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Navigating rheumatoid arthritis: insights into
ligand-anchored nanoparticle strategies for
anti-inflammatory therapy and relief

Shriya Karmarkar, Trinette Fernandes, Zainab Choonia, Sankalp Gharat and
Sujata Sawarkar 2 *

Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease that primarily affects the synovial
joints, causing substantial physical impairment, socioeconomic challenges and, in severe cases, death.
Symptoms often appear between the ages of 35 and 60, with varying severity caused by periods of remis-
sion and exacerbation. In addition, children under the age of 16 might develop juvenile rheumatoid arthri-
tis (JRA). According to a 2021 CDC poll, the World Health Organization estimates that 14 million people
worldwide suffer with RA, with 0.92% of India’s adult population afflicted. Non-steroidal anti-inflammatory
drugs (NSAIDs), synthetic disease-modifying anti-rheumatic drugs (SDMARDs), and biological DMARDs
are among the current therapeutic interventions. However, these therapies frequently exhibit limitations
such as systemic side effects, short biological half-lives, erratic absorption, and frequent dosing regimens.
Recent advances in ligand-based nanotechnology have introduced ligands such as folic acid and sialic
acid that improve the targeted delivery when conjugated with nanoparticles. This approach has demon-
strated efficacy in improving therapeutic outcomes while alleviating the side effects associated with con-
ventional drug delivery systems. This review highlights the key molecular targets in RA, including T cells, B
cells, and TNF-a, while exploring novel ligand-based active targeting strategies as innovative therapeutic
avenues. Furthermore, it gives in-depth insights into critical molecular targets and their corresponding
ligands, emphasizing the rising importance of ligand-based nanotechnology in the development of tar-
geted drug therapy for autoimmune illnesses such as RA. The findings show the potential for these
technologies to revolutionize RA therapy by improving medication specificity and reducing side effects via
precise novel targeting mechanisms.

loss, and adaption costs, in order to keep employees with RA
in the workforce.” Intangible expenses such as quality of life

Rheumatoid arthritis (RA) is a systemic chronic autoimmune
disease that affects women more than men, because women
have more reactive immunity than men and it appears that
hormones influence the risk of possible flare-ups. It is also
most common in the elderly." The prevalence of RA in India
varies from 0.28 to 0.7 percent. RA is a chronic and disabling
condition that affects around 2% of individuals in North
America. Work disability is common early in the disease’s
course, with 20%-35% of people discontinuing working
within 2-3 years. Employers must cover direct healthcare
expenditures, such as medicine costs, job loss, productivity
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(QOL) and early death bring the overall RA cost to $39.2 billion
per year. A model created by Kobelt et al. discovered that
overall expenses were highly connected with health assessment
questionnaire responses, with the exception of expenditure
associated with short- to medium-term work absences. In
Sweden, indirect expenses were significantly greater as fewer
patients remained in employment. On similar lines, Matzel
et al. discovered that the economic costs associated with
RA far outweigh those associated with osteoarthritis, hyper-
tension, and combined osteoarthritis and hypertension.
Comorbidities demonstrated a substantial relationship with
illness expenses, and overall healthcare expenditure in patients
with RA and concomitant depression and/or cardiovascular
disease was considerably greater than in those with RA only.
Multiple studies have suggested the relationship between
lower socioeconomic status and worse disease outcomes.’
While drug costs constitute a major part of the direct costs
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associated with RA, studies also show that biological drugs
lead to patients retaining employment, improving work ability
and reducing indirect costs." Genetic and environmental
factors, geographical location, and socioeconomic status of
patients play a vital role in this disparity in prevalence.” In
addition to environmental factors, lifestyle and epigenetic
factors also contribute to the pathogenesis of RA. Although the
exact pathogenesis of RA is uncertain, numerous pathways and
key inflammatory mediators that contribute to the develop-
ment of the disease have been established. The synovial mem-
brane of RA patients shows the aggravated accumulation of
antigen-presenting cells such as macrophages, dendritic cells,
and activated CD4+ T cells which secrete inflammatory
markers interleukin-2 (IL-2) and interferon-o (IFN-at).>” T cells
secrete interleukin-17 (IL-17), which in turn stimulates macro-
phage and fibroblast-like synoviocyte activity, causing inflam-
mation. T cells contribute to the receptor activator for the
nuclear factor k B ligand (RANKL) pathway, which leads to acti-
vation of osteoclasts and results in bone destruction.® By pro-
ducing cytokines, antibodies, and auto-antibodies, B cells
further aid in the pathogenesis and progression of RA. There
are various cellular pathways such as the RANKL/RANK
pathway, light chain enhancer nuclear factor kappa of acti-
vated B cells (NF-KB) signaling pathway, and mitogen-activated
protein kinase (MAPK) pathway that cause the progression of
RA.° Due to these cellular changes at an early stage of the
disease, the distal interphalangeal and metacarpophalangeal
joints of the wrist and hands, and tiny joints of the foot, par-
ticularly the metatarsophalangeal joints, are affected. As the
disease progresses, other features that are observed are “swan
neck” (distal interphalangeal joint flex and the proximal inter-
phalangeal joint is hyperextended), “boutonniere deformity”
(the condition is opposite to the swan neck condition),
“deformities of the thumb” and “ulnar deviation” (hands
deviated medially).'® Furthermore, the disease also affects the
other body organs like the lungs, heart, and brain by increas-
ing the chances of heart disease and stroke in RA patients."!
Currently, there are several therapies available to treat the
disease progression and mitigate the pain associated with it,
categorized as first-line, second-line and third-line therapy.
The first-line therapy includes NSAIDs, often prescribed to
reduce pain and inflammation. However, these drugs are
prone to side effects such as gastric irritation and allergic reac-
tions, and their long-term use can lead to liver and kidney
damage.'® The second line of treatment includes DMARDS,
which are disease-modifying antirheumatic drugs. DMARDs
like leflunomide, methotrexate, hydroxychloroquine, and sul-
phasalazine slow down the progression of RA by suppressing
the immune systems via different molecular targets.
Suppression of the immune response due to extensive use of
DMARD:s increases the risk of mycobacterial infections such as
tuberculosis and histoplasmosis, and other opportunistic
pathogenic infections, such as aspergillosis, listeriosis, and
nocardiosis. The third-line treatment includes bDMARDs. The
FDA has approved several bDMARDs for the treatment of RA in
the past 20 years as shown in Table 1. These drugs have a tran-
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sient biological half-life and therefore their frequent dosage
often leads to lower patient compliance."®> Moreover, these
drugs cause compromised immunity, which can lead to other
serious infections like tuberculosis. It is therefore necessary to
develop a medication that specifically targets and inhibits the
mediator responsible for inflammation. In order to address
some of the drawbacks and combat the side effects of conven-
tional therapy, as discussed in the following sections research-
ers are envisaging the potential of nanotechnology-based strat-
egies. Nanocarriers increase bioavailability at the site of
inflammation, thus reducing the required dose and associated
side effects. Additionally, nanocarriers enable sustained
release of the active moiety.'*+0

