean %, RSD Mean %, RSD Mean % RSD
level (=SD) (=SD) (=SD)
50% 0.132+0.003  1.906 0.136+0.002 1.761 0.133+0.003  1.902
TFD 100% 0.311+0.004 1.247 0.314+£0.001 0.358 0.316+0.001 0.389
150% 0.486+0.04 0.778 0.487+0.003 0.654 0.486+0.002 0.485
At 366 nm At 367 nm At 368 nm
50% 0.137+£0.001  0.534 0.137+0.001 0.511  0.136+0.01  0.532
QCN 100% 0.265+0.003 1.150 0.265+0.003 1.162  0.265+0.03  1.196
150% 0.388+0.04 0.997 0.388+0.004 0.980  0.387+0.04  0.986

Ruggedness
The results of the ruggedness are mentioned in Table 4.1.5 by two different analysts under the

same operating condition on different days. The % RSD was determined for both drugs, and it
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was found to be < 2%. This signifies the method's ruggedness and its ability to generate reliable
and consistent results even when executed by different analysts on different days under the
same experimental parameters

Table 4.1.5. Ruggedness of the developed method for TFD and QCN

Drug Concentration Analyst 1 Mean % RSD Analyst 2 % RSD
level (=SD) Mean (£SD)
50% 0.138 +0.003 1.921  0.133+0.001  1.098
TFD 100% 0.323 + 0.004 1283  0.308+0.004 1227
150% 0.456 £ 0.002 0.541  0.444+0.004  0.797
50% 0.153 +0.001 0.736  0.158+0.001  0.890
QCN 100% 0.295 + 0.006 1.955  0.306+0.001  0.299
150% 0.434 + 0.002 0.393  0.452+0.001  0.268

4.1.2.3. Selectivity of the method using Absorption factor method

The absorption factor for QCN was calculated by taking the absorption spectra of standard
concentrations i.e., 4, 6, 8, 10 ug/mL in the UV range of 200-400 nm using eq 4.1.2. The
average value of the absorption factor for QCN was found to be 0.309. The QCN concentration
was directly determined at 367 nm whereas, quantitative estimation of TFD in the laboratory
prepared mixture (1:1; 2:1; 3:1 and 4:1) was calculated from proposed absorption factor method

using following equation 4.1.6.

Ay1dyx1

Absorption of Teriflunomide at 280nm = Ay, Ay — X AxiyAyp...6q4.1.6

Ayildy2
Where, Ax+y Axi - is Absorption of mixture at 280nm
Ay1 Ax1/ Ay1 A1 -1s Absorption factor for QCN

Ax+y Ax1 - 1s Absorption of mixture at 367nm

The amount present in the sample mixture was calculated and the results are represented in the
Table 4.1.6. The ratio of QCN was kept constant in a sample mixture and its concentration was
directly determined at 367 nm. Whereas for TFD, an increase in the ratio of TFD in the sample
mixture led to a corresponding increase in its concentration. These findings underscore the
selectivity of the proposed absorption factor method for simultaneously quantifying both drugs

1n a mixture.
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Table 4.1.6. Concentration determination by absorption factor method

Mixture of TFD and Concentration of TFD found Concentration of QCN found

QCN in the ratios Mean (£SD) %RSD Mean (£SD) %RSD
1:1 2.089 +0.006 0.264 2.053 £0.007 0.336
2:1 4.099 + 0.003 0.077 2.038 £0.012 0.586
3:1 6.087 £0.071 1.165 2.034 £ 0.003 0.130
4:1 8.034 £ 0.060 0.748 2.016 £0.016 0.778

4.1.3. Conclusion

A simple and cost-effective UV-visible spectrophotometric method was developed for the

simultaneous estimation of TFD and QCN. The TFD and QCN showed absorption maxima at

280 nm and 367 nm, respectively. The method underwent validation in accordance with ICH

guidelines, and the results were within acceptable limits. The absorption factor method was

employed for the simultaneous estimation of TFD and QCN in the formulation. This developed

UV method was applied for the determination of encapsulation efficiency of the

transferosomes.
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(b) Implementing Analytical Quality by Design in Reversed
Phase-High Performance Liquid Chromatography for

Simultaneous Estimation of Teriflunomide and Querectin
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4.2. Introduction

The development of an analytical method plays a pivotal role in pharmaceutical analysis,
facilitating the accurate estimation of drug content in various formulations. TFD has been
demonstrated to be effective in treating RA by inhibiting T cell activation [14]. Its pKa value
has been determined to be 3.1 at room temperature, with a pH-dependent solubility [15]. On
the other hand, QCN exhibits a pKa value of 6.38 and has been reported to possess potential
for treating various inflammatory conditions, including RA. QCN acts by inhibiting
inflammatory cytokine release, lowering COX-2 levels induced by lipopolysaccharides, and
hindering bone resorption via NF-kf3 and AP-1 activity suppression [16,17]. The combination
of TFD and QCN showed potential as a promising therapy against the production of
inflammatory mediators. Hence, a new, efficient, simple, and reproducible analytical method
was necessary to quantify both analytes in any pharmaceutical dosage forms [18].

In recent years, there have been various reports on analytical methods such as Liquid
chromatography—mass spectrometry (LC-MS) [19,20], UV-Vis spectrophotometry [2,21]
and High-Performance Liquid Chromatography (HPLC) [22,23] for quantitative detection of
either TFD or QCN individually. Reversed phase-HPLC (RP-HPLC) methods for the
combination of either TFD or QCN with other drugs have been also reported [24,25]. However,
no method has been established yet for their simultaneous detection. Given that TFD and QCN
have distinct pKa, it presents a significant challenge for analytical chemists in devising a
dependable HPLC method for simultaneous detection. Thus, the focus of this study was to
develop an efficient RP-HPLC method to optimize the retention time of TFD and QCN, while
also achieving high resolution and improved peak shape. Traditional trial-and-error methods
for controlling all variables are challenging, prompting the use of the analytical quality by
design (AQbD) approach, which is known for its cost-effectiveness, rapid identification, and
quantification of multiple drugs in a single formulation [26,27].

QbD plays a crucial role in identifying different sources of risk and science-based variability
and helps to comprehend predefined objectives through risk assessment. Investigation trials
help in identifying high-risk variables that significantly impact method performance, and
further optimization of these variables enhances the method's overall performance [28]. Various
studies have advocated for AQbD in analytical method development in diverse fields such as
for small molecules analysis in various dosage forms, protein and peptide analysis in
pharmaceutical industry [29-34]. The overall focus of the research work was on developing an
economical, sensitive, robust, simple, rapid, and effective HPLC method for the simultaneous

detection of TFD and QCN using the AQbD approach. The developed method was validated
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according to the International Council for Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) guidelines. Furthermore, the greenness
profile of the developed method was calculated for establishing its environmental sustainability
and ecological impact.

4.2.1. Materials and Methods

As mentioned in chapter 3, TFD (99.9% pure) was obtained as a gift sample from the MSN
Laboratories Private Limited (Sangareddy, India). QCN ( > 98% purity) was purchased from
Yucca Enterprises (Mumbai, India). Ammonium acetate, potassium dihydrogen phosphate,
acetic acid, formic acid, trifluoro acetic acid (TFA) were purchased from Thermos Fisher
Scientific Pvt Ltd (Mumbai, India). Milli-Q water was obtained from the Merck Milli-Q
purification system. All other chemicals used in the experiment were HPLC and analytical
grade.

4.2.1.1. Instruments and chromatographic conditions

Chromatography separation for the analysis of TFD and QCN were performed using Shimadzu
HPLC (Japan), with binary pump (LC-20AD) and UV/Vis detector (SPD -20A) containing
autosampler (SIL- 20AC HT, Shimadzu, Japan). TFD and QCN separation were carried out
using Hibar, Lichospher 100 RP-18e column (250 x 4.6 mm, Sum). The analysis was carried
out with a detection wavelength of 280 nm for TFD and 367 nm for QCN. LC solution software
version 1.24 SP1 was used for method development and data analysis.

4.2.1.2. Preparation of standard solutions

Primary standard stock solution of 1 mg/mL of TFD and QCN were prepared in acetonitrile
separately. A secondary stock solution of 100 pg/mL was prepared from primary stock solution.
The working standard solution (10 pg/mL), calibration standards and quality control samples
containing both drugs were prepared from secondary stock solutions by serial dilution with
acetonitrile and water (90:10 %, v/v).

4.2.1.3. Experimental design for method optimization using AQbD

Study design

The concept of AQbD represents a comprehensive methodology that fosters comprehension
and regulation of products and processes through a foundation rooted in deep scientific
principles and effective management of quality risks. A roadmap for the simultaneous

estimation of TFD and QCN by AQbD approach are represented in Figure 4.2.1.
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Analytical Target Profile Critical Analytical Attributes
(ATP) N (CQA)
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Figure 4.2.1. Roadmap for the simultaneous estimation of TFD and QCN by AQbD approach
Within the AQbD paradigm, the analytical target profile (ATP) serves as a prescriptive outline
for the intended method quality, encompassing ideal quality attributes, safety benchmarks, and
the efficiency of the developed method. In the initial stages of ATP establishment, a spectrum
of variables liable to impact the different parameters involved in the development of the
analytical method were taken into account. Also, the recognition and understanding of critical
analytical attributes (CAAs), that holds immense importance, as these attributes direct the
essential qualities of the method. These attributes play a pivotal role in ensuring the method's
accuracy, reliability, and effectiveness in achieving its intended analytical goals. Notably, the
essential role of CA As lies in ensuring thorough alignment of the final method with the required
criteria for analysis. The key factors that regulate CAAs were opted from the ATP as mentioned
in Table 4.2.1. Based on the ATP requirement, a comprehensive literature analysis and the
Ishikawa diagram (Figure 4.2.2) was prepared to identify the key factors that regulate ATP
and CAAs. To determine their relative significance, these factors were evaluated through the
risk estimation matrix (REM), categorizing their potential impact as low, medium, and high in
their criticality (Table 4.2.2). Following this, a meticulous assessment utilizing the failure
mode effective and analysis (FMEA) approach was employed to gauge the severity(S),
detectability(D), and occurrence(O) of each distinct factor. The criticality of these parameters
culminated in the derivation of the risk priority number (RPN) score, which was calculated

using equation 4.2.1 and were assigned with ranking number within a scale of 0 to 10 [31,35].

Risk Priority Number (RPN) = Severity (S) * Detectability(D)* Occurrence (O) ... eq4.2.1
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Table 4.2.1 Analytical target profile (ATP) for the simultaneous estimation of TFD and QCN
using RP-HPLC

ATP Target Explanation

) Analytical method development for simultaneous
Sample Active molecule S ] )
estimation of molecules in pharmaceutical dosage form

The retention of molecules is enhanced by the use of a
Type of method | Reversed Phase ) ] .
non-polar stationary phase with end-capping

Autosampler HPLC

Instrument o A great resolution of the molecules will be achieved
with binary pump
Nature of the Liouid To assure complete miscibility, the analyte must be in
iqui

sample liquid form
Standard Linear method of | Standard medication solution dilution to ensure optimal
Preparation dilution elution

Manual weighing of the sample is the first step in the
Sample _ ) o

_ Manual handling preparation process, which is then followed by the

Preparation o . ]

mixing of the sample with the diluent.
Method Estimation of TFD and | The method is applicable for the simultaneous estimation
application QCN of TFD and QCN in microemulsion

| Column Properties H Instrument | ‘ Mobile phase ]
Run time pH _
Type Ratio

Wavelength iltrati
aveleng| Filtration

Degassing
Type of buffer
Type of solvent

Particle size Temperature

Diameter Flow rate

Length Injection volume

HPLC

Gads Method

Storage

Normal Phase

Solubility
Sampling

Location
Pressure

Temperature

Purity
M;neria{ 7 H Milieu J [ Methods J

Figure 4.2.2. Ishikawa diagram

Factor optimization study using face centered Central-Composite Design (CCD)
The optimization process prioritizes the use of face-centered central composite design (CCD).

Based on insights gained from initial investigations, the selection of variables for enhancing
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the analytical method was keyed in face centered CCD. This approach investigates the impact
of three independent variables on identified dependent variables across three levels (low,
medium, and high), while maintaining consistency in other factors throughout the exploration.
To understand the intricate interactions between factors and the desired responsive
characteristics, a meticulously crafted design matrix comprising 16 experimental runs was
employed (Table 4.2.3). This design matrix incorporated center points with alpha value of 1.
The culmination of this systematic exploration ultimately led to the optimization of the method
with remarkable efficiency through a minimized number of trial iterations. The core of this
optimization process revolved around the strategic application of Design-Expert 7.0.0
software.

Optimization data analysis and model validation

For the optimization data analysis and model validation, Design Expert® software. 7.0.0 was
utilized. The best fit model (quadratic, linear, modified, cubic, 2 factor interaction) was
evaluated by keeping experimental data aiding in the estimation of the effect on various
responses under study. Further, model significance was further analyzed by analysis of
variance (ANOVA) that specifically took into consideration of coefficients with p values <
0.0001. The relationship between factors and responses were visually explored through the use
of 3-D response plots and 2-D contour plots. Also, residual analysis was performed to predict
the responses. By employing numerical, graphical optimization and a desirability function
(desirable value near to 1), the optimal chromatographic conditions were identified. Further,
the optimized composition was carried out for the analytical validation.

4.2.1.4. Method validation

In accordance with the ICH Q2(R1) guidelines, the analytical approach underwent validation
pertaining to attributes such as system suitability, linearity, accuracy, range, precision,
specificity and robustness, alongside adherence to the system suitability criteria as outlined in
the USP [11]

System suitability

System suitability in HPLC ensures reliable results by assessing parameters like retention time,
peak resolution, and symmetry. The system suitability was performed by injecting six
injections of 10 pg/mL of TFD and QCN mixture and % RSD of the peak area was reported.
Linearity and range

The linearity of TFD and QCN solutions was assessed across eight distinct concentration levels
of 0.05, 0.1, 0.5, 1, 5, 10, 15, 20 pg/mL. Triplicate preparations of each concentration level

were subjected to analysis utilizing the HPLC system. Subsequently, the peak area responses
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for TFD and QCN were recorded at each level, followed by the construction of concentration
Vs peak area graphs and subsequent regression analysis.

Accuracy

To assess accuracy, triplicates of TFD and QCN solutions at three different quality control
(QC) levels, namely low quality control (LQC), medium quality control (MQC), and high
quality control (HQC), were analyzed. The results were expressed in terms of percentage
recovery. As outlined in the ICH guidelines, the specified acceptance criterion for % recovery
was established at 98—102 % [36].

Precision

Precision was assessed by determining the intra-day and inter-day precision of TFD and QCN
solutions at LQC, MQC, HQC level. Intra-day precision was evaluated by analyzing three
different concentration levels of TFD and QCN triplicate on the same day. Inter-day precision
was determined by analyzing the same concentration of TFD and QCN on three successive
days. The result was reported as the percentage of RSD. According to the guidelines, the
acceptance criterion for % RSD was specified to be below 2 % [36].

Limit of detection and limit of quantification

The limit of detection (LOD) and limit of quantification (LOQ) of the developed method for
the TFD and QCN were calculated based on the standard deviation of the response and the
slope using the following equation 4.1.3 and 4.1.4. as per ICH guidelines.

Robustness

As per ICH guidelines, robustness is the fitness of analytical practice that is not exaggerated
by tiny variations but by significant changes in the experimental factors. Here, the developed
method was screened by slight changes in the operating conditions such as column temperature,
percentage of acetonitrile and pH of the buffer. The specified acceptance criteria for the
calculated %RSD of peak area was below 2 %.

Specificity

Specificity pertains to the ability of the analytical method to distinguish between the analyte(s)
and other substances within the sample matrix. The assessment of specificity included
introducing blank solution, placebo formulation and formulations containing TFD and QCN,
into the chromatographic system. The interference of formulation excipients on the retention
of TFD and QCN will be assessed during the analysis.

4.2.1.5. Forced degradation studies

Forced degradation studies were conducted to assess the stability-indicating and specificity

properties of the developed assay method. These studies were performed following the
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guidelines provided by the ICH and other recommended conditions [37]. The sample
preparations for the stress studies were made at a concentration of 0.5 mg/mL for combined
mixture and were subjected to different stress conditions. All samples were then appropriately
diluted to achieve a final concentration of 5 pg/mL and neutralization was performed wherever
necessary. Subsequently, the samples were filtered through 0.22 pm membrane filters before
injection, and control samples were also prepared and used during the analysis. The degradation
studies were carried out till 10% degradation exceeded in each condition.

Oxidation studies

For oxidation studies, the sample containing both TFD and QCN was carried out using 3%
H>0; solution. Samples were heated at 60°C in hot air oven. Samples were withdrawn at
specified time intervals and diluted as described above.

Acid and alkali degradation

Samples for acid and alkali degradation studies were prepared using 0.01 N hydrochloric acid
(HCl) and 0.01 N sodium hydroxide (NaOH), respectively. Samples were heated at 60°C in hot
air oven. Subsequently, the samples were neutralized and diluted as described above.
Thermal Degradation

For thermal degradation, samples were exposed to 60°C in hot air oven. Subsequently, samples

were withdrawn, cooled, and diluted as described above.

4.2.1.6. Assessment of greenness profile of the developed method

Evaluating the greenness profile of the HPLC method includes assessing factors like solvent
usage, waste generation and energy consumption. This comprehensive analysis ensures the
incorporation of eco-friendly practices in analytical procedures, promoting sustainability.
Various metrics are available for the assessment of the greenness profile of a method. These
include the analytical method greenness score (AMGS), green solvent selection tool (GSST),
analytical eco-scale, green analytical procedure index (GAPI), analytical greenness (AGREE),
and national environmental methods index (NEMI) [38]. Among these the AMGS calculator
was utilized for the assessment of greenness profile of the developed HPLC method.

4.2.2. Results and Discussion

Utilizing HPLC for quantification is widely accepted, but it is yet challenging due to the
separation complexities arising from the distinct pKa values of both TFD and QCN. So, a new
and efficient RP-HPLC method for the simultaneous quantification of TFD and QCN was
developed using AQbD principles [38]. Employing AQbD principles in HPLC method

development enables systematic optimization, ensuring robustness, reliability, and compliance
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with regulations. This approach fosters a comprehensive understanding of crucial method
parameters like column chemistry, mobile phase composition, and detection conditions,
leading to the creation of efficient and effective methods. Additionally, it aids in recognizing
and addressing potential risks, resulting in improved method performance, minimized
variability, and better analytical outcomes. Overall, AQbD empowers researchers to craft
HPLC methods that consistently produce accurate and precise results, thereby enhancing

product quality and safety across pharmaceutical industry.

4.2.2.1. Development and optimization of the method using AQbD

A thorough literature review was used to conduct preliminary investigation for the
development of the simultaneous estimation using RP-HPLC method for the TFD and QCN.
The initial trials were carried out with different mobile phase compositions that encompassed
buffer salts with varying pH levels, along with a range of solvents such as methanol and
acetonitrile. Additionally, various C18 columns with differing specifications were utilized in
the preliminary optimization phase. These included columns such as inertsil (4.6 x 250 mm, 5
um), waters Nova pack (3.9 x 150 mm, 4 um) and Hibar Lichospher 100 RP-18 end-capped
column (250 x 4.6 mm, 5 um). Following this, the Hibar Lichospher column was selected due
to its ability to facilitate the separation of a broad spectrum of analytes (including neutral,
acidic, and weak basic ones) with observed satisfactory peak properties. Acetonitrile and 10
mM ammonium acetate buffer combination produced good peak properties, and further trials
were carried out using acetonitrile and ammonium acetate buffer at various pH levels to
identify the CAAs that impact the ATP. The ATP chosen for analytical method development
are shown in Table 4.2.1. The CAAs from the ATP were selected because they were reported
for their ability to influence the method development. Retention time and resolution between
both analytes were identified as CAAs of analytical method development that had a significant
impact on quality of the developed method.

The risk assessment was conducted, and the Ishikawa diagram shown in Figure 4.2.2 was used
to identify ATP and CAA. The percentage of acetonitrile, pH of the buffer, flow rate, injection
volume, and column temperature were all considered as potential risk factors against retention
time and resolution. FMEA was used to assign RPN scores based on risk potentiality and the
scores were given based on reported studies. The REM and RPN scores of the CAAs and CPPs
are shown in Table 4.2.2. A RPN score of more than 50 was regarded as critical for optimizing
critical attributes. Here, the percentage of acetonitrile (Factor A), flow rate (Factor B) and pH

of the buffer (Factor C), were considered as critical factors.
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Table 4.2.2. Risk estimation matrix (REM) and risk priority number (RPN) score

CAAs FMEA
Different Variables | Retention RPN
Resolution | Severity | Detectability | Occurrence
time score
Acetonitrile 9 9 729
pH Medium 7 6 336
Injection volume | | 2 2 8
Column temperature 3 3 45
Flow rate 8 8 576

Factors optimizing studies

The risk assessment studies report emphasized the importance of factors like the percentage of
acetonitrile, pH of the buffer, and flow rate. These were identified as critical factors influencing
CAAs such as retention time and resolution. The process of method optimization utilized face
centered CCD with 16 runs, that was evaluated by Design-Expert 7.0.0 software. This
optimization encompassed the exploration of percentage acetonitrile, pH of the buffer, flow
rate at three different levels, while keeping injection volume (10 pL) and column temperature
(25°C) constant. The face centered CCD with three components and 3 levels generated response
values, that are presented in Table 4.2.3.

Table 4.2.3. Experimental design using face centered CCD runs and responses

Response 1 Response 2 Response
Run . Factor.l . .Factor 2 Fa?tor 3 Retlz:ntion Retpention I;

A: Acetonitrile | B: Flow rate C: pH time of TFD | time of QCN | Resolution
1 50 1.20 4.00 2.24 3.58 6.38
2 40 1.00 3.50 422 5.98 4.11
3 30 1.20 4.00 12.90 15.39 3.46
4 50 0.80 3.00 3.54 5.10 4.36
5 40 0.80 3.50 5.11 7.81 4.51
6 40 1.00 4.00 3.85 6.11 4.69
7 30 0.80 3.00 15.73 17.25 1.14
8 30 1.00 3.50 12.11 14.83 2.32
9 30 1.20 3.00 12.85 14.08 1.19
10 50 0.80 4.00 3.37 5.07 6.79
11 40 1.00 3.00 5.14 6.56 2.64
12 40 1.20 3.50 4.17 6.32 4.17
13 50 1.20 3.00 2.69 3.87 3.69
14 30 0.80 4.00 14.32 16.87 3.86
15 50 1.00 3.50 2.93 4.36 4.48
16 40 1.00 3.50 3.96 5.80 4.00
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The efficiency of the model and the significance of the variables were established through
ANOVA analysis. The statistical summary indicated the suitability of a quadratic model for the
responses with p < 0.0001. The R? value demonstrated a strong correlation between the fitted
model and experimental data. The comprehensive details of the ANOVA analysis have been
meticulously presented within the confines of Table 4.2.4.

Table 4.2.4. ANOVA analysis for responses

Response 1 Response 2

Parameter Retention time | Retention time llll?slt));)lllltsif)s
of TFD of QCN

Standard deviation 0.60 0.49 0.28

Mean 6.82 8.69 3.86

CV% 8.74 5.59 7.19
R-squared 0.9939 0.9963 0.9869
Adjusted R-squared 0.9847 0.9907 0.9674
Pred R-squared 0.9323 0.9533 0.8754
Adequate precision 27.879 34.260 22.199

Furthermore, the p-values corresponding to each factor associated with various responses and
lack of fit values were also delineated and are reported in the Table 4.2.5

Table 4.2.5. ANOVA analysis depicting the p-values for each factor

p-value
Response 1 Response 2
Source Response 3
Retention time of | Retention time of
Resolution
TFD QCN
A 0.0001 <0.0001 <0.0001
B 0.0087 0.0012 0.0904
C 0.1337 0.9205 <0.0001
AB 0.2182 0.2098 0.3885
AC 0.6763 0.3982 0.8740
BC 0.5104 0.3382 0.8169
A? 0.0001 <0.0001 0.0487
B? 0.1907 0.0494 0.0231
C? 0.3216 0.9877 0.3948
Lack of fit 0.2199 0.1805 0.1929
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Effect of independent variables on retention time

Retention time of TFD ranged from 2.24 to 15.73 min and for QCN, retention time ranged from
3.58 to 17.25 min over 16 trails. The F-values of 108.44 and 177.76 for TFD and QCN in the
quadratic model were determined to be statistically significant. The p-values corresponding to
each factor's effect on the retention time of TFD and QCN were documented (Table 4.2.5).
Analysis of the data indicated that model terms A, B, and A? were statistically significant in
influencing the retention time of TFD, whereas the model terms A, B, A? and B? influenced
the retention time of QCN. The respective contour and 3D plots for the effect of percentage of
acetonitrile, pH and flow rate on retention time of TFD and QCN are represented in Figure.
4.2.3 & 4.2.4 respectively. Equation 4.2.2 & 4.2.3 contain coded factors for both TFD and
QCN, with positive symbol indicating collusive effect and negative symbol denoting hostile
effect. The 3D graphical representations and polynomial equation provided empirical support
for the decline in retention time of TFD and QCN as the acetonitrile percentage increased
(Figure. 4.2.3a, 4.2.3b & 4.2.4a, 4.2.4b). Concurrently, a gradual increase in flow rate and pH
resulted in a modest reduction in TFD's retention (Figure. 4.2.3¢). Conversely, QCN's retention

time decreased with higher flow rate and slightly increased with elevated pH (Figure. 4.2.4c¢).

Retention time of TFD =+4.10-5.31A-0.72B - 0.33 C+ 0.29 AB + 0.093 AC + 0.15 BC +

3.42 A2+ 0.54 B>+ 0.40 C? ..eq4.2.2
Retention time of QCN =+ 6.18 - 5.64 A - 0.89 B+ 0.016 C +0.24 AB-0.16 AC +0.18 BC

13.26 A2+ 0.73 B2-0.048 C2 ~€q4.2.3
Here, Factor A- percentage of acetonitrile; Factor B- flow rate; Factor C - pH of the buffer
Effect of independent variables on Resolution

For both TFD and QCN resolution ranged from 1.14 to 6.79 over executed 16 trials. The
Quadratic model’s F-value 50.39 suggested the model was significant. Data analysis reveals
that model terms A, C, A% and B? exhibited statistical significance in influencing the resolution
between the two analytes and the respective contour and 3D plots for the effect of percentage
of acetonitrile, pH and flow rate on resolution has been illustrated in Figure. 4.2.5. Equation
4.2.4 contained coded values of chosen factors. An increase in acetonitrile percentage and pH
levels yielded an increase in resolution (Figure. 4.2.5a & 4.2.5b), while an increase in flow

rate resulted in a marginal reduction in resolution (Figure. 4.2.5¢).
2
Resolution =+3.90 + 1.37 A-0.18 B+ 1.22 C -0.091 AB + 0.016 AC -0.024 BC -0.42 A +
2 2
0.52B - 0.16 C ~eq4.2.4
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Retention time of TFD
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Figure 4.2.3. 3D and Contour plots for the effect of critical factors on the retention time of
TFD
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Retention time of QCN

120

110

100 -l [175391] (70 3167]

090

Retention time of QCN

080

30.00 35.00 40.00 45.00 50.00
090

B: Flow rate A: Acetonitrile

X1: A: Acetonitrile
X2: B: Flow rate

Retention time of QCN

375

350 @ 9 47857] (753079 5601}

325

Retention time of QCN

300
30.00 35.00 40.00 45.00 50.00
A: Acetonitrile

X1: A: Acetonitrile
X2: C: pH

Retention time of QCN

400

375

63635] | )
[7.27529][6.91422]"( 6 55316]
350 i i | 619209

325

Retention time of QCN

0280 0.90 100 1.10 120

B: Flow rate

X1: B: Flow rate
X2: C: pH
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QCN
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Resolution
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Figure 4.2.5. 3D and Contour plots for the effect of critical factors on resolution
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Validation of the design to select an optimized method

The developed experimental model was further used to predict the responses such as retention
time of TFD, QCN and resolution with help of residual plots. The Figure 4.2.6 display the
normal plot of residuals for each response, indicating that the residuals generally conform to a
straight line. This observation suggests that errors are uniformly distributed, indicating a

satisfactory fit of the model to the data.

Design-Expert® Software Design-Expert® Software Design-Expert® Software
Retention time of TFD Retention time of QCN Resolution
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Y: Normal % Probability Y: Normal % Probability Y: Normal % Probability

Figure 4.2.6. Normal plot of residual for responses

Further, the analytical method was optimized through a combination of numerical and
graphical approaches aiming to improve retention time and resolution. Employing Design
Expert software, a set of 16 solutions were generated, and method operable design region
(MODR) was established. The MODR serves as a valuable tool for identifying optimal
operational parameters to attain the desired quality of outcomes. In Figure.4.2.7 the MODR
was visually depicted through an overlay plot, with the highlighted yellow region indicating
the optimized zone. The predicted solution was identified by a flag in this zone with a specific
focus on choosing those with desirability values that approached 1 (the desirability graphs have

been illustrated in Figure 4.2.8).
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The optimized run employed a mobile phase that consisted of 40% acetonitrile and 60%
ammonium acetate buffer (pH of 3.5), with a flow rate of 1 mL/min. These selected conditions
resulted in retention times of 3.96 min and 5.94 min for TFD and QCN, respectively. The
resolution achieved between these two analytes was determined to be 4.11, showing a close
predicted-actual values and design's desirability. The tailing factor was found to be 1.1 and
1.39 for TFD and QCN, respectively. TFD exhibited its peak absorbance at 280 nm, while
QCN also manifested absorbance at this specific wavelength with absorption maxima at 367
nm. The representative chromatograms are depicted in Figure. 4.2.9.
a b
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Figure 4.2.9. Chronﬂatogram of a) TFD at 280 nm; b) QCN nm at 367 nm

4.2.2.2. Method validation

Following the ICH Q2 (R1) guidelines validation of the developed HPLC method was
conducted to ensure the dependability of the analytical results across various parameters,
including system suitability, linearity, range, accuracy, precision, robustness, ruggedness, limit
of quantitation (LOQ), limit of detection (LOD), and specificity.