2. Immunopathogenesis and
rheumatoid arthritis risk factors

In rheumatoid arthritis, immune cells migrate to the inflam-
matory site and interact with local synoviocytes. This contact
produces cytokines, which stimulate immunological and
mesenchymal cells and enhance their release. Monocytes
release IL-6 and IL-1P, promoting Th17 differentiation. Th17
cells secrete IL-17, which leads to chronic inflammation by sti-
mulating synoviocytes to create IL-6 and monocytes to produce
IL-1 and TNF. IL-1 and TNF stimulate synoviocytes to create
IL-6 and GM-CSF, which synergize with IL-17 and boost IL-6
production.”® Synoviocytes release 1L-6, which promotes hyper-
plasia. IL-6 stimulates Th17 cells, which generate IL-17. In
addition, IL-6 acts on osteoblasts, causing bone degradation.
Cytokines stimulate synoviocytes, causing them to produce
chemokines that recruit leukocytes and increase the inflamma-
tory response. Matrix metalloproteinase (MMP) production
also promotes cartilage degradation. Cell contacts and cyto-
kines control cytokine production and maintain a pro-inflam-
matory state.”® Environmental triggers for RA include
smoking, airborne agents, and infections, as well as host-
related factors such as inheritance, autoimmune conditions,
hormonal influences, and lifestyle factors, all of which contrib-
ute to chronic immune activation. These elements work
together to drive the molecular targets leading to rheumatoid
arthritis, as given in Table 2 and Fig. 1.

3. Potential side effects of
conventional drugs

Rheumatoid arthritis is a chronic autoimmune illness charac-
terized by inflammatory synovium that damages joints and
has systemic effects. Treatment seeks to alleviate symptoms,
minimise inflammation, and avoid joint injury. Current thera-
pies for RA, such as nonsteroidal anti-inflammatory drugs
(NSAIDs), traditional synthetic disease-modifying anti-rheu-
matic drugs (SDMARDs), and biological DMARDs, have proved
successful in managing disease progression. These conven-
tional agents work well to control inflammatory arthritis, but