System suitability

The method devised was utilized to assess system suitability, entailing six injections.
Calculation of the % RSD for peak areas yielded a value below 2.0%, signifying commendable

system precision (chromatogram overlay is depicted in Figure 4.2.10).
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Figure 4.2.10. System suitability for TFD and QCN at 280 nm
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Linearity and range

The developed method exhibited linearity across the investigated concentration range from
0.05 to 20 pg/mL. The correlation coefficients for TFD and QCN were determined as 0.999
and 0.998, respectively (Figure 4.2.11).

TFD QCN
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Figure 4.2.11. Calibration curve for TFD and QCN

Accuracy

The observed percentage recovery was within the range of 99.30% to 100.93%, with % RSD
of less than 2. Accuracy results for TFD and QCN across LQC, MQC and HQC levels have
been tabulated in Table 4.2.6. These findings align with regulatory standards, thus confirming
the heightened accuracy of the recently developed analytical approach, enabling simultaneous
estimation of TFD and QCN

Precision

The interday and intraday precision values for three quality control samples of TFD and QCN
demonstrated % RSDs within 2%. These results have been detailed in Table 4.2.6,
substantiating the precision achieved by the developed HPLC method.

Table 4.2.6. Accuracy and precision for the TFD and QCN

) Inter-day Intra-day % Recovery
D Concentration Precisi Precisi
rug level recision recision (xSD) % RSD
(%RSD) (%RSD)
LQC 0.71 0.35 99.30+0.61 0.62
TFD MQC 1.83 0.41 99.89 + 1.45 1.46
HQC 0.32 0.30 100.10 £ 1.12 1.12
LQC 1.55 1.66 100.93+ 1.65 1.63
QCN MQC 1.17 0.48 99.47 +1.80 1.81
HQC 1.13 0.33 100.55 + 0.66 0.66

115



Chapter 4

Robustness

Minor changes in column temperature, mobile phase composition, and buffer pH yielded no
discernible alterations, with the % RSD measuring below 2% (Table 4.2.7).

Table 4.2.7. Robustness

TFD QCN
% Recovery %RSD % Recovery %RSD
Column temperature - 23°C 99.51 0.70 100.98 1.38
Column temperature -27°C 99.64 0.52 100.14 0.20
Mobile phase — 38% ACN 100.60 0.85 99.61 0.55
Mobile phase — 42% ACN 99.13 1.23 100.46 0.65
pH of buffer — 3.3 99.35 0.92 100.81 1.14
pH of buffer — 3.7 99.41 0.83 99.23 1.09

LOD and LOQ determination

The LOD and LOQ was determined using equation 4.1.3 and 4.1.4. The LOD of TFD and QCN
was found to be 0.016 pg/mL and 0.017 pg/mL, respectively. The LOQ of TFD and QCN was
determined to be 0.049 pg/mL and 0.051 pg/mL, respectively.

Specificity

The assessment of specificity for the developed method was conducted in the presence of
formulation excipients (Phospholipon 90 G, sodium cholate and tween 80) which were
anticipated to potentially interfere with the sample. The chromatograms of the blank, sample,
placebo, and formulation were depicted in Figure 4.2.12. These chromatograms revealed no
interference from the formulation excipients with the retention time of TFD and QCN,

indicating the specificity of the developed method.
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Figure 4.2.12. Specificity of the developed method
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4.2.2.3. Forced Degradation studies

The forced degradation studies for combination of TFD and QCN standard sample, blank,
placebo and formulations were performed by exposing to different stress conditions such as
peroxide, acid, alkali and thermal degradation. The quantified reduction in assay percentage

was computed for each condition, and the corresponding outcomes are documented in Table

4.2.8.

Table 4.2.8. Forced degradation studies of TFD and QCN
Stress Condition Degradation of TFD Degradation of QCN
Standard sample 0% 0%

0.01N NaOH 3.03%in 12 h > 10 % in 30min

0.01N HCl > 10 % in 30min 11.50 % in 12 h

3% H202 > 10 % in 30min > 10 % in 30min
Thermal 8.92 % in 12h 3.35 % in 24h

The results of the forced degradation analysis revealed that TFD exhibited a more pronounced
degradation under acidic conditions compared to alkali. A study reporting forced degradation
investigations of TFD under diverse conditions, also indicated a greater degradation rate in
acidic environment [39]. Whereas, QCN exhibited significant degradation under alkaline
conditions, with degradation exceeding 10% within 30 min. In alkaline degradation at RT 3.3
min a degradation peak of QCN was detected at 280 nm that was confirmed by spiking
individual drug. Under oxidative stress conditions, both TFD and QCN displayed substantial
degradation i.e. > 10% within 30 mins, whereas the degradation was less pronounced under
thermal stress conditions. The chromatograms of the standard samples under normal condition
and under various stressed conditions are visually presented in Figure. 4.2.13a and Figure.
4.2.13 (b-e), respectively. This visual representation confirmed the absence of interference

from any other peak.
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Figure 4.2.13. a) Standard sample under normal condition; forced degradation sample at
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Currently, various individual analytical methods have been documented for TFD and QCN.
However, employing a AQbD approach facilitates the development of an RP-HPLC method
for the quantification of TFD and QCN with a reduced number of experimental trials, while
ensuring high resolution. Additionally, the method exhibits specificity by demonstrating no
interference with the formulation excipients. Both analytes exhibited a retention time of less
than 10 min, thereby reducing the overall method run time. Also, the method demonstrates
enhanced sensitivity compared to prior methods. For TFD, the LOD and LOQ were found to
be 0.016 pg/mL and 0.049 pg/mL, respectively, indicating improved sensitivity over previous
HPLC approaches [39,40]. Similarly, for QCN, the LOD and LOQ were determined as 0.017
pg/mL and 0.051 pg/mL, respectively [41,42], indicating that the method was suitable for

detecting and quantifying TFD and QCN across a broad range of concentrations.

4.2.2.4. Assessment of greenness profile of the developed method

The greenness profile of the developed method was evaluated using the AMGS calculator,
indicating a greener and more cost-effective approach with a lower AMGS score [38].
Specifically, the proposed method demonstrated a favorable AGMS score of 30.02. The

corresponding data for greenness assessment has been summarized in Table 4.2.9.

Table 4.2.9. Assessment of the greenness profile of proposed method

Number of analytes of interest 2
Organic modifier Acetonitrile
Flow rate 1 mL/min
Run time 10 min
Mobile phase A Acetonitrile (40%)
Mobile phase B Bufter (60%0
Instrument energy score 8.59 (28.61%)
Solvent energy score 15.48 (51.58%)
Solvent EHS score 5.95 (19.81%)
Total AMGS score 30.02
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4.2.3. Conclusion

A new RP-HPLC technique was developed employing the AQbD approach for the
simultaneous estimation of TFD and QCN. The method underwent optimization using response
surface design via face centered CCD. Based on FMEA and RPN score, the critical factors
were identified as percentage of acetonitrile (Factor A), flow rate (Factor B) were and pH of
the buffer (Factor C), affecting the retention time and resolution of the analytical method. The
established design conformed to a quadratic model with a p-value of <0.0001 indicating the
statistical significance of the model. Numerical and graphical optimization was employed to
unveil the ideal chromatographic conditions using MODR, that revealed the optimized zone.
The optimized conditions included a mobile phase comprised of 60:40, % v/v of ammonium
acetate buffer with pH 3.5 and acetonitrile with a flow rate of 1.0 mL/min. These conditions
resulted in a retention time of 3.96 and 5.94 min for TFD and QCN respectively, with the
resolution of 4.11. The method underwent validation in accordance with ICH guidelines. The
developed analytical method exhibited suitability for analysis without interference from
excipients. The validated technique will possess broad applicability, capable of analyzing TFD
and QCN individually and in dual drug-loaded formulations. This method offers modern, eco-
friendly separation of TFD and QCN in their dual drug loaded formulation, providing efficient

and cost-effective results.
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Chapter 5

5.1. Introduction

The combination of TFD and QCN demonstrated significant synergistic activity in in-vitro cell
line studies (as mentioned the chapter 3), and hence was selected for the formulation
development through a meticulous process. Oral administration of TFD is associated with
significant systemic side effects such as hepatotoxicity, bone marrow effects, peripheral
neuropathy, increased blood pressure, respiratory effects, and hypersensitivity [1] as detailed
in the section no 2.1.1.3. Similarly, QCN has low bioavailability which is attributable to its
inadequate gastric retention. It also results in poor clinical efficacy due to rapid degradation in
alkaline conditions [2]. Thus, an alternative route of administration is required for the effective
treatment in RA with reduced dose. Achieving precise targeting of affected joints poses a
significant hurdle in drug delivery, impacting both the effectiveness of treatment and the control
of systemic exposure. To address these challenges linked with oral administration, topical
delivery could be promising approach in mitigating these side effects and enhanced efficacy
via localized action [3,4]. In recent years, topical administration of transferosomes have
emerged as a promising approach [3]. Transferosomes are composed of a phospholipid bilayer
and surfactant that augment skin permeability, enabling precise localized action. Their ability
to accommodate both hydrophilic and lipophilic molecules makes them an ideal choice for
combination delivery of TFD and QCN for the treatment of RA [5]. The phospholipid bilayer
structure of transferosomes closely resembles the natural lipid bilayers found in the skin,
making them biocompatible with the skin. Also, the inherent deformability of transferosomes
allows them to cross the skin's main barrier (stratum corneum), thus facilitating enhanced
penetration into the deeper layers of the epidermis [6]. Section 1.9 provides a detailed
description of transferosomes, and the various molecules reported for transferosomes delivery
in RA.

Given the diverse array of combination therapies in the realm of RA treatment, a systematic
evaluation was done for the potential effect of a combination therapy involving transferosomes
loaded with TFD and QCN. This investigation was prompted by the earlier-discussed findings
(Chapter 3), with a specific focus on localized delivery strategies for RA. The objective of the
present work was to design TFD and QCN loaded topical transferosomes using QbD approach
incorporating Box-Behnken design (BBD) and further subject them to comprehensive
evaluation across various parameters. Moreover, this study also aimed to enhance skin
permeation via transferosomes loaded gel followed by assessing its efficacy in reducing levels

of pro-inflammatory cytokines and NO in in-vitro cell lines.
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5.2. Materials and methods

5.2.1.Materials

As mentioned in chapter 3, TFD (99.9% pure) was obtained as a gift sample from the MSN
Laboratories Private Limited (Sangareddy, India). Querectin was purchased from the Yucca
Enterprises (Mumbai, India) with the purity in the ranges of > 97%. Phospholipon 90G (PL
90G) was obtained as gift sample from Lipoid (Germany). Sodium cholate, tween 80, NEED
and MTT were purchased from SRL Pvt. Ltd, (Mumbai, India). Carbopol 974P was purchased
from Lubrizol (Belgium, Europe). HPLC-grade acetone, methanol, chloroform and acetonitrile
were purchased from Merck Life Sciences Pvt Ltd, (Mumbai, India). DMEM with high glucose
was purchased from Gibco (New York USA). FBS, dialysis membrane and DMSO were
purchased from Himedia (Mumbai, India). LPS ( E. coli 026:B6) was purchased from Sigma
Aldrich (Bengaluru, India). TNF-a and IL-6 ELISA kits were purchased from Elabscience
(Houston, USA).

5.2.2.Preparation of transferosomes

Transferosomes loaded with TFD and QCN were formulated using the thin film hydration
method as reported previously with some modifications [7]. Briefly, TFD or QCN,
phospholipid (PL 90G), and sodium cholate were dissolved in a mixture of chloroform and
methanol in a 3:1 ratio. The organic solvent was removed using a rotary vacuum evaporator
(Heidolph rotary evaporator) at 45°C and 120 rpm until a distinct thin film was formed.
Thereafter the thin film was hydrated with an aqueous tween 80 solution, at a temperature of
60°C (exceeding the lipid phase transition temperature), and was stirred for 30 min at 120 rpm
[8]. Additionally, the hydration process was done for 1 h to ensure adequate swelling of the
nanovesicles. Thereafter, the above aqueous dispersion was sonicated for 10 min using a bath
sonicator, followed by probe sonication ( Vibra cell™ ) with a 3 mm probe at 20 % amplitude,
utilizing a 15-second on and 10-second off cycle for a duration of 1 min [7,9].
5.2.3.Optimization of transferosomes using BBD

In developing transferosomes loaded with TFD or QCN, a systematic QbD approach was
employed. This encompassed the application of the BBD within response surface methodology,
leveraging its robust and advantageous framework [2]. The statistical experimental design of
BBD facilitates the concurrent investigation of multiple factors, enabling the precise
optimization of formulations through a systematic evaluation of quadratic model parameters.
It also aids in constructing efficient experimental models, ensuring a comprehensive
exploration of the design space. Furthermore, BBD plays a crucial role in discerning the

adequacy of the model by identifying lack of fit, enhancing the reliability and accuracy of
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formulation development processes. Furthermore, the design proves instrumental in
circumventing experimentation under extreme conditions, thereby mitigating the potential for
suboptimal responses.

A three-factor, three-level BBD experimental approach was employed for understanding the
effect of independent variables on the formulation of nanovesicles. The independent variables,
including the quantities of PL 90G (A), sodium cholate (B), and tween 80 (C), were chosen to
operate at three distinct levels (+1, 0, -1 representing high, intermediate and low level).
Simultaneously, vesicle size (nm) and entrapment efficiency (%EE) were designated as
dependent variables for the optimization of the formulation. In accordance with initial
investigations, the quantities of PL 90G (A), sodium cholate (B), and tween 80 (C) were chosen
within the specified ranges of 200 to 400 mg, 25 to 55 mg, and 10 to 50 mg, respectively. A
total of 15 experimental runs, including 3 center points, were generated using Design Expert
software version 7.0.0 with the BBD experimental design for TFD and QCN transferosomes.
A batch size of 10 mL was prepared, and all other process parameters were maintained constant
throughout the experiment. In addition to the aforementioned dependent variables,
polydispersity index (PDI), zeta potential (ZP), and % assay were evaluated. The nanovesicles
prepared through the QbD approach underwent further examination for precipitation during
overnight observation.

The main goal of the BBD design is to optimize the composition of transferosomes by
determining the ideal concentrations of PL 90G (A), sodium cholate (B), and tween 80 (C),
using QbD. The 15 runs recommended by QbD were prepared using thin film hydration
method separately for both TFD and QCN transferosomes. Subsequently, the results pertaining
to vesicle size (nm) and EE (%) were assessed and entered into the software for further analysis.
The evaluation of the optimal fitting model involved a comprehensive analysis of experimental
data across various configurations, including quadratic, linear, modified, cubic, and 2-factor
interaction models. This approach allowed a thorough exploration of the data to identify the
most suitable model for the study.