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 bDMARDS in management of Rheumatoid Arthritis
S. Drug and brand Year of Mechanism of Formulation
no. name Name of company approval action available Side effects Ref.
1 Upadacitinib AbbVie Inc. 2019 It inhibits Janus Extended-release Risk of TB infections, 15 and 16
(Rinvoq) kinase (JAK) tablet extra-pulmonary disease,
pulmonary embolism
2 Baricitinib Eli Lilly and 2018 It inhibits Janus Film-coated release Risk of heart attacks, 16 and 17
(Olumiant) Company kinase (JAK) tablet, Inmediate  strokes, and blood clots
release tablet increases
3 Sarilumab (Kevzara) Sanofi and 2017 Antagonist of IL-6 Subcutaneous Weight loss, severe belly 16 and 18
Regeneron receptor injection pain, chest pain, and
shortness of breath
4 Tofacitinib Pfizer Inc. 2016 It inhibits Janus Extended-release Increased risk of blood 16 and 19
(Xeljanz XR) kinase (JAK) tablet, Immediate  clots, heart attacks, and
release tablet strokes
5 Golimumab Janssen Biotech, 2013 TNF blocker IV infusion Susceptibility to bacterial 16 and 20
(Simponi Aria) Inc. (especially TB), fungal
and viral infection
6 Iguratimod Hetero Healthcare 2011 Inhibits nuclear Tablet Nausea, vomiting, 16 and 21
factor-kappa B headache, stomach pain
(NF-kB) activation
7 Tocilizumab Genentech, Inc. 2010 Antagonist of IL-6 IV infusion, The risk of other 16 and 22
(Actemra) receptor Subcutaneous opportunistic infections
injection increases when patient is
on long-term therapy
8 Certolizumabpegol UCB, Inc. 2009 TNF blocker Injection Compromised immunity 16 and 23
(Cimzia) and increased risk of
infections
9 Rituximab (Rituxan) Genentech, Inc. 2006 Cytolytic antibody IV infusion Progressive multifocal 16 and 24
(CD20-directed) leuko-encephalopathy
10  Abatacept (Orencia)  Bristol-Myers 2005 Selective T cell IV infusion, Risk of cancer increases. 16 and 25
Squibb Company co-stimulation Subcutaneous Difficulty in breathing
modulator injection and swallowing
11 Adalimumab AbbvVielnc. 2002 TNF-a blocker Injection Risk of upper respiratory 16 and 26
(Humira) tract infection (URTI)
12 Anakinra (Kineret) SwedishOrphan 2001 IL-1 antagonist Subcutaneous Decreases WBC count 16 and 27
BiovitrumAB injection hence immunity is

some patients don’t respond well to them or face serious
side effects.’ Corticosteroids are divided into glucocorticoids
and mineralocorticoids, each with wunique properties.
Glucocorticoids are anti-inflammatory, immunosuppressive,
and vasoconstrictive, while mineralocorticoids regulate water
balance and electrolytes. They are commonly prescribed for
patients with RA due to their strong anti-inflammatory and
immunosuppressive activities. The anti-inflammatory effect is
due to their attachment to glucocorticoid receptors, forming a
receptor—glucocorticoid complex that alters gene transcription.
However, glucocorticoids can also present adverse effects, such
as diabetes, osteoporosis, metabolic syndrome, cataracts, and
peptic ulcers, especially in chronic or high-dose treatment.®?
On top of that, these treatments might even speed up joint
damage. Even using corticosteroids for a short time can lead
to osteoporosis, weak bones and permanently reduced calcium
bioavailability in the body.*?

Also, anti-inflammatory drugs, except for low-dose predni-
sone, can lead to heart failure issues by raising blood pressure
and keeping sodium in the body. Prednisone, which removes
both sodium (Na") and potassium (K'), can also cause risks
like aplastic anemia, making it easier to get infections such as

© 2025 The Author(s). Published by the Royal Society of Chemistry

compromised and
patient prone to other
infections

those from enteropathic E. coli.®® It is also indicated that there
is an increased risk of mortality with prednisone.®® Non-ster-
oidal anti-inflammatory drugs (NSAIDs) are a primary manage-
ment strategy for managing pain and stiffness in RA patients.
These drugs are known for their anti-inflammatory, analgesic,
and antipyretic activities, mediated by inhibiting inflammatory
mediators in the cyclooxygenase (COX) pathway. However,
most NSAIDs are nonselective inhibitors, causing adverse
effects like blood pressure changes, acute kidney ischemia,
increased bleeding, serious upper gastrointestinal compli-
cations, and increased cardiovascular risks.®®%”

Synthetic DMARDs like MTX reduce inflammation by
binding to IL-1 receptor antagonists and regulating cytokine
cascades. In RA therapy, MTX decreases inflammatory cyto-
kines such as IL-1, IL-6, and TNF-a while increasing anti-
inflammatory cytokines like IL-4 and IL-10. However, because
of MTX’s antifolate properties, long-term use can result in side
effects such as vomiting, nausea, diarrhea, myelosuppression,
liver dysfunction, renal failure, pancytopenia, pulmonary
symptoms, mucositis, stomatitis, gastrointestinal ulcers, and
cutaneous ulcerations, which can lead to MTX toxicity.*®®°
Hydroxychloroquine suppresses antigen-presenting macro-
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Table 2 The various molecular targets and their roles in RA

Molecular targets

Role

Ref.

TnF-a

Interleukin-6 (IL-9)

Interleukin-7 (IL-7)

Janus kinases (JAKs)

T-cell

B-cells

Matrix metalloproteinases (MMPs)

CTLA-4 (cytotoxic T-lymphocyte antigen 4)

CD305

CD28

NF-kB (nuclear factor kappa-light-chain
enhancer of activated B cells)

RANKL (receptor Activator of nuclear factor
kB ligand)
Vascular endothelial growth factor (VEGF)

METTL3

PKM2

N6-methyladenosine (m6A)

22 | RSC Pharm., 2025, 2,19-43

TNF-« is a key cytokine involved in the pathology of synovial inflammation. RA is
primarily caused by immune regulation, triggering an autoimmune response,
primarily triggered by TNF-a. This response stimulates dendritic cells, T cells, and
B-cells and leads to bone damage

Interleukin 9 (IL-9) inhibits the generation of immunosuppressive cytokines by
regulatory T cells. Blocking IL-9 may restore immunosuppressive activity of synovial
regulatory T cells while inhibiting inflammatory T cells. Blocking IL-9 may be a
unique therapeutic method for reducing synovial inflammation in RA

The IL-7R mediates IL-7’s effects, regulating CD4-T cell homeostasis. Elevated IL-7
levels in RA patients’ joints are associated with higher disease activity. IL2 family
cytokines help mature T-lymphocytes proliferate and differentiate

JAKs regulate the immune system and play important roles in hematopoiesis and
neural development. Targeting JAK3 can reduce side effects and improve tolerability
issues

T cells, which are central to immune response, play important roles in RA by
contributing to inflammation, joint injury, adaptive immunological response, and
increasing inflammation and autoimmunity through cytokine production. T cells
enter the synovial membrane and activate macrophages and synovial fibroblasts,
converting them into tissue-destructive effector cells in rheumatoid arthritis

B cells, the only cell type capable of producing antibodies, can be selectively
depleted to improve various immune-mediated inflammatory diseases like RA,
including those not primarily driven by autoantibodies

Chondrocytes and synovial fibroblasts produce matrix metalloproteinases (MMPs),
which are thought to be the primary enzymes responsible for this breakdown.
Several investigations have found that MMP expression is higher in cartilage and
synovial tissues in OA and RA

CD80 or CD86 binds to CD28 on the surface of CD4+ T cells. This activates T cells,
causing them to proliferate and produce cytokines. When T cells are stimulated, they
express cytotoxic t-lymphocyte antigen 4 (CTLA-4). This results in the inhibition of
activated T cells and decreased cytokine production

CD305, an anti-inflammatory molecule, is down-regulated on memory CD4+ T cells,
negatively affecting RA disease activity. This leads to abnormal activation of T cells,
causing inflammation

CD305 regulates T-cell activation and inflammatory responses, promoting immune
homeostasis and potentially influencing the pathogenesis of RA by influencing
T-cell function and promoting an anti-inflammatory environment
Immunophenotypes of CD8+ T cells in early and advanced RA, including homing
and regulation. PD-1 is increased during inflammation and chronic T-cell activation,
although upregulation of CD8+ CD28— T cells in the inflammatory synovium may be
associated with RA development and clinical relapse. It is most likely unrelated to
IFN-y levels

NF-kB regulates the expression of cytokines IL-1 and TNF«, which are key mediators
of inflammation in RA. TNFa and IL-1 trigger NF-kB activation, indicating a link
between NF-kB activity and IL-1 and TNFa levels over time

Promotes osteoclast development and activation, resulting in bone resorption and
joint damage in RA

In RA, angiogenesis is induced by a variety of proangiogenic agents, including VEGF.
VEGF is overexpressed in RA patients, and its circulating levels are substantially
associated with their disease activity

METTL3 is significantly increased in RA patients’ peripheral blood mononuclear
cells, with positive correlations with RA activity markers. In vivo experiments show
METTL3 up-regulation in synovial tissue and FLSs, suppressing proliferation,
migration, invasion, and IL-6 expression

METTL3 is up-regulated in RA patients’ synovial tissue and FLSs, and silencing it
suppresses FLS proliferation, migration, invasion, and IL-6 expression, possibly by
inhibiting the NF-kB pathway

PKM2 plays a crucial role in RA by optimizing energy supply and substrate supply for
synoviocytes and immune cells. It interacts with transcription factors like STAT3, Bcl-
2, HIF-1, and Erk1/2, regulating cell proliferation, apoptosis, and immune activation
m6A levels are decreased in RA patients’ peripheral blood mononuclear cells
(PBMCs), knockdown of METTL14 downregulates m6A, promoting inflammatory
cytokines and joint inflammation. M6A affected TNFAIP3 expression through
messenger RNA stability and translocation

RA-related immune cells interact with cytokines secreted because of microvascular
system damage and fibroblast-like synoviocyte proliferation. M6A methylation
modification regulates immune cells, and abnormal genes may be biomarkers or
targets for treatment of RA for targeted drug therapy
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Risk factors for Rheumatoid Arthritis
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Fig. 1 During RA, immune cells move to the inflammatory site and interact with local synoviocytes. This contact produces cytokines, which stimu-
late immunological and mesenchymal cells and enhance their release. Monocytes release IL-6 and IL-1p, promoting Th17 differentiation. Th17 cells
secrete IL-17, which leads to chronic inflammation by stimulating synoviocytes to create IL-6 and monocytes to produce IL-1 and TNF. IL-1 and TNF
stimulate synoviocytes to create IL-6 and GM-CSF, which synergise with IL-17 and boost IL-6 production. Synoviocytes release IL-6, which promotes
hyperplasia. IL-6 stimulates Th17 cells, which generate IL-17. In addition, IL-6 acts on osteoblasts, causing bone degradation.?® Cytokines stimulate
synoviocytes, causing them to produce chemokines that recruit leukocytes and increase the inflammatory response. MMP production also promotes
cartilage degradation. Cell contacts and cytokines control cytokine production and maintain a pro-inflammatory state.