Additionally, the model's significance was determined via ANOVA. The relationship between
independent and dependent variables was visually explored through the utilization of 3D
response plots and 2D contour plots. Polynomial models, comprising interaction and quadratic
terms, were derived for all dependent variables employing a multiple linear regression analysis
(MLRA) methodology. The residual plots were utilized to ascertain the variance between the

theoretical and predicted values. The method operable design region (MODR) was further
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established to get the optimized zone for the formulation. Eventually, formulation optimization
was attained through the utilization of numerical methods and the desirability function.
5.2.4.Characterization of the transferosomes

5.2.4.1. Vesicular size, poly dispersity index (PDI) and zeta potential (ZP) determination
The TFD or QCN transferosomes, prepared through a QbD approach, were characterized for
vesicle size, PDI, and ZP utilizing dynamic light scattering (DLS) with a Zetasizer (Malvern
Instruments, Ltd., UK) after appropriate dilution with Milli-Q water [10].

5.2.4.2. Percent entrapment efficiency (% EE)

The % EE was determined using the dialysis bag method, utilizing a specially crafted snake
skin dialysis membrane composed of regenerated cellulose with a molecular cut-off of 3500
Da (Thermo Scientific, Rockford, USA). The dialysis membrane was first cut into segments
approximately 2.5 cm in length. Subsequently, 500 uL of free drug solution and transferosome
solution of TFD or QCN was introduced into the bag separately, and securely tied at both ends.
The formulation was subjected to dialysis in 100 mL of Milli-Q water, with constant stirring at
100 rpm, for a period determined by the time required to attain a minimum of 90% drug release
from the free drug solution. The experiment typically lasted around 2 h . Afterward, the sample
was filtered using a syringe filter and the free drug was analyzed spectroscopically using a
validated UV- visible spectrophotometric method (Section 4.1), at maximum wavelengths
(Amax) of 280 nm for TFD and 367 nm for QCN. Further, the % EE was calculated using the

following equation 5.1 and the drug loading was calculated using equation 5.2 [11-13].

%EE = Ttotal drug — Tfree drug ---€q 5.1

Ttotal drug

Ttotal drug — Tfree drug

% Drug loading =
Wlipid+surfactant ---€q 5.2
Where, Tiotar arug = Total amount of either TFD or QCN incorporated into transferosomes
Ttree arug = The amount of unbound drug acquired from the filtrate post-dialysis

Wiipia+surfactant= Total weight of lipid and surfactant used in transferosomes

5.2.4.3. Drug content determination
To determine the total drug content, 100 uL of TFD or QCN transferosomes were lysed by
adding 900 pL of methanol, followed by sonication for 10 min. Subsequently, the solution was

centrifuged at 3500 rpm for 15 min, and the supernatant was collected. The above supernatant
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was appropriately diluted and analyzed using a validated UV-visible spectrophotometric
method. The results are represented as a percentage assay [2,14].

5.2.4.4. ATR-IR

The IR spectra of TFD, QCN, blank transferosomes, TFD-loaded transferosomes, and QCN-
loaded transferosomes were obtained using Bruker’s ATR-IR in the range of 4000 to 400 cm™!
[15].

5.2.4.5. In-vitro drug release

The in-vitro drug release studies of free drug solution and transferosomes of both TFD and
QCN were performed using a Franz diffusion cell having a capacity of 30 mL. The experiment
utilized a dialysis membrane with an average molecular weight of 12,000 Da (Himedia, India).
The release media was selected based on the solubility characteristics of both drugs. It was
comprised of phosphate buffer solution (pH 6.8) with 20% acetone. Before starting the
experiment, the membrane was immersed overnight in the release media [14,16]. In order to
carry out the experiment the diffusion cell was filled with media, maintained at a temperature
of 37 £ 0.5°C, under magnetic stirring at 200 rpm. About 500 pL of transferosomes of
individual TFD and QCN was placed on the donor compartment and samples were withdrawn
at predetermined time points (0, 0.5, 1, 2, 4, 6, 8 10, 12 and 14 h) and replaced with same
amount of fresh medium to maintain sink condition. The samples were filtered using syringe
filters and further analyzed by validated simultaneous HPLC method (section 4.2) [17].
5.2.5.Lab scale-up studies

The optimized TFD and QCN transferosomes underwent a laboratory scale-up process,
increasing the batch size from 10 mL to 50 mL. The laboratory scale-up involved a systematic
evaluation of different process parameters to understand their impact on the vesicle size. This
step was crucial in ensuring the transferosomes maintain their optimized properties at a larger
scale. The investigation provided valuable insights into the scalability of the formulations,
guiding future efforts toward potential industrial applications. Table 5.1 delineates the various
process parameters for both 10 mL and 50 mL batch sizes. Subsequently, the prepared
transferosomes underwent further evaluation for vesicular size, PDI, ZP and % EE.
5.2.6.Preparation of TFD and QCN combination transferosomal gel

The optimized composition of TFD and QCN transferosomes was subsequently chosen for the
formulation of the topical gel. The selection of the TFD and QCN combination at a ratio of
1:3.5 was based on the in-vitro cell line study conducted in RAW264.7 cells (Chapter 3).
Carbopol 974P was selected because of its wide range of applicability in topical delivery.

Transferosomes containing TFD and QCN at an equivalent concentration of 0.05% and 0.175%
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respectively, were loaded into the gel formulation. In the preparation process, the required
amount of water was added to transferosomes loaded with TFD and QCN. Subsequently,
Carbopol 974P at a concentration of 0.5 % was added to the above solution under mechanical
stirring at 500 rpm. The Carbopol 974P dispersion was allowed to swell for 15 min to ensure a
uniform dispersion. Finally, the gel was neutralized using a 0.1% NaOH solution, and stirring
was continued until a uniform gel consistency was achieved [18,19].

Table 5.1. Process parameters for preparing transferosomes in 10mL and 50mL batch size

Parameter 10 mL 50 mL
RBF size 50 mL 250 mL
RPM 100 120
Sonication time 10 min 10 min
Probe diameter 3 mm 13 mm
Probe sonication 20 % Amplitude for 1 min 25 % Amplitude for 1 min
(15 sec on, 10 sec off cycle) | (15 sec on,10 sec off cycle)

5.2.7.Evaluation of the combination transferosomal Gel

5.2.7.1 Physical appearance and pH determination

The gel formulation containing TFD and QCN was assessed visually for smoothness,
homogeneity, and clarity. The pH of the gels was measured using a calibrated handheld pH
meter. About 1 gm of gel was taken and dispersed in 9 mL Milli-Q water, and the pH
measurement was taken at room temperature.

5.2.7.2. Drug content determination

To quantify the total drug content in the topical gel, 1 gm of gel was subjected to lysis by adding
9 mL of methanol, followed by sonication for 10 min. The resulting solution was centrifuged
at 3500 rpm for 15 min, and the supernatant was collected [2]. This supernatant was
appropriately diluted and subjected to additional analysis utilizing a validated HPLC method
(section 4.2) [17].

5.2.7.3. Vesicle size, PDI and ZP of combination loaded gel

The combination gel, consisting of 1 gm of TFD and QCN, was dispersed in 10 mL of Milli-Q
water to achieve a uniform dispersion. As mentioned in the earlier section 5.2.4.1, the gel was

analyzed for vesicle size, PDI and ZP.
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5.2.7.4. Rheology

The rheological characteristics of the gel formulation were assessed utilizing a rheometer
(Anton Paar MCR 92, Australia) with flat-faced spindle set to a controlled temperature of 25°C.
This analytical instrument enables precise measurement and analysis of rheological behavior
of gel, including its viscosity, elasticity, and flow properties. By subjecting the gel to controlled
stress and strain conditions, the rheometer provides valuable insights into the gel's structural
integrity, consistency, and response to external forces.

Viscosity and flow curves

The viscosity of the combination gel was initially assessed at a constant shear rate (y) of 10 1/s
at 25°C. The average viscosity of the twenty measurements was taken into consideration for
analysis. The viscosity of the gel was further assessed by measuring it at varying shear rates
ranging from 0.1 to 100 1/s. This evaluation aimed to determine whether the gel exhibits
Newtonian or non-Newtonian flow behavior. To further examine flow characteristics of gel,
flow curves were generated where shear stress (1) was plotted as a function of shear rate (y).
All flow curves were generated using a continuous ramp step, gradually decreasing the shear
rate from 100 to 0.1 1/s with 25 data points being captured [19,20].

Amplitude sweep test

The amplitude sweep test for topical gels evaluates their mechanical stability and viscoelastic
behavior under varying stress amplitudes, providing insights into their performance and
suitability for application. The amplitude sweep test of the prepared topical gel was performed
at angular frequency (®) of 10 1/s. The graph was plotted for the storage (G') and loss (G")
moduli as a function of the imposed shear stress amplitude (ta), ranging from 0.01 to 100 Pa
[19].

Frequency sweep test

The frequency sweep test for topical gels assesses their viscoelastic properties over a range of
frequencies, aiding in the understanding how the gel responds to dynamic conditions, ensuring
its stability and performance during various application scenarios. The frequency sweep test
for the prepared formulations was performed at constant stress amplitude. The graph was
plotted as storage (G') and loss (G") moduli against imposed angular frequency of 0.001 to 100
rad/sec [19].
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5.2.8. In-vitro cell culture studies

5.2.8.1. NO assay

RAW 264.7 cells were utilized for the study of anti-inflammatory activities due to their
established role as a model system for investigating macrophage-mediated immune responses
and inflammatory processes. The cells were maintained in a nutrient media composed of
DMEM with 10 % FBS using an incubator at 37° C with 5% CO; and saturated humidity. The
cells were seeded at a density of 2.5 x 10* cells /well in 12 well plate and incubated for 24 h.
Further, the cells were treated with various concentrations of free TFD (1,2,3 uM), free QCN
(3.5,7,10.5 uM), TFD transferosomes (1,2,3 uM), QCN transferosomes (3.5,7,10.5 uM), free
drug combinational gel and transferosomal combination gel (TFD-1,2,3 uM and QCN-
3.5,7,10.5 uM). After 4 h of incubation, cells were stimulated by LPS at 1 pg/mL for next 18
h. The following day, the cell supernatant was collected and centrifuged at 5000 rpm for 10
min. The supernatant was analyzed for nitrite content using Griess reagent and the absorbance
was measured at 540 nm after 15 min of incubation at room temperature using a microplate
reader. The concentration of nitrite produced was determined using a standard plot of NaNO>
as mentioned the section no 3.4.2.

5.2.8.2. Effect of formulations on the production of TNF-a and IL-6

In RA, TNF-a and IL-6 act as pivotal pro-inflammatory cytokines, actively contributing to the
persistent inflammation and joint damage associated with the condition. Therapeutic
approaches targeting these cytokines are fundamental in RA management, aiming to regulate
the immune response and mitigate symptoms [21-23]. The experiment was carried out
following the procedure detailed in the above section. The supernatant was collected after
centrifugation and analyzed for TNF-a and IL-6 levels using ELISA kit according to the
manufacturer’s protocol. The measurement was taken using microplate reader at 450 nm.
5.2.8.3. Cell viability in HaCaT cell lines

HaCaT cells, that originate from Human Keratinocytes, have been used as a standard model
for assessing the cytotoxicity and potential adverse effects of topical formulated products on
human skin cells. The cells were maintained in a nutrient media composed of DMEM with 10
% FBS maintained in an incubator at 37° C with 5% CO; and saturated humidity. The
cytotoxicity was performed using MTT assay. For assessing the cytotoxicity, 5x10° cells per
well were seeded in a 96-well plate and incubated for 24 h . Following day, the cells were
treated with free TFD (1,2,3 uM), free QCN (3.5,7,10.5 uM), TFD transferosomes (1,2,3 uM),
QCN transferosomes (3.5,7,10.5 pM), free drug combinational gel and transferosomal

combination gel (TFD-1,2,3 uM and QCN-3.5,7,10.5 uM). After 24 h of further incubation
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with various formulations and free drug solution, the media was removed and replaced by 0.5
mg/mL of MTT. After 4 h of incubation, the MTT solution was replaced and formed formazan
crystals were dissolved by the addition of DMSO. The readings were taken after 30 min using
microplate reader at 570 nm with a reference wavelength of 630 nm [24].

5.2.9. Ex-vivo skin permeation and skin retention studies

A comparative ex-vivo permeation study was carried out for the free drug combination loaded
topical gel and transferosomes loaded combination topical gel. The ex-vivo study was
performed using Franz diffusion cell with 20 mL volume and having a diffusion area of 1 cm?.
The release media consisting of phosphate buffer (pH 6.8) with 20 % acetone. The abdominal
skin of the rat was excised, washed with buffer, and positioned on the diffusion cell with the
dorsal side facing towards the donor compartment. Approximately 0.25 gm of the gel was
placed on the donor compartment of the Franz diffusion cell and kept at 300 rpm at room
temperature. The sample was collected at regular time intervals of 0, 2, 4, 8, 12, 16, 20 and 24
h, with replacement of fresh medium. The sample was filtered using a syringe filter of 22um
and analyzed using validated HPLC method (section 4.2) [17]. The amount of drug permeated
per unit skin surface area (ug/cm?) was plotted against time (h). The steady-state flux (Jss,
ng/cm?h) was determined by calculating the slope of the linear segment of the plot using linear
regression analysis.

After 24 h of incubation, the skin samples were thoroughly washed to remove any un permeated
gel and then cut into small pieces. The drug present in the tissue matrix was extracted by adding
methanol, followed by further homogenization for 10 min at 10,000 rpm [25]. Subsequently,
the sample were centrifuged, the supernatant was collected, and the amount of drug deposited
in the skin was determined by analyzing it using the HPLC method [17].

5.2.10. Storage stability

The prepared combinational gel was subjected to stability studies at 4-8°C for 45 days.
Changes in vesicle size, PDI, and ZP were evaluated using DLS according to the procedure
described in section 5.2.4.1 [7].