phage-T helper cell contact, lowering inflammation, yet it may
induce gastrointestinal, dermatological, and retinal issues.”
Sulfasalazine can cause kidney damage, leukopenia, granulo-
cytosis, central nervous system toxicity, and infertility by
increasing inflammation-related adenosine production, inhi-
biting TNF-a expression, and suppressing B-cell activity.”*
Targeting the molecular targets, primarily the T cells, B cells
and TNF-APHA, has advanced the rheumatoid arthritis treat-
ment significantly, but not without the possibility of potential
side effects and limitations. Biologically disease-modifying
Antirheumatic drugs (bDMARDs) are medications that target
particular molecular pathways implicated in inflammatory dis-
orders, such as RA. The FDA licensed the first bDMARD, TNF-
a inhibitor (TNF-i), which has subsequently been developed to
suppress pro-inflammatory cytokines and target cell-surface
antigens. TNF-a is generated by different cell types and modu-
lates the inflammatory response in RA via TNF receptors 1 and
2. It is implicated in the upregulation of RANKL, which pro-
motes osteoclast development and bone resorption. High TNF-
o levels in plasma can stimulate B cells, resulting in increased
TNF-o production and aberrant B-cell activity. 30-50% of
treated patients with TNF-i experienced primary and secondary
failures, particularly those with long-standing illnesses.”> The
TNF-o inhibitors, for instance, are very effective but can also
increase the risk of infections, hepatotoxicity, malignity,

© 2025 The Author(s). Published by the Royal Society of Chemistry

demyelinating diseases and congestive heart failure.”* B-cell-
targeting molecules like Rituximab may lead to hypogamma-
globulinemia.”* T-cell-targeting therapies can also cause
immunosupression, which raises the risk of infections and
malignancies. The newer targets, IL-17 and IL-6 inhibitors, are
also susceptible to causing infections.”>”® Tocilizumab, the
first humanized IL-6 receptor antagonist, has sparked interest
in treating patients with moderate to severe RA due to its
safety profile and quick and long-lasting benefits. However,
long-term usage has been linked to side effects such as head-
aches, high blood pressure and upper respiratory tract infec-
tions, emphasizing the need for further IL-6 prevention
methods.””””® In one study, NRF2’s role in RA was highlighted
in NRF2-knockout mice with antibody-induced arthritis,
causing severe joint damage, synovial hyperplasia, pannus for-
mation, cartilage erosion, and increased bone fractures. NRF2
activation may be a promising alternative to conventional anti-
oxidant supplements, but it may not be effective in chronic
diseases and may have long-term negative effects.””*® Newer
targets, like JAK inhibitors, provide oral administration and
precise inflammatory pathway targeting but raise the risks of
venous thromboembolism and malignancies.®’ In humans,
efalizumab, a monoclonal antibody against the oL subunit,
was pulled from the market due to substantial adverse effects
caused by its immunosuppressive impact.*> The suppression
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of ICAM-1, a critical cytokine, has been demonstrated to
reduce lymphocyte activation in RA. Studies in mice and
people have demonstrated that blocking ICAM-1 with an anti-
ICAM-1 monoclonal antibody has favorable benefits, although
this antibody is immunogenic and can induce fever and
leukopenia.®

4. Current research on
nanoparticulate system for treatment
of rheumatoid arthritis

Nanoparticles have been thoroughly studied recently for a wide
range of therapeutic applications. Liposomes, polymeric nano-
particles, dendrimers, niosomes, and solid lipid nanoparticles
(SLNs) are examples of nanoparticulate carriers whose primary
purpose is to minimize the numerous shortcomings of conven-
tional systems. Nanoparticulate carriers provide enhanced cel-
lular uptake, decreased toxicity, targeted and localized drug
delivery, controlled release kinetics, and increased drug solubi-
lity. Lipid nanoparticles, polymeric micelles, and polymeric
nanoparticles are among the several nanocarrier systems that
have undergone substantial research for RA treatment, and are
listed in Table 3.

Various nanoparticulate drug delivery techniques are being
investigated for the treatment of rheumatoid arthritis.
Nanocarrier systems have the ability to modify the pharmaco-
kinetics of drugs, especially absorption and distribution. In
recent years, clinical trials of nanocarriers used for the man-
agement of rheumatoid arthritis have be reported:*® https://
clinicaltrials.gov/study/NCT00241982 accessed on 10th
September 2024; https:/clinicaltrials.gov/study/NCT05117593
accessed on 10th September 2024; https:/clinicaltrials.gov/
study/NCT00760669 accessed on 10th September 2024.%°
However, nanocarriers might not be sufficient on their own to
deliver the drug to the target site. Nanocarriers can reach the
specific target site when they are coupled with ligands, pre-
venting systemic distribution to non-target locations.
Conjugation of the carrier with an appropriate and specific
ligand conjugation is a promising method for selective and
effective therapy of rheumatoid arthritis. In order to make an
accurate selection of ligand, it is of utmost importance to
understand the prominent biological targets involved in rheu-
matoid arthritis. Steroids, non-steroidal anti-inflammatory
drugs, and antihistamines, which are the current cornerstones
of anti-inflammatory therapy, work primarily by blocking the
production or activity of inflammatory mediators. Other bio-
logical agents have also been developed to target the recruit-
ment or activation of inflammatory cells that drive the host’s
response to injury, such as antibodies to integrin-47 and
CTLA-4-Ig, which disrupt T-cell activation. These newer bio-
pharmaceuticals include tumor necrosis factor-neutralizing
therapies, anti-IgE, and anti-CD20 antibodies, among others.
Some of them are discussed in the next part. However, neither
the conventional treatments nor the more recent biopharma-
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ceutical methods are without their flaws. As a result, active tar-
geting using a ligand-gated system offers a novel strategy for
efficient drug delivery.

5. Biological targets

Inflammatory mediators play a significant role in the course of
RA pain and inflammation because these components are key
drivers in the inflammatory cascade. Fig. 2 illustrates the
various pathways through which inflammation can develop.'®
Understanding the pathogenetic relevance of these mediators
in RA holds the key to the discovery of several possible biologi-
cal targets for the disease.'®® Cytokines have long been exam-
ined and studied as potential targets for RA since they are
directly implicated in the RA process, and are classified as pro-
or anti-inflammatory cytokines based on their actions against
antigen response.'®"'°> Chemokines attract leukocytes, regu-
late angiogenesis, and play a vital role in RA etiology, hence
are a potential biological target. Chemokines are classified
according to their structures as CXC chemokines, CC chemo-
kines, XC chemokines and CX3C chemokines.'®® All of these
chemokines are involved in RA pathogenesis during different
stages of the disease. Several additional essential proteins,
such as the cytokine targets discussed earlier, play major roles
in the pathophysiology of RA, and related medications have
been used in medical settings as part of continued RA
research.'®! The ongoing research being conducted for a better
understanding of the biological targets for the efficient
therapy of rheumatoid arthritis is presented in Table 4.

6. Comparative evaluation of new
rheumatoid arthritis treatments and
ligand-based nanoparticle approaches

Rheumatoid arthritis is chronic and impacts quality of life sig-
nificantly. The traditional and conventional therapies have
various limitations, such as systemic side effects or the action
taking longer to show effect. Ligand-based nanoparticle
methods outperform traditional RA medications by providing
better targeting, fewer side effects, and increased effectiveness.
A comparison between ligand-based nanoparticles and the
conventional therapies is given in Table 5.

7. Ligands for biological targets

Nanoparticles are currently being employed to offset the nega-
tive effects of conventional therapy.'?” The ideal nanoparticle-
based treatments should target pathologic tissues specifically,
minimizing or eliminating off-target effects. Surface-modified
nanoparticles have the potential for site-specific drug deliv-
ery."*® Active and passive targeting are two methods for deli-
vering nanoparticles to specific tissues or organs.’>® In active
targeting, a suitable ligand is selected for the receptor which is
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Fig. 2 Different pathways of inflammation: the above figure shows different pathways leads to the inflammation, bone erosion and cartilage
damage. Activation of the Thl, Thl7, dendritic cell, macrophages, synovial fibroblast, chondrocytes, B cell and Neutrophil leads to secretion of cyto-
kines responsible for bone erosion, inflammation, cartilage damage and pannus formation.

Table 4 Role of inflammatory mediators in pathogenesis of RA

S.  Inflammatory

no. mediators Role in pathogenesis Current research Ref.
1 T cell Zang et al. state that T cells contribute to the IgD-Fc-Ig fusion protein was created by Jing Zhang et al. 104 and 105
pathogenesis of RA by stimulating IL17, The group discovered that inhibiting T-cell
macrophages, fibroblast overactivation relieved symptoms of RA in in vivo trials
Similarly, Kremer et al. created a CTLA41Ig fusion
protein that inhibited CD28 engagement on T cells,
inhibiting T-cell activation, and thereby slowing the
progress of RA
2 B cell Activates T cell and produce auto-antibodies Rituximab is the only available drug to target B cells 106
3 NF-kB Activation and proliferation of T-cell, activation Duan et al. combined siRNA and MTX in a calcium 107 and 108
of macrophages and fibroblast phosphate/liposome-based hybrid nano-carrier to block
NF-kB signaling pathways and lower pro-inflammatory
cytokine production. Xie et al. stated that iguratimod
(IGU) can inhibit nuclear factor kappa B (NF-kB)
activation by interfering with NF-kB translocation from
the cytoplasm to the nucleus
4 Macrophages Hamilton et al. state that GM-CSFR and The effect of anti-GM-CSFR antibodies on RA was 109 and 110
macrophages are responsible for secretion of investigated by Greven DE et al. Anti-GM-CSFR
pro-inflammatory cytokines IL1 & IL6 antibodies were found to decrease GM-CSFR-dependent
macrophage proliferation in an in vivo mouse model
5 CX3CL1 Tanaka et al. state that CX3CL1 plays a role in E6011 is a new humanized anti-fractalkine monoclonal 111 and 112

over-expressed on the cell in the diseased condition."*°
Targeting ligands specific to cell-surface components that are
unique to and are elevated in dysplastic and pathologic tissues
have been conjugated to nanoparticle surfaces in a lot of

current research studies.””” Small compounds, like polypep-

the migration of monocytes, T cells, and
osteoclast

131
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antibody. It was found that E6011 400 mg was well
tolerated in active RA patients with an inadequate
response to biologics in phase 2 clinical trials; however,
it did not reach the study’s primary aim