5.3. Statistical analysis

Each experiment was conducted thrice, and the findings are presented as the mean with
standard deviation. Statistical analysis involved employing two-way ANOVA for in-vitro cell
line studies and ex-vivo permeation studies. One -way ANOVA for ex-vivo skin retention study,

through GraphPad Prism (v 7.0), with significance levels set at p < 0.05.
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5.4. Results and discussion

5.4.1.Optimization of transferosomes by BBD

Transferosomes loaded with TFD or QCN were formulated using the conventional thin film
hydration method. The fundamental structure of transferosomes comprises of phospholipid and
surfactant. PL 90G, that was chosen as the phospholipid, consists of phosphatidylcholine (at
least 94.0%) and lysophosphatidylcholine (not exceeding 4.0 %). This component contributes
to the structural integrity and stability of the transferosome. Its amphiphilic properties facilitate
the formation of flexible lipid bilayers, promoting enhanced permeation through the skin and
ensuring biocompatibility [26]. Tween 80 and sodium cholate were opted as edge activators,
that augmented the deformability and elasticity of nanovesicles. This characteristic enables
them to easily traverse narrow pores, ensuring efficient skin penetration [26,27]. Different
nanovesicles have been documented for topical and transdermal delivery, employing PL 90G,
sodium cholate, and tween 80 [8,14,25]. It has been hypothesized that TFD becomes integrated
into the hydrophobic matrix of the phospholipid bilayer due to its hydrophobicity. On the
contrary, QCN possesses both hydrophobic and hydroxyl groups that renders it an amphiphilic
nature, facilitating its localization within the membrane at the polar—nonpolar interface (Figure

5.1) [28,29].
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Figure 5.1. Transferosomes encapsulating TFD and QCN

In the preliminary trials, the combination of sodium cholate and tween 80 as surfactant yielded
favorable results compared to using either component alone. This could be attributed to the
enhanced interaction resulting from the combination of anionic surfactants such as sodium
cholate with non-ionic surfactants like tween 80 [30]. Further, the composition of the

formulation was optimized through the QbD approach. The initial ranges for PL 90G (200 to
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400 mg) [14], sodium cholate (25 to 55 mg), and tween 80 (10 to 50 mg) were decided based

on the preliminary trials. Concentrations of PL 90G below 100 mg led to inadequate loading,
while concentrations above 400 mg resulted in aggregation [31]. Insufficient concentrations of
tween 80 and sodium cholate resulted in inadequate vesicle formation, leading to suboptimal
entrapment efficiency. An optimal balance of these components were crucial for the formation
of well-structured vesicles with high encapsulation capacity [32]. The remaining process
parameters, including film hydration time, sonication time, and probe sonication, were
optimized through preliminary experimental trials.

A total of 15 experimental trails were conducted in accordance with QbD principles. The

prepared transferosomes loaded with TFD and QCN are represented in Figure 5.2.
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Figure 5.2. Formulations prepared using BBD design a) TFD transferosomes and b) QCN

transferosomes
The vesicle size (nm) and %EE were determined, and the corresponding results are shown in

Table 5.2 and Table 5.3 for TFD and QCN transferosomes, respectively. Apart from the

dependent variables, PDI, ZP and % assay were also evaluated for the prepared transferosomes.
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Table 5.2. BBD experimental design runs and responses for TFD loaded transferosomes

Factor 2
Factor 1 Factor 3
A B C Response Response Zeta Assa
PL 90G Sodium Tween 80 1 Vesicle 2 PDI Potential RY )y
Cholate( size (nm) EE (%) (mV) °
(mg) (mg)
mg)

109.20 + 69.61 £ 0.362 + 374+ 101.42 +

200 33 30 0.14 0.65 0.069 2.97 0.20
158.30 £ 91.16 £ 0.407 + -40 99.03 £

400 40 30 8.49 0.24 0.006 +0.99 0.21
157.70 £ 84.56 + 0.458 + -40.2 £+ 99.89 +

400 33 30 1.41 0.17 0.006 0.57 0.10
80.63 76.61 + 0.267 + 27.1+ 99.49 +

200 25 30 +0.67 0.02 0.001 1.70 0.22
161.90 + 91.13 + 0.495 + -39.75 £ 98.91 +

400 25 30 1.56 0.10 0.027 0.35 0.20
122.05 + 73.10 £ 0.400 + -39.9 + 99.95 +

300 25 10 5.87 0.181 0.005 0.71 0.68
93.51 79.04 + 0.272 + -26.65 + 100.86 +

300 40 30 +0.44 0.89 0.008 0.35 0.28
126.60 + 77.51 £ 0.429 + -40.7 £+ 100.34 +

300 33 >0 1.13 0.54 0.037 5.23 0.47
108.00 + 74.39 + 0374 + -36.9 + 98.77 +

200 40 30 1.41 0.29 0.024 0.71 0.30
93.56 79.94 £ 0.272 + -26.65 + 101.26 =

300 40 30 +0.51 0.40 0.008 0.35 0.98
112.85 + 69.45 + 0.309 + -38.85 £ 99.70 +

200 40 10 2.62 0.13 0.008 1.20 0.10
171.70 = 81.65+ 0.481 + -40.95 + 98.97 +

400 40 10 10.47 0.03 0.034 1.63 0.31
146.05 62.61 £ 0.438 + -39.15 + 99.26 &

300 >3 10 +5.59 0.08 0.029 1.77 0.50
113.85 74.71 £ 0.309 + -36.05 + 98.91 +

300 25 >0 +1.20 0.26 0.008 1.34 0.20
95.87 79.54 + 0.272 + -30.95 £ 100.65 +

300 40 30 +0.07 0.30 0.008 1.06 0.29
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Table 5.3. BBD experimental design runs and responses for QCN loaded transferosomes

Factor 1 Factor2 Factor 3
A So£um C ljeessizfen:fzel Response 2 PDI Pofeeltlitlial Assay
PL 90G Tween EE (%) (%)
(ng) Cholate( 80 (mg) (nm) (mV)
mg)
, - 2 2223+ | 100.
300 55 50 1923;66 f 81?2 fo,og(fs 0.9? io(()).é(t)j
12397+ | 8336+ | 0414= | 2793+ | 100.83
300 25 >0 1.82 0.25 0.029 046 | +£0.34
139.00 + 240 = 409+ | 3500+ .
wo | s | R ST L s | Tom | soes
1.21 88 + 443 = 2873+ | 101.2
200 25 30 ig 18 860?181 00,0132 g.gi 100.75
16333+ | 8416+ | 0446+ | 3153+ | 10041
400 25 30 6.51 0.34 0.076 0.60 | £022
13630+ | 7908 + | 0369+ | -3037+ | 100.50
300 40 30 3.87 0.54 0.044 0.55 | +0.66
134.37 + 44 + 303 + -30.67+ | 100.24
300 40 30 35'1377 780,08 003.(())730 38.461(7) iO(()).SO
13323+ | 8466 + | 0464+ | 3350+ | 99.49
200 40 10 471 0.40 0.017 044 | £0.65
43 £ . + . + -29.80 £ .
N R N s e
158.13 + 424 + 328+ | 3197 | 101,
400 40 10 53'55 ° 0.14 003,031 3O.ZZ i00.18 13
12777+ | 8200 = | 0414= | 3720+ | 99.79
300 33 10 3.55 0.08 0.015 200 | £0.90
7227 8713 £ | 0281 | -2333% |101.20
200 40 >0 L1510 0.16 0.009 0.72 | £0.75
134.77 + 18 + 410+ -29.70 + 91
300 25 10 31.(?57 790.181 00.0?6 (9).22 i9 ?).979
99.13 8337 £ | 0479+ | -3087% | 100.84
200 53 30 £6.94 025 0.017 031 | =077
148.87 + 4= | 0378: | -31.00= |10,
400 40 50 28357 930.17 o.goz 31.06 " 0.2725

The resultant data pertaining to vesicle size and entrapment efficiency were incorporated into

the analytical software for a comprehensive ANOVA analysis (partial sum of squares -type

IIT). This enabled the evaluation of the model's suitability and determination of the significance

of individual variables. The response values obtained from the diverse trial formulations were

integrated into the model matrix, aiming to identify the model that exhibited the most optimal

fit. The quadratic model was determined to be the most suitable fit for the experimental results
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with p > 0.001. The ANOVA statistics summary (indicating the suitability of the model) is
presented in Table 5.4. The lack fit for both the responses was not significant relative to the
pure error.

Table 5.4. ANOVA analysis for prepared transferosomes using BBD design

TFD QCN
Parameter | vesiosise | ROPOmse2 | (SOUC | Response:

(nm) EE (%) (nm) EE (%)

Standard deviation 4.28 1.03 5.28 0.96

Mean 123.52 77.67 125.42 84.49

CV% 3.46 1.33 4.21 1.13
R-squared 0.9922 0.9937 0.9855 0.9839
Adjusted R-squared 0.9781 0.9823 0.9594 0.9549
Pred R-squared 0.8843 0.9055 0.7965 0.9030
Adeq precision 26.853 34.908 21.178 17.860

Furthermore, the p-values corresponding to each influencing factor, that aids in understanding
their impact on the measured responses are mentioned in Table 5.5

Table 5.5. ANOVA analysis for all dependent variables

p-value for TFD p-value for QCN

Source 5::;:;::;1 Response 2 5::;:;:::21 Response 2
(nm) EE (%) (nm) EE (%)
A 0.0001 0.0001 0.0001 0.0064
B 0.0039 0.0008 0.0142 0.0062
C 0.0127 0.0001 0.0005 0.0005
AB 0.0122 0.8413 0.0284 0.0017
AC 0.3635 0.0772 0.0044 0.0169
BC 0.2456 0.0013 0.0666 0.3630
A? 0.0002 0.0006 0.9979 0.0001
B? 0.0042 0.0022 0.0154 0.0293
Cc? 0.0002 0.0004 0.1652 0.0073
Lack of fit 0.1305 0.1138 0.2056 0.8567

5.4.1.1. Effect of independent variables on vesicular Size

The representation of the impact of independent variables on the vesicular size of TFD or QCN
loaded transferosomes are depicted through 3D graphs and 2D contour plots (Figure 5.3 &
5.4). Furthermore, the mathematical model derived using MLRA was expressed in terms of

coded factors, as presented in the following equation (eq 5.3 & 5.4).
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Vesicle size for TFD =+94.67+29.87 A+7.64 B-5.74C-8.19 AB -2.14 AC-2.81 BC+21.63
A?+11.06 B> +21.41 C? ...eq5.3

Vesicle size for QCN =+ 133.10 + 26.94 A—6.89 B -15.02 C -8.06 AB + 12.99 AC -6.18
BC -0.0075 A% -9.92 B -4.47 C? ...eq5.4

In this equation, a positive symbol signifies a synergistic effect of the independent variable on
the response, whereas a negative coefficient indicates an antagonistic effect. The vesicle size
of TFD and QCN was influenced by statistically significant terms (p-value < 0.100). For TFD
transferosomes, significant model terms are A, B, C, AB, A?, B2 and C?, while for QCN
transferosomes, significant model terms are A, B, C, AB, AC, and B?, as outlined in Table 5.5.
The vesicle size of TFD-loaded transferosomes ranged from 80.63 £ 0.67 nmto 171.70 + 10.47
nm, while that of QCN-loaded transferosomes ranged from 72.27 + 1.51 nm to 163.33 + 6.51
nm. The overall data revealed that an increase in the vesicle size of TFD-loaded transferosomes
was associated with an increase in concentrations of PL 90G and sodium cholate. Conversely,
a marginal reduction in vesicle size was observed with an increase in the concentration of tween
80. In the case of QCN-loaded transferosomes, an increase in vesicle size was noted with
increasing concentrations of PL 90G. On the contrary, a slight reduction in vesicle size was
observed with an increase in the concentrations of sodium cholate and tween 80. Additionally,
perturbation graphs were employed as visual representations to analyze the sensitivity of
responses to variations in key factors as represented in Figure 5.7a & 5.7b. A steep slope or
curvature suggested a high sensitivity of the response to changes in that factor, while a
comparatively flat line indicated a lack of sensitivity to the factor. The graphical representation
indicated that factors A and C exhibited a pronounced curvature, while factor B demonstrated
a moderate curvature in relation to the vesicle size of TFD. In the case of QCN, factor A
displays a steeper curve, whereas factors B and C show a moderate curvature.

5.4.1.2. Effect of independent variables on % EE

The impact of independent variables on the % EE of TFD or QCN-loaded transferosomes was
illustrated through 3D graphs and 2D contour plots (Figure 5.5 & 5.6). Additionally, the coded

factors influencing encapsulation efficiency were defined in equation (5.5 & 5.6).

EE for TFD =+ 79.51 + 7.30 A—2.66 B + 3.87C + 0.11 AB + 1.14 AC + 3.32 BC +4.08 A” -

2 2
3.10B?-4.42C .eq5.5
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EE for QCN = +79.48 + 1.53 A+ 1.53 B + 2.74 C +2.94 AB + 1.68 AC + 0.48 BC +5.72 A>
2 2
+1.51B2+2.17C eq5.6

The EE of TFD and QCN were affected by statistically significant terms (p-value < 0.100). For
TFD transferosomes, significant model terms were A, B, C, BC, A2, B%, and C?,while for QCN
transferosomes, significant model terms were A, B, C, AB, AC, A?, B2, and C? as outlined in
Table 5.4. The percentage encapsulation efficiency for TFD-loaded transferosomes ranged
from 62.61 + 0.08% to 91.16 + 0.24%, while for QCN-loaded transferosomes, it spanned from
78.44 + 0.08 % to 93.44 + 0.17%. As indicated by the data, TFD-loaded transferosomes
exhibited an increase in %EE with an increase in concentrations of PL 90G and tween 80, while
a decrease in %EE was observed with an increased concentration of sodium cholate.
Conversely, for QCN-loaded transferosomes, an increase in %EE was noted with elevated
concentrations of PL 90G, sodium cholate, and tween 80. The perturbation graphs depicted in
Figure 5.7¢ & 5.7d illustrate that factor A exhibits a greater curvature, whereas factors B and
C display a moderate slope for both TFD and QCN transferosomes.

Apart from dependent variables, PDI, ZP and % assay for the executed runs were detailed in
Table 1 and 2 for TFD and QCN respectively. The PDI was ranged from 0.267 + 0.001 to 0.495
+ 0.027 for TFD transferosomes and 0.281 + 0.009 to 0.479 + 0.017 for QCN transferosomes
indicating the narrow size distribution of the nanovesicles and negative ZP was observed for
all nanovesicles indicating high stability [33]. The negative ZP exhibited by the vesicles is a
result of the alignment of the negatively charged phosphatidyl group outwardly, while the
choline group is oriented inwardly within the phospholipid head group during the bilayer
formation in the aqueous phase [34].

Out of the 15 experimental runs for both TFD and QCN-loaded transferosomes, the formulation
containing 400 mg of PL 90G demonstrated high entrapment efficiency along with an increased
vesicle size and PDI. Subsequently, it was excluded when selecting the formulation using

numerical optimization.
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Figure 5.3. 3D and contour plots illustrating the impact of factors on the vesicle size of

TFD-loaded transferosomes
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Figure 5.7. Perturbation graph for the effect of factors on a) vesicle size of TFD; b) vesicle
size of QCN; c¢) EE of TFD; d) EE of QCN

5.4.1.3. Model validation and selection of optimized formulation

The validation process of the developed method employed model diagnostics graphs following
QbD principles. The linear correlation plots as depicted in Figure 5.8 exhibited a high degree
of correspondence between the predicted and actual values. This alignment serves as strong
evidence for the validity and efficacy of the developed method.

The numerical and graphical methods were employed for formulation optimization using
Design Expert software. The selection criteria involved maximizing entrapment efficiency
while minimizing vesicle size. The MODR was established and has been visually depicted in
Figure 5.9, with the optimized zone highlighted in yellow color. A flag was used to indicate

the selected composition within this optimized zone.
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Figure 5.8. Linear correlation plots for a) vesicle size of TFD transferosomes; b) vesicle size

of QCN transferosomes; ¢) EE of TFD transferosomes; d) EE of QCN transferosomes
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Figure 5.9. MODR for the a) TFD transferosomes; b) QCN transferosomes
The optimization procedure aimed to achieve a desirability value approaching 1, indicating the

optimal composition. The desirability graphs are represented in Figure 5.10
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Figure 5.10. Desirability graph for a) vesicle size of TFD transferosomes; b) vesicle size of
QCN transferosomes; ¢) EE of TFD transferosomes; d) EE of QCN transferosomes
Subsequently, the final optimized formulation suggested by QbD was prepared using the thin
film hydration method, as described earlier. The optimized composition for TFD-loaded
transferosomes comprised of PL 90G (300 mg), sodium cholate (40 mg), and tween 80 (45
mg). Similarly, for QCN-loaded transferosomes, the optimized composition includes PL 90G
(300 mg), sodium cholate (50 mg), and tween 80 (45 mg). The remaining process parameters
were kept constant. The optimized formulations are shown in Figure 5.11a.

5.4.2. Vesicular size, PDI and ZP determination

The vesicular size of the optimized TFD-loaded transferosomes was found to be 107.80 = 2.68
nm, with a PDI of 0.283 £ 0.008, and the ZP was found to be -32.10 £+ 1.98 mV. Similarly, for
QCN transferosomes the vesicular size was found to be 96.32 + 3.32 nm exhibiting a PDI of
0.289 + 0.005, and the ZP values was determined to be -30.70 + 1.14 mV. The optimized

formulation along with vesicle size and ZP graphs are shown in Figure 5.11 b-e.
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Figure 5.11. a) TFD loaded transferosomes and QCN loaded transferosomes; b) vesicle size
of TFD transferosomes; c¢) ZP of TFD transferosomes; d) vesicle size of QCN transferosomes
and e) ZP of QCN transferosomes

5.4.3.Determination of % EE and % DL

The EE of the optimized TFD transferosomes and QCN transferosomes were found to be 79.92
+ 0.20 % and 89.55 £+ 0.10 %, respectively. The % drug loading of TFD transferosomes and
QCN transferosomes were found to be 2.07 and 3.37 respectively.

5.4.4.Drug content determination

The % assay for all optimized formulations using QbD approach were in the range of 98 to 101
%. For the optimized TFD transferosomes was found to be 99.92 + 0.14 % and for QCN
transferosomes 99.52 £ 0.21 %.

5.4.5. Characterization by ATR-IR

The FTIR spectra of free TFD, free QCN, blank transferosomes, TFD-loaded transferosomes,
and QCN-loaded transferosomes are illustrated in Figure 5.12. The FTIR spectra of TFD
showed characteristic peaks at 3299 cm™ (-NH- stretch of acetamide group), 2220 cm™ (-C=N
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group), 1549 cm™ N-H bending (amide), 1325 cm™ (-CF-bond), 1635 cm™ (- C=0), 1405 (-
C-N stretching) [35]. The FTIR spectra of QCN showed characteristic peaks at 3403 and 3283
cm™! for OH groups stretching, 1360 cm™ (OH bending of phenol), 1664 cm™ (C=0 Aryl
ketonic stretch), 1606, 1555, and 1515 cm™ (C=C aromatic ring stretch), 1314 cm™ (C-H in
Aromatic hydrocarbon), 1262 cm™ (C-O Stretch of phenol) [36]. The FTIR spectra of blank
transferosomes exhibited similarities to both TFD and QCN transferosomes, occurring at
identical wavenumbers. Characteristic bands for TFD and QCN were not detected in the drug-
loaded transferosomes, confirming the encapsulation of TFD and QCN within the

transferosome vehicles.
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Figure 5.12. ATR-IR spectrum for characterization of transferosomes

5.4.6. In-vitro drug release

The drug release profiles of both TFD transferosomes and QCN transferosomes are presented
in Figure 5.13. Within 2 h, 90.25 + 3.845 % of the drug was released from free TFD solution,
while 53.54 + 2.567 % of the drug was released from TFD transferosomes. Notably, TFD
transferosomes demonstrated controlled release up to 10 h, achieving a 91.11 + 2.58 % drug
release. Similarly, in the case of QCN, 87.31 + 4.921 % of the drug was released from free
QCN solution within 2 h, compared to only 31.48 = 1.379 % released from QCN
transferosomes. Notably, QCN transferosomes demonstrated controlled release for up to 12 h,
achieving a 92.69 + 2.098% drug release. Both the TFD and QCN transferosomes displayed

controlled release over an extended period, in contrast to the free drug [25].
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Figure 5.13. In-vitro drug release profile for a) TFD transferosomes and b) QCN
transferosomes (n=3, Mean + SD).

5.4.7.Lab scale-up studies

The lab scale-up investigations involved increasing the batch size from 10 mL to 50 mL for
optimized batch of TFD and QCN transferosomes. The various process parameters for
preparation of transferosomes are detailed in Table 5.3. For the 50 mL batch size, the vesicle
size of TFD transferosomes was determined to be 109.26 + 0.436 nm with PDI 0of 0.281 + 0.006
and a ZP of -30.87 £ 0.31 mV. Similarly, for QCN transferosomes, the vesicle size was
determined to be 103.28 = 1.50 nm, with a PDI 0f 0.282 + 0.004 and a ZP of -33.50 + 0.44 mV.
The % EE was found to be 77.87 + 0.32 % and 88 + 0.20 % for TFD and QCN transferosomes,
respectively. Based on the findings, it can be inferred that there is no significant difference
between the 10 mL and 50 mL batch sizes, thus indicating their suitability for future studies
involving scale-up processes.

5.4.8. Evaluation of TFD and QCN loaded combination transferosomal gel

5.4.8.1. Physical Appearance, pH and drug content determination

The combination gel was translucent, with a pale-yellow color. It had homogeneous texture
with good consistency. The pH of the gel was found to be 5.6 = 0.3, demonstrating
compatibility with the skin which typically ranges from 5.4 to 5.9. The % assay of the gel was
found to be 98.91 = 1.51 % and 99.22 £ 1.71 % for TFD and QCN, respectively.

5.4.8.2. Vesicle size, PDI and ZP of combination loaded gel

The mean vesicle size of transferosomes within the gel was determined to be 113.9 + 7.497 nm

with PDI of 0.288 + 0.242 and ZP of -35.1 + 0.519 mV.
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5.4.8.3. Rheology

Viscosity and flow curves

The topical gel exhibited an average viscosity of 8677.10 + 34.64 mPa at a consistent shear
rate of 10 1/s, (Figure 5.14a), and demonstrated time-independent behavior. The graph (Figure
5.14 b) showed the relationship between apparent viscosity () and shear rate ( y ) for the gel.
It demonstrated a decrease in viscosity as shear rate was increased, indicating a characteristic
non-Newtonian flow, specifically pseudo-plastic or shear-thinning behavior, consistent with
findings reported for carbopol dispersions at a concentration of 0.5 % w/v. The shear flow curve
for shear stress vs shear rate is depicted in Figure 5.14c. The flow curve exhibits the
characteristic Herschel-Bulkley shape, highlighted in orange color, typical of non-Newtonian
fluids [19,37-39].

Amplitude sweep test

The amplitude sweep test was performed to determine the linear viscoelastic region (LVR) of
the material. The elastic nature of the material was measured by G' and viscous nature of the
material was measured by G". The LVR was observed within the low stress amplitude range,
exhibiting consistent moduli for both G' and G" as illustrated in Figure 5.14d. Within the LVR
region, the predominance of G' over G" signifies the gel's elastic behavior. In this region, the
microgels retain their structural integrity, deforming elastically while remaining relatively
stationary within their cages. As soon as the moduli started to decrease (indicated by red color
on the storage modulus), the structure was disturbed till the end of the LVR region, where the
linearity limit, (or yield point) was attained. In this yield zone, the initial structural strength of
the gel diminished, although the sample predominantly retained the properties of solid matter
or a gel. Beyond this, crossover point (known as the flow point) was observed, where G' equals
G" indicating the onset of flow behavior as stress amplitudes increased [19].

Frequency sweep test

The frequency sweep test result for the gel was depicted in Figure 5.14e. It showed that with
an increase in frequency, G' remained relatively constant, whereas there was a slight elevation
in G". Additionally, G' was notably larger than G", which is a characteristic commonly
observed in viscoelastic gels and cross-linked systems.

The rheological assessment suggested that the formulated combination gel exhibited non-
Newtonian flow behavior, particularly featuring shear thinning characteristics. This property
facilitates effortless spreading upon application to the skin, enhancing its usability and

effectiveness. Furthermore, both the amplitude sweep test and frequency sweep test revealed
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the viscoelastic nature of the gel with strong microgel structure. This characterization indicated
that the gel possessed the ability to both store and dissipate energy under varying conditions,

highlighting its potential for stable and effective performance in topical applications.
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Figure 5.14. a) Viscosity at constant shear; b) viscosity at varied shear rate; c) flow curve for
combination gel; d) amplitude sweep test; e) frequency sweep test for combination gel

5.4.9. In-vitro cell line studies

5.4.9.1. NO assay

The effect of free TFD, free QCN, TFD transferosomes, QCN transferosomes, combination
free drug gel, and combination transferosomal gel on NO levels was assessed using Griess
reagent. The results are depicted in Figure 5.15a. Data analysis revealed that incorporation of
TFD and QCN into transferosomal gel led to a significant (p < 0.05) decrease in nitrite levels
compared to the free drug gel at tested concentration ranges. Also, the combination of TFD and
QCN was more effective compared to individual treatment.

5.4.9.2. TNF-0 and IL-6 production in RAW 264.7 cells

The effect of various formulations on production of TNF-a and IL-6 was evaluated in LPS
stimulated RAW 264.7 cells and the resultant data has been represented in Figure 5.15b & c.
The analysis of both figures leads to the conclusion that the inclusion of TFD and QCN in
transferosomes results in a substantial and statistically significant increase (p < 0.05) in the

inhibition of TNF-a and IL-6 in RAW 264.7 cells compared to the free drug. Furthermore, the
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combination of TFD and QCN exhibits a synergistic effect, indicating enhanced efficacy
compared to the individual drugs. This highlights the potential use of transferosomal

combination gel as a promising approach to improve therapeutic outcomes in the management

of RA.
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Figure 5.15. Effect of various formulation on the production of a) NO assay b) TNF-q; c) IL-
6 in RAW 264.7 cells (n=3, Mean £ SD). **** p <(0.0001; *** p <0.001; **p<0.01;*p <
0.05 and ns

5.4.9.3. Cell viability in HaCaT cells

The cytotoxic potential of free TFD, free QCN, TFD transferosomes, QCN transferosomes,
combination free drug gel, and combination transferosomal gel was assessed in HaCaT cell
lines, as depicted in Figure 5.16. The formulation demonstrated comparable cell viability with
no statistical difference (p < 0.05) to that of the free drug, suggesting that the prepared
combination transferosomal gel, along with the excipients, did not induce toxicity in the cell

lines [40].
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Figure 5.16. Effect of various formulation on the cell viability of HaCaT cells (n=3, Mean +
SD). ns- not significant

5.4.10. Ex-vivo skin permeation and skin retention studies

An ex-vivo skin permeation study was conducted using rat skin and the cumulative drug
permeation over a 24 h time period is presented in Figure 5.17a for both the free drug loaded
combination gel and transferosomal combination gel. After a 12 h duration, there was a
significant (p < 0.0001) increase in the amount permeated from the combination
transferosomes-loaded gel when compared to the gel loaded with both the free drugs. After 24
h , the drug permeation through the skin was found to be 11.98 + 0.75 ug/cm? for TFD and
13.52 + 0.81 pg/cm? for QCN from the free drug-loaded gel. In contrast, the transferosomal
loaded gel exhibited higher permeation, with values of 18.72 + 0.49 ng/cm? for TFD and 41.78
+ 0.69 pg/cm? for QCN, respectively. The flux through the skin was determined to be 0.51 +
0.13 and 0.46 + 0.22 pg/cm?/h for TFD and QCN in the free drug-loaded gel, while for the
transferosomal gel, the flux was 0.74 £ 0.02 and 1.54 + 0.13 pg/cm?/h, respectively.

After 24 h , the drug retained in the skin was found to be 1.44 pg/cm? for TFD and 0.17 pg/cm?
for QCN from the gel containing the free drug. In contrast, the transferosomal gel showed
higher retention, with values of 3.16 pg/cm? for TFD and 2.54 pg/cm? for QCN. The
investigation yielded the conclusion that the permeation of TFD and QCN from transferosomes
increased in comparison to free drug-loaded gels as shown in Figure 5.17b. This enhancement
can be attributed to the presence of surfactant in the transferosomes, that contributes to the
flexibility and elasticity of liposomes. Additionally, the smaller size of the transferosomes

further improved permeation of the drugs [41].
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5.4.11. Storage stability

The combinational transferosomal gel was evaluated for vesicle size, PDI, and ZP over a 45-
days storage period, with the results presented in Table 5.6. The findings demonstrated that no

significant changes in these parameters were observed indicating the stability of the gel.