tides (long unbranched chain made of amino acid), protein
domains (complex structures made up of amino acids), anti-
bodies, and nucleic acid-based aptamers are examples of tar-
geting ligands. In order to improve nanoparticle targeting,

ligands from various classes (chimeras) or several ligands from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison between the ligand-based nanoparticles and the conventional therapies
Characteristic Ligand-based nanoparticle strategies Conventional RA therapies Ref.
Targeted delivery Hydrophilic HA was successfully incorporated onto  Tofacitinib (TOF) is an active arthritis inhibitor 113-116
pro-glycosomes for site-specific delivery of that the FDA authorised in 2012. However, long-
Tofacitinib via CD44 receptors in the RA region. term oral dosing might result in adverse effects
The addition of Tofacitinib changed the zeta such as increased cholesterol, neutrophil
potential to —8.52 mV, and the Tofacitinib decrease, and systemic effects. Topical application
entrapment efficiency was 68.4 + 3.85% may be a better way to address these concerns and
increase patient compliance. Topical pain
management necessitates increased concentration
in the synovial area and epidermal layers;
nevertheless, penetration through the stratum
corneum and deeper layers is difficult
Efficacy The study aimed to develop a modified liposome 117-119
gel coated with chondroitin sulphate (CS)
proglycosomes (PG) for treating RA. The gel targets
CD44 receptors, penetrates skin layers, and lowers
cationic nanocarrier toxicity. When compared with
a free drug-loaded gel, PG-incorporated liposomes
had better skin deposition and penetration rates.
The gel also demonstrated considerable
Tofacitinib (TOF) localisation in epidermal layers,
which might be attributed to the PG in the
nanovesicle structure and the chondroitin sulphate
coating. The arthritic score was highest in the DC
group (4 + 0.28) (P < 0.001) and considerably
decreased (P < 0.001) in the CS-TOF-PG gel (0.7 +
0.14), FD gel (3.15 + 0.14), and TOF oral (3.1 + 0.42)
groups on the 21st day
Controlled release Extracellular vesicle-guided in situ macrophage Inflamed synovial joints contain highly active 120 and 121
mechanism reprogramming is a unique therapy option for M1 macrophages that release pro-inflammatory
rheumatoid arthritis. This procedure entails cytokines and chemokines, causing bone erosion
restoring M1-M2 macrophage balance in synovial and cartilage deterioration
tissue. Intra-articular delivery of M2-EVs produces
biodistribution comparable to footpad injection;
however, local administration results in increased
accumulation and extended EV sequestration in
articular tissues. This is owing to delayed
distribution dynamics through microvascular or
lymphatic channels, as well as increased capillary
permeability caused by joint inflammation. Unlike
small substances, EVs can provide long-term
activity for RA treatment following local injection.
EVs, unlike small molecules, can provide sustained
action for RA therapy after local injection
Side effects and This study was the first to show that camptothecin ~ The study investigated RA’s potential as a new 122-124
toxicity (CPT) is effective against CIA at substantially lower ~ camptothecin indication in an existing animal
concentrations than typical anti-cancer doses. A model, but challenges like low solubility,
single subcutaneous injection of camptothecin instability, and systemic toxicity, along with side
sterically stabilised micelles-vasoactive intestinal effects like myelosuppression, haematological
peptide (0.1 mg kg™') reduced joint inflammation toxicity, hemorrhagic renal cystitis, and elevated
in CIA mice for 32 days without causing systemic liver function tests, restricted its clinical
harm. CPT alone required at least a tenfold larger applicability
dosage to reach the same result, but with consider-
able vacuolization in liver histology
Pharmacokinetics Carrier-free polyglycyrrhetinic acid (PGA)- MTX’s circulation duration is limited in the 125 and 126

facilitated celastrol-loaded nanoparticle had a
homogeneous particle distribution with an average
particle size of 180 nm, good colloidal stability, a
celastrol (Cel) loading capacity of about 4.5%,
extended blood circulation, and efficient
accumulation at inflammatory joints. Regular
nanoparticles had a short half-life and low
bioavailability, with quick elimination from the
circulation. In vivo, PGA@Cel and poly(p,.-lactide-
co-glycolide)@Cel NPs had a prolonged circulation
duration due to their protective polyethylene glycol
corona, lower plasma protein opsonisation, and
minimal identification by the reticuloendothelial
system. PGA@Cel NPs exhibited longer MRT0-co
and T1/2 in the bloodstream

© 2025 The Author(s). Published by the Royal Society of Chemistry

bloodstream, leading to a short plasma half-life
ranging from 2 to 10 h, necessitating a larger dose
regimen to accumulate in inflamed joints and
produce significant therapeutic results. This
technique, however, has safety issues, such as
gastrointestinal discomfort and bone marrow
suppression, due to its short circulation time in
the bloodstream
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the same class but with diverse targets (multi-valences and
multi-specificity) have used intestinal peptides, and beta-3
integrins are over-expressed on the inflammatory cells as com-
pared with normal cells. Targeting approaches employing
ligands specific to these receptors can be a promising medi-
cation delivery strategy for RA. Different ligands explored for
targeting RA are discussed in detail in the following section.'*

7.1. Folic acid

Folic acid (FA), chemically (2S)-2-[[4-[(2-amino-4-oxo-1H-pteri-
dine-6-yl)methylamino]benzoylJamino]pentanedioic acid, is
also known as Vitamin B 9, and is water soluble and non-
immunogenic. Folic acid has two monodentate carboxylate
groups, hence it acts as a bi-dentate ligand. FA is stable over a
wide temperature and pH range and is utilized for both diag-
nostic and therapeutic purposes when combined with
drugs.”®® When drug-loaded nanoparticles conjugated with
folic acid bind to the folic acid receptors, they get internalized
by endocytosis. In the acidic pH of endosomes (pH 5.0), the
folic acid dissociates from the receptor and releases the drug.
Folic acid receptor p (FRf) is overexpressed on activated macro-
phages, which are important in the pathogenesis of RA, with a
high affinity to folic acid.’**'*> Activated macrophages play a
critical role in the pathophysiology of RA by secreting TNF-a,
IL-6, IL-1, chemokines, metalloproteinase, and reactive oxygen
species, which are pro-inflammatory cytokines. The cellular
internalization of the conjugated molecule via endocytosis is
carried out by clathrin-independent carriers (CLIC) and the
GPI-anchored protein-enriched early endosomal compartment
(GEEC) pathway. This is followed by reduction in pH of the
vesicle lumen by the action of proton pumps localized in the
endosome membrane, which leads to a conformational
change in the folate receptor protein allowing the release of
bound ligand in the cytosol. The final step in the cycle is the
return of the folate receptor to the cell surface. Using this
mechanism, a folate-conjugated therapeutic or diagnostic
agent is one approach applied for the treatment of
arthritis."*®*"**® Folic acid-conjugated nanocarriers have shown
encouraging results in several studies. One example is the
study by Verma A. et al. on folate-conjugated double liposomes
of methotrexate and prednisolone. They used the film casting
method to prepare inner liposomes, and the glass bead
method to prepare double liposomes. The prepared liposomes
had a particle size of 429.3 + 3.6 nm, a zeta potential of 8.01 +
0.3 mV, and a PDI of 0.109. The entrapment efficiency of pre-
dnisolone and methotrexate was found to be 66.7 + 3.9% and
45.3 + 1.7%, respectively. In the preclinical studies on col-
lagen-induced arthritis (CIA) rats, they observed that in com-
parison with the normal joint, the inflamed joint had a higher
drug concentration. When compared with the plain drug, the
concentration of unconjugated double liposomes increased up
to threefold, while the concentration of folate-conjugated
double liposomes increased tenfold."*”'*° Another similar
study by Yang et al. used folate-conjugated dextran methotrex-
ate (Dex-g-MTX/FA) nanoparticles formulated by a one-step
condensation reaction. The particle size of the prepared nano-
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particle was found to be 90 nm. The release of methotrexate
from a non-conjugated system was observed to be 77.68%,
while the release from a conjugated system was observed to be
72.04%. Furthermore, it was observed that the bio-distribution
of drugs was improved because of folate conjugation.'*® Zang
et al. investigated the use of a folic acid-conjugated micellar
system to treat RA. They synthesized polysialic acid micelles
conjugated with folic acid and natural cholesterol (FA-PSA-CC),
which were loaded with dexamethasone and had a size of less
than 100 nm and an optimum negative charge. In a pharmaco-
kinetic study, it was discovered that the half-life and AUC of
animals treated with FA-PSA-CC were longer than those treated
with commercial dexamethasone injection. Because folic acid
is well internalized, it improves the anti-inflammatory activity
of various first- and second-line drugs.'*' Bilthariya et al
developed etoricoxib-loaded bovine serum albumin nano-
particles conjugated with folic acid. The average particle
size was found to be 215.8 + 3.2 nm with a zeta potential
of +7.8 mV. In an in vivo pharmacokinetic study, they discov-
ered that free etoricoxib was cleared quickly and was not
detected in the blood after 12 hours as compared with
the drug-loaded nanoparticles. The residence times of etori-
coxib nanoparticles and folate-conjugated etoricoxib nano-
particles were discovered to be 24 and 48 hours, respectively.
They also discovered that the conjugated nanoparticle had a
longer half-life (12.27 hours) than the non-conjugated nano-
particle (5.83 hours)."** The drug’s retention time in the body
increased as a result of the conjugation. All of the aforemen-
tioned studies emphasize the significance of folic acid’s func-
tion as a ligand. The rate of drug internalization at the site of
inflammation increases as a result of the overexpression of
activated macrophages. Hence providing a unique strategy for
treating RA involves using a folic acid-conjugated nanoparticle
drug delivery method.

7.2. Hyaluronic acid (HA)

Hyaluronic acid is a naturally occurring non-protein glycosa-
mine glycan (GAG).'*? Chemically, it is a disaccharide com-
posed of repeating units of —1, 3-N-acetyl glucosamine and -1,
4-glucuronic acid. It is a linear polymer that is water soluble
and non-sulfated. HA has high biocompatibility, is bio-
degradable, is easily chemically modified, and is non-immuno-
genic. It also has lubricating and cartilage-protecting
effects."** In recent years, hyaluronic acid has attracted a lot of
attention for its potential