Table 5.6. Stability data for TFD and QCN loaded transferosomal gel

Parameter 0 days 15 days 30 days 45 days

Vesicle size 105.1 +3.27 101.4+2.16 110.7 + 1.83 115.8 £4.15

(nm)
PDI 0.291 £0.003 0.217+0.002 0.301 £0.004 0.288 + 0.004
ZP (mV) 32.65+1.82 34.22+1.06 31.82+0.85 33.72+1.72

5.5. Conclusion

The TFD and QCN transferosomes were successfully optimized using QbD approach
incorporating the BBD with 15 experimental runs. The optimized composition resulted in a
smaller size and enhanced stability, primarily due to the negative zeta potential facilitated by

the incorporation of sodium cholate. Characterization by ATR-IR further confirmed the
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encapsulation of TFD and QCN. The in-vitro release study demonstrated sustained release of
drug from transferosomes up to 10 h and 12 h for TFD and QCN transferosomes respectively.
The optimized transferosomes were successfully loaded into the Carbopol 974P gel and
evaluated. The rheological studies demonstrated that the combination transferosomal gel
exhibits non-Newtonian behavior with shear-thinning properties comparable to those of
Carbopol gels. The anti-inflammatory activity in RAW 264.7 cells demonstrated that the
transferosomal gel was effective in reducing the levels of NO and proinflammatory cytokines
(such as TNF-a and IL-6) levels compared to free drug loaded gel. Additionally, cell viability
studies in HaCaT cells demonstrated the non-cytotoxicity of the formulation and showed
similar cell viability to the free drug. The ex-vivo studies revealed that the combination
transferosomal gel exhibited increased permeation and retention of TFD and QCN compared
to free drug combination loaded gel. This indicates the effectiveness of transferosomal gel in
overcoming major barriers of the skin such as stratum corneum. The storage studies have
confirmed that the transferosomal gel maintains its stability over a period of 45 days. The TFD

and QCN loaded transferosomal gel was successfully prepared and evaluated.
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Chapter 6

6.1. Introduction

The TFD and QCN combination showed synergistic activity in in-vitro cell line studies.
However, it is imperative to assess the efficacy of the topical transferosomal combination gel
in the in-vivo studies. A variety of adjuvants have been utilized to induce arthritogenic signals
in animal models. These include collagen type I or II, lipopolysaccharides, complete or
incomplete Freund’s adjuvant, carrageenan, pristine, formalin, 6-sulfanilamidoindazole, and
squalene. The in-vivo activity of the developed formulations was assessed using the CFA
model, which is a well-established method, and widely used for inducing arthritis in
experimental animals. It contains killed Mycobacterium tuberculosis suspended in mineral oil.
CFA is characterized by a more severe and systemic manifestation when compared with
arthritis induced by adjuvants devoid of antigens. This model mimics several aspects of RA,
making it a reliable system for evaluating the efficacy of potential antiarthritic agents [1,2]. In
this model, localized inflammation is initiated through the administration of CFA into the rat
footpad by subplantar route. Subsequently, there is a notable increase in erythrocyte
sedimentation rate (ESR), blood neutrophil count, and leukocyte count, that is observed
commencing on the fourth day post-CFA injection. Within 1-2 weeks after induction,
hyperalgesia and edema manifest in the ankle and dorsal tarsal region, that is attributed to
extensive neutrophil infiltration and synovial lining proliferation [3]. This cascade stimulates
immune cells to release pro-inflammatory mediators (TNF-a, IL-6, IL-1p, IL-12 and MMP)
and epithelial-neutrophil activating peptide (ENA) in the synoviocytes of the affected joint,
resulting in vasodilation and increased permeability of blood vessels in the paw tissue [4,5].
The formulation of transferosomes incorporating TFD and QCN was optimized using a
systematic QBD approach, aimed at enhancing skin permeability. As demonstrated in section
5.4.10, the transferosomal gel demonstrated augmented skin permeability and retention,
evaluated using rat abdominal skin. Also, the in vitro cell line studies demonstrated
transferosomes exhibited more effective in proinflammatory cytokine inhibition compared to
free drug. So, the primary objective of this study was to assess the effectiveness of a
combination transferosomal gel in reducing arthritic manifestations in a rat model induced
with CFA in comparison to a gel containing free drug combination. Additionally, the
experiment was conducted using two dosage levels (low and high), both individually and in

combination, to evaluate the efficacy of the combination in alleviating arthritic symptoms.
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6.2. Materials and methods

6.2.1. Materials

As mentioned in chapter 3, TFD (99.9 % pure) was obtained as a gift sample from the MSN
Laboratories Private Limited (Sangareddy,India). QCN (> 98 % purity) was purchased from
Yucca Enterprises (Mumbai, India). CFA was procured from Sigma, India. The ELISA Kkits
were purchased from Elabscience (Houston, USA).

6.2.2. Animals

The in-vivo studies were performed as per the protocol (IAEC/RES/33/08) approved by the
Institutional animal ethical committee's (IAEC) guidelines BITS-Pilani, Pilani campus,
Rajasthan. Female Wistar rats weighing 250 + 10 gm were housed in standard laboratory
conditions, maintained at a temperature of 25 + 2 °C and a relative humidity of 55 + 10 %. The
animals were provided with standard laboratory diet and water ad libitum at the central animal
facility (CAF) at BITS-Pilani.

6.2.3. Skin irritation study

Female rats were systematically selected and divided into five experimental groups, with each
group comprising three animals. Group 1 (normal control); group 2 (5 % SLS); group 3
(transferosomal topical gel with 2 mg/kg of TFD and 7 mg/kg of QCN); group 4 (free drug
loaded combination gel with 2 mg/kg of TFD and 7 mg/kg of QCN); and group 5 (blank gel).
The day prior to the experiment, the hairs on the dorsal side of the rats' skin were removed
using a shaver. Subsequently, application sites were visually inspected for erythema. Images
were captured at the end of 48 h after application. After completion of the 48 h time period, a
single animal from each group was scarified, and histopathological analysis was conducted
utilizing hematoxylin and eosin (H&E) staining [6].

6.2.4. Evaluation of antiarthritic activity in CFA induced rat

For the experiment, female Wistar rats were selected and assigned to 16 groups, each

comprising 6 animals, as presented in the Table 6.1.
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Table 6.1. Experimental groups for CFA induced model assessment

Groups Treatment
Group -1 Normal control (arthritis uninduced group)
Group - 2 Disease control group (CFA induced group)
Group - 3 Topical low dose - free TFD gel
Group - 4 Topical low dose - free QCN gel
Group - 5 Topical low dose - free drug combination gel
Group - 6 Topical low dose -TFD transferosomal gel
Group - 7 Topical low dose - QCN transferosomal gel
Group - 8 Topical low dose - combination transferosomal gel
Group - 9 Topical high dose - free TFD gel
Group — 10 Topical high dose - free QCN gel
Group — 11 Topical high dose - free drug combination gel
Group — 12 Topical high dose - TFD transferosomal gel
Group — 13 Topical high dose - QCN transferosomal gel
Group — 14 Topical high dose - combination transferosomal gel
Group - 15 High dose oral TFD solution
Group - 16 Placebo transferosomal gel

Note.

High dose is 2 mg/kg of TFD and 7 mg/kg of QCN
Low dose is 1 mg/kg of TFD and 3.5 mg/kg of QCN
High dose oral TFD is 2 mg/kg

The anti-arthritic efficacy was studied for all treatment groups as mentioned in Table 6.1.
Except for group 1, all animals in each group received a subplantar injection of 120 uL of CFA
into the right hind paw, marking the commencement of the study as day zero. The treatment
regimen commenced on the 7™ day after induction and continued until the 27" day. It involved
topical application of the formulations to the induced paw (for groups 3 to 14 and 16), as well
as oral administration (for group 15) once a day. Throughout the experiment, the animals were
housed in a controlled environment, with unrestricted access to a standard pellet diet and water.

The schematic representation of the in-vivo experimental design is represented in Figure 6.1.
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Figure 6.1. Schematic representation of the in-vivo experimental design

6.2.4.1. Measurements of paw volume

The volume of the right hind paw was measured using plethysmometer (UGO basile) at regular
interval of 0, 4, 8, 12, 16, 20, 24 and 28" day. Changes in the paw volume were determined

using equation 6.1.

paw volume of control—paw volume of test

% Increse in paw volume = x 100 ...eq 6.1

paw volume of control
6.2.4.2. Arthritic score

The scores were assigned to the rats’ right paw in each group based on a scale ranging from 0
to 4: wherein 0 indicated no swelling or erythema, 1 represented slight swelling and/or
erythema, 2 denoted low to moderate edema, 3 indicated pronounced edema with limited joint
use, and 4 signified excessive edema. The scores were noted at regular intervals of 0, 4, 8, 12,
16, 20, 24 and 28™ day.

6.2.4.3. Determination of pro-inflammatory cytokine level in serum

Blood samples were collected on the 28" day of the experiment from all groups and allowed
to clot for some time. Then centrifuged at 10,000 rpm at 4 °C for 15 min. The obtained serum
was analyzed for TNF-a and IL-6 levels using an ELISA kit, following the manufacturer’s
protocol [7].

6.2.4.4. Determination of pro-inflammatory cytokine levels in paw tissue

After the 28" day, the animals were euthanized, and paw tissues were harvested from each
experimental group. The harvested tissues were rinsed with ice-cold phosphate-buffered saline
(PBS). Following this, the paw tissue was diced into small fragments, homogenized for 10 min,
and then centrifuged at 10000 rpm for 15 min. The resulting supernatant was then utilized for
the analysis of pro-inflammatory cytokine assessment, specifically TNF-a and IL-6, employing

an ELISA kit (Elabscience), in accordance with the manufacturer’s protocol [7].
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6.2.4.5. Radiographic analysis

For radiographic evaluation, one animal from each group was euthanized, and the right paw
with the ankle joint was collected specifically for X-ray imaging for detailed examination of
joint structure and any potential abnormalities.

6.2.4.6. Histopathological observation of rat paw tissue

After completion of study, one animal from each group was euthanized, and the ankle joint of
the right hind paw was dissected for histopathological examination. The dissected samples
were stored in 10% formalin solution until further processing. Subsequently, the tissues were
embedded in paraffin wax to create solid blocks. The blocks were sectioned into 5 mm thick
slices using a microtome and stained with Masson's trichrome stain. Imaging was performed
using a compact light microscope (Zeiss). The assessment involved analyzing the level of

collagen deposition in the rat paw tissue [8,9].

6.2.4.7. Histopathology of the liver

Following the 28-day study period, one animal from each group was euthanized, and liver
tissue samples were obtained. These samples were rinsed with ice-cold PBS saline, prepared
for histopathological examination as described above. The samples were then stained using
H&E. The assessment criteria for liver sections involved observing fibrous connective tissue
proliferation (FCP), inflammatory cell infiltration (IC), and portal inflammation (PI) [10].

6.3. Statistical analysis

Each experiment was conducted thrice, and the findings were presented as the mean with
standard deviation. Statistical analysis involved employing two-way ANOVA for in-vivo paw
volume and arthritic score measurement; one-way ANOVA for in-vivo serum sample and
plasma tissue analysis for evaluation of pro-inflammatory cytokine through GraphPad Prism
(v 7.0), with significance levels set at p < 0.05.

6.4. Results and Discussion

6.4.1. SKkin irritation study

To assess the compatibility of the topical gels, a 48 h skin irritation study was conducted. The
study involved observing skin reactions before and after application to different treatment
groups. The images were captured 48 h after application and are presented in Figure 6.2 for
visual comparison. No signs of edema and erythema were observed in all groups except group

2 (5% SLS group).
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Figure 6.2. Images of in-vivo skin irritation study for topical formulations taken after 48 h.
(Black arrows indicates erythema and edema).

After 48 h of application, skin samples were evaluated for histopathological observations, and
the corresponding images are presented in Figure 6.3. The epidermal layer exhibited a thin
structure, as observed in group 1 (normal control) with no evidence of necrosis. A similar
pattern was noted in group 3 (transferosomal topical gel with 2 mg/kg of TFD and 7 mg/kg of
QCN); group 4 — (free drug loaded combination gel with 2 mg/kg of TFD and 7 mg/kg of
QCN); and Group 5 (blank gel). On the other hand, group 2 (5 % SLS) displayed a damaged
epidermal layer along with necrosis. This suggests that the prepared topical formulations are

safe for use without any observed indications of skin irritation.

Figure 6.3. Histopathology images for in-vivo skin irritation study. (Black arrows indicate
dermal damage, green arrows indicate necrosis).
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6.4.2. Antiarthritic activity

6.4.2.1. Measurements of paw volume
The antiarthritic activity was assessed in the CFA-induced rat paw edema model. The data

illustrating the percent increase in paw volume for all groups are depicted in Figure 6.4. A
significant increase (p < 0.05) in paw volume after four days post-induction with CFA was
observed in all groups with the exception of group 1. Subsequently, in the CFA induced group
(group 2), progressive increase in paw volume was observed, reaching exacerbation after 12
days and continuing until the end of the 28-day period. This was accompanied by noticeable
swelling and fissures with paw volume of 70.72 + 1.27 %. Following this, placebo gel treated
group (Group 16) also showed increase in paw volume of 59.31 + 3.34 %, although less
pronounced compared to group 2.

The free QCN gel at low and high doses (group 4 and 10) exhibited an increase in paw volume
compared to the QCN transferosomal gel (group 7 and 13), that can be attributed to the
enhanced permeability achieved by encapsulation into transferosomes. Similar trends were
observed with the free TFD gel at low and high doses (group 3 and 9) and the TFD
transferosomal gel (group 7 and 12).

The high dose oral TFD group (group 15) exhibited a higher paw volume, measuring 29.59 +
3.08 %, compared to the same dosage administered through topical TFD transferosomal gel
(group 12), with a paw volume of 23.37 + 2.60 % at the end of 28™ day. This suggests that
topical administration leads to a more significant reduction (p < 0.0001) in paw volume at
equivalent dosages, likely owing to its localized effect.

The TFD and QCN combination transferosomal gel, administered at both low (group 8) and
high doses (group 14) demonstrated a notable reduction in paw volume compared to
monotherapy, indicating the efficacy of combination therapy. Particularly, the high-dose
combination transferosomal gel, (group 14) exhibited a statistically (p < 0.001) more
substantial decrease in paw volume (14.19 = 4.10 %) compared to low dose combination
transferosomal gel (25.53 £2.853 %).

The low dose TFD and QCN combination transferosomal gel (group 8) exhibited a paw volume
of 25.53 £ 2.853 %, whereas high dose oral TFD solution (group 15) exhibited a paw volume
of 29.59 + 3.08 %. There was no statistically significant difference observed between both
groups at the end of 28™ day. This suggests that achieving the same activity may be possible
with a low-dose combination gel compared to a high-dose oral TFD, indicating the potential

for dose reduction
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Figure 6.4. Effect of different treatment groups on paw volume (n = 6, mean + SD,)

6.4.2.2. Arthritic Score

The arthritic index quantifies the severity of joint inflammation by assessing the scores of the
paws following arthritis induction. Figure 6.5 illustrates the arthritic scores assigned to all
groups. After fourth day of induction, the arthritic score increased for all groups except group
1, indicating the onset of a proliferative phase characterized by inflammation, hyperplasia, and

macrophage activities within the synovial membrane.
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Figure 6.5. Effect of different treatment groups on arthritic score (n = 6, mean + SD)
The arthritic score for CFA induced group (group 2) was found to be 3.83 & 0.54 at the end of
28" day. The score was reduced to 1.67 £ 0.32 and 0.83 + 0.21 for low dose (group 8) and high
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dose TFD and QCN combination transferosomal gel (group 14) respectively. The results

revealed a statistically significant difference between the CFA control group and the high-dose
combination transferosomal gel (group 14), resulting in a reduction in arthritic manifestations,
including paw volume, erythema, redness, and swelling.

6.4.2.3. Determination of pro-inflammatory cytokine level in serum and paw tissue

The concentrations of pro-inflammatory cytokines namely TNF-a and IL-6, were assessed
using ELISA, and the findings are presented in the corresponding Figure 6.6a & b for serum

and Figure 6.6¢ & d for paw tissue, respectively.
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Figure 6.6. Impact of various formulations on serum levels of a) TNF-a; b) IL-6 and impact
on paw tissue levels of ¢) TNF-a; d) IL-6 in rats (n =3, mean £ SD).
One way ANOVA **** p <(.0001; *** p <0.001; ** p<0.01; * p <0.05
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The results suggest that the encapsulation of drugs within nanovesicles enhanced their
inhibitory efficacy against TNF-a and IL-6 in the in-vivo studies. Compared to free drug loaded
gel at both low (group 3, 4, 5), and high doses (group 9,10,11), all the transferosome loaded
gel at similar dose exhibited more inhibitory activity in groups 6,7,8, 12,13 and 14. Also, the
combination of TFD and QCN transferosomal gel in group 8 and 14 exhibited statistically
significant (p < 0.0001) decrease in the TNF-a and IL-6 levels compared to individual
transferosomal gel, as observed in both serum and paw tissue.

The administration of a high dose oral TFD group (group 15) led to a notable decrease (p <
0.001) in TNF-a and IL-6 levels in serum compared to TFD transferosomal gel at an equivalent
dose (group 12). Conversely, compared to oral administration of TFD (group 15), topical
application of TFD transferosomal gel at the same dose (group 12) demonstrated a statistically
significant (p < 0.0001) reduction in pro-inflammatory cytokine levels in paw tissue. These
findings indicate that topical delivery offers an effective approach for mitigating the levels of
pro-inflammatory cytokines compared to oral administration at equivalent dosages in local
tissue, by directly targeting the affected area.

6.4.2.4. Radiographic analysis

Radiographical analysis enabled the observation of joint space reduction and soft tissue
inflammation in the CFA-induced model. Figure 6.7 includes X-ray images obtained after
treatment accompanied by rat paw images. Analysis of the data demonstrated a more
pronounced joint space reduction and increase in soft tissue inflammation in the CFA induced
group (group 2) and the placebo transferosomal gel (group 16). Similar trends were noted in
the groups administered with the free TFD and QCN gel (group 3, 4, 5, 9, 10, 11). No joint
space reduction or soft tissue inflammation was observed in the normal control group (group
1), and comparable findings were noted in the high dose TFD and QCN combination
transferosomal gel (group 14) compared monotherapy, indicating the efficacy of topical

combination therapy for the treatment of RA.
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Figure 6.7. Rat paw and x-ray images following 28 days of treatment in CFA-induced model;
(orange arrow indicates the inflammation in soft tissue and blue arrow indicates the reduction

in joint space)
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6.4.2.5. Histopathological observation of rat paw tissue

Histopathological analysis of the paw tissue was conducted using Masson’s Trichome staining,
and representative histopathological images were presented in Figure 6.8. The blue color
observed beneath the epidermis signifies the presence of collagen fibrils, while the red staining
indicates the presence of cytoplasm, red blood cells, and muscle tissue. The extent of blue-
colored collagen (indicated by a black arrow) corresponds to the relative quantity of total
deposited collagen fiber, reflecting various processes including collagen synthesis,
degradation, and remodeling. The data clearly indicate that collagen deposition was
significantly higher in group 2 and 16 compared to the normal control group (group 1).
Collagen deposition was found to be higher with both low and high doses of free drug-loaded
gel (group 3,4, 5,9, 10, 11) compared to the gel loaded with transferosomes (group 6, 7, 8, 12,
13, 14). Group 14 exhibited a lower level of collagen deposition, and it was comparable to
group 1. Furthermore, in comparison to the groups 12 and 13, the combination transferosomal
gel (group 14) demonstrated a more pronounced decrease in collagen deposition. This
highlights the effectiveness of the high dose transferosomal combination gel in attenuating

collagen deposition for the treatment of RA.

Figure 6.8. Histopathology of rat paw tissue stained by Masson’s trichome stain. (The black

arrow indicates the collagen fibrils thickness.
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6.4.2.6. Histopathology of the liver
The histopathological images using H&E staining were shown in Figure 6.9. At the end of the

study, the alteration in hepatocellular structure was evaluated following treatment with various
formulations. The data revealed that the normal control group (group 1) exhibited normal
hepatocellular structure, while CFA control group showed minor portal inflammation (PI). The
high dose oral TFD group (group 15) exhibited notable fibrous connective tissue proliferation
(FCP), inflammatory cell infiltration (IC), and portal inflammation (PI) as similar to reported
by Pandey et al. 2021. However, at an equivalent dosage of groups 12 and 14, no evident signs
of changes in hepatocellular structure were observed, indicating superiority over other
treatment groups. TFD has been documented to induce significant hepatotoxicity upon oral
ingestion [11]. However, in our investigation, administering TFD at equivalent dose via both
oral and topical routes revealed that oral ingestion elicited minor alterations in hepatocellular
morphology, while topical application of TFD in transferosomal gel formulation did not

produce discernible changes in histopathology of the liver [12].

Figure 6.9. Histopathology of rat liver stained using H&E. CV — Central Vein; FCP —

Fibrous Connective tissue Proliferation; IC — Inflammatory cell Infiltration
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The in-vivo anti-arthritic activity in the CFA model was assessed for various parameters
including paw volume, arthritic score, X-ray analysis, inhibition of proinflammatory cytokines
in serum and paw tissue, and histopathological examination of paw and liver tissue. The
findings indicated that the transferosomal gel demonstrated greater efficacy compared to the
gel loaded with free drug. This highlights the advantage of employing nanocarriers to enhance
permeability for therapeutic applications. The enhanced permeability of transferosomes can be
attributed to their smaller size and negative ZP, which aligns with findings by Miatmoko et al.
2022, observed increased skin permeability with the use of anionic surfactant sodium cholate
due to the negatively charged nature of the stratum corneum. Additionally, the minimal
interaction of transferosome vesicles with the skin layer facilitates easier diffusion of
encapsulated active ingredients into deeper skin layers [13,14].

Furthermore, the combination of transferosomal gel at both low and high doses demonstrated
increased anti-arthritic activity compared to monotherapy. This was due to the combined effect
of TFD and QCN. The TFD functions by inhibiting DHODH and has also been reported to
inhibit the NF-kB pathway [15]. Similarly, QCN has been reported to inhibit the differentiation
of TH17 cells, which are implicated in RA pathogenesis and joint inflammation. Additionally,
QCN has been reported to inhibit NF-xB, adenosine deaminase, MAPK [16]. Therefore, the
collective impact of both compounds targeting multiple pathways may provide improved anti-
arthritic activity. Zhang, Y et al. 2014 reported similar findings, where the combination of TFD
and diclofenac showed enhanced anti-inflammatory effects in Wistar rats induced with CFA
[9]. Likewise, Haleagrahara et al. 2018 demonstrated that the combined effect of QCN and
methotrexate exhibited notable anti-inflammatory activity in Chicken type II collagen induced
C57/BL6 mice.

High-dose oral administration of TFD at 2 mg/kg (group 15) resulted in a similar inhibition
of paw volume and arthritic score with the low dose combination transferosomal gel at TFD-
1 mg/kg and QCN-3.5 mg/kg (group 8). This suggests that topical administration of
combination transferosomal gel allows for dose reduction, potentially minimizing systemic
side effects associated with oral dosage through localized action. Also, topical administration
resulted in a slight reduction of proinflammatory mediators in paw tissue compared to oral
administration, indicating a localized action which may reduce systemic exposure to the drug.
This may be due to the deposition of more amount of drug at the local tissue [17].

The histopathology of the liver showed minimal changes in hepatocellular structure following
oral administration of TFD. In contrast, no such alterations were observed with topical

transferosomal gel administration at an equivalent dose. Similar findings were observed by
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Cao, Y., et al. 2019, where oral administration of TFD led to increased inflammatory cell
infiltration, but this effect was absent in topical TFD microemulsion. Additionally, Pandey, S.,
et al. 2022, reported similar observations, where oral Aubagio® resulted in portal inflammatory
reaction in liver histopathology. Hepatotoxicity may occur due to high systemic exposure to
TFD. However, topical administration results in reduced or no toxicity, likely due to lower
systemic exposure to TFD. Roth et al. 2011, also found that applying diclofenac topically is a
viable alternative to oral NSAIDs, resulting in lower systemic exposure. Oral NSAID use was
associated with increased liver enzymes and creatinine levels, along with greater decreases in
creatinine clearance and hemoglobin compared to topical administration [18]. Thus, topical
application presents a potential means to decrease systemic drug exposure.

In summary, the increased effectiveness of the topical transferosomal gel in treating arthritis
may stem from its direct diffusion into local tissue, as governed by Fick's law of diffusion [19].
Hagen et al. 2017 noted that relatively low systemic absorption occurs through dermal
microcirculation after topical application [20]. Additionally, Bae et al. 2016 found higher
concentrations of the TFD in synovial tissue compared to non-application sites in in-vivo
micropig knee joint tissue deposit studies [21]. Similarly, Shinkai et al. 2011 reported direct
diffusion of ketoprofen into skin and joint tissue after topical application [22]. Collectively,
these findings suggest that the topical approach could be effective for localized treatment of
RA.

6.5. Conclusion

The in-vivo efficacy studies in CFA-induced rat paw edema model illustrated the effectiveness
of the combination transferosomal gel in reducing paw volume and mitigating other arthritis
manifestations. Additionally, liver histopathology showed minimal hepatocellular structural
changes with oral TFD administration, contrasting with topical TFD administration. The study
concluded that the combination of TFD and QCN transferosomal gel holds promise for the
effective treatment of RA through localized delivery by direct diffusion, and allows for the

potential dose reduction of TFD. Consequently, it may alleviate systemic side effects.
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Summary and conclusion

The intricate cascade of immune-mediated processes culminates in the progressive
deterioration of joint integrity and subsequent functional impairment observed in RA. Effective
management of RA necessitates a combination therapy approach to address its diverse
underlying pathways comprehensively. Various reports have been documented for the
effectiveness of combining synthetic molecules with natural products for RA management.
TFD belongs to the synthetic DMARDs and the first line of choice for the treatment of RA.
Natural products have also been documented to demonstrate anti-inflammatory and anti-
arthritic properties by interfering with multiple pathways involved in the pathogenesis of RA.
In the present investigation, the combination of TFD with various natural products such as
ANG, QCN, RES, RUT, and TAN IIA underwent screening for synergistic effect analysis in
in-vitro RAW?264.7 cells. Based on the inhibitory activity observed on NO production, pro-
inflammatory cytokines, and ROS measurement, the combination of TFD and QCN exhibited
significant synergistic activity with low CI value compared to all tested combinations and thus
was selected for further investigation. Due to severe hepatotoxicity and systemic effects linked
to oral administration of TFD, and the low solubility and poor bioavailability associated with
QCN, topical administration via transferosomes was selected with the aim to enhance
permeability and achieve localized action. For the analysis of TFD and QCN, a simple and
cost-effective  UV-visible spectrophotometric method was successfully developed for
simultaneous estimation using the absorption factor method. Additionally, a simple and rapid
HPLC method was developed utilizing the QbD approach incorporating CCD. The developed
method underwent validation in accordance with ICH guidelines.

The TFD or QCN transferosomes were successfully optimized using QbD approach
incorporating the BBD with 15 experimental runs. The optimization of the method was
accomplished using numerical and graphical methods, including desirability graphs and
MODR. The optimized composition for TFD loaded transferosomes comprised of PL 90G (300
mg), sodium cholate (40 mg), and tween 80 (45 mg). Similarly, for QCN-loaded
transferosomes, the optimized composition included PL 90G (300 mg), sodium cholate (50
mg), and tween 80 (45 mg). The optimized composition resulted in a smaller size and enhanced
stability, primarily due to the negative zeta potential facilitated by the incorporation of sodium
cholate. ATR-IR characterization studies confirmed the encapsulation of the drug within the
transferosomes. The in-vitro release study showed sustained release from transferosomes,
achieving 91.11 + 2.58 % release in 10 h for TFD and 92.69 + 2.098 % in 12 h for QCN. In

contrast, the maximum drug release from the free drug solution observed within 2 h. The TFD
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and QCN transferosomes were loaded into Carbopol 974P at a ratio of 1:3.5 based on in-vitro
cell line studies. The rheological studies revealed the non-Newtonian flow behavior of the gel,
characterized by shear thinning properties. Additionally, both the amplitude sweep test and
frequency sweep test demonstrated the viscoelastic nature of the gel, highlighting a robust
microgel structure. The combination of transferosomal gel exhibited significantly (p < 0.001)
greater inhibitory activity against NO, TNF-a and IL-6 in in-vitro RAW 264.7 cells compared
to free drug loaded gel. Furthermore, the MTT assay conducted on HaCaT cell lines indicated
that the incorporation of TFD and QCN into the transferosomal gel did not affect cell viability,
suggesting the non-toxicity of the excipients used. Also, ex-vivo studies revealed significantly
enhanced permeation (p < 0.0001) compared to the free drug, indicating effectiveness in
crossing the major epidermal barrier of the skin.

Skin irritation studies in female Wistar rats indicated compatibility of the prepared
transferosomal gel with the skin. This was further confirmed by histopathological analysis of
skin samples showing no signs of irritation. Efficacy studies in the CFA-induced paw model
was successfully developed and conducted over 28 days with the treatment regimen initiated
from 7" day after induction and continued till 27" day. Paw volume and arthritic score
measurements taken at regular time intervals throughout the study period revealed the greater
inhibitory activity of the transferosomal combination gel compared to the free drug-loaded gel.
Similarly, from the X-ray analysis, NO inhibition, proinflammatory cytokines inhibition in
serum and paw tissue, and histopathological examination of paw tissues revealed the efficacy
of transferosomal combination gel in treating CFA-induced model. This may be attributed to
the enhanced penetration facilitated by using transferosomes. Additionally, the enhanced
activity observed in the combination gel may be attributed to the combined effects of TFD and
QCN, that target multiple pathways. TFD is reported to act by inhibiting DHODH and has also
been reported to inhibit the NF-kB pathway. Similarly, QCN has been reported to inhibit the
differentiation of TH17 cells and to inhibit NF-kB, adenosine deaminase, and MAPK.

In animal studies oral administration of TFD caused slight hepatocellular alterations, while
topical TFD transferosomes showed no such changes in liver histopathology. Also, inhibition
of proinflammatory cytokine levels in serum was greater with oral TFD compared to topical
application, whereas contrasting results were observed in paw tissue. This could be attributed
to localized action, that potentially may reduce systemic levels of the drug. Moreover, the low-
dose combination transferosomal gel exhibited similar activity compared to the high oral dose
TFD solution, as evidenced by paw volume and arthritic score measurements. The

comprehensive study concluded that the combination of TFD and QCN transferosomal gel
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holds promise for the effective treatment of RA through localized delivery by direct diffusion,

and may reduce the systemic side effects by allowing for a dose reduction of TFD.

Future perspectives

Following studies based on the present outcomes can be planned

>

The mechanism underlaying the synergy activity of TFD and natural products can be
further evaluated using molecular level experimental studies of various markers

The prepared transferosomes requires further commercial scale-up and toxicity studies
Further in-vivo studies are necessary in guinea pigs and rabbits to determine the
concentration at the site of action

The developed TFD and QCN combination-loaded transferosomal gel can be further
investigated in clinical studies

The developed transferosomal combination gel can be extended for delivery through

other routes, such as the intra-articular
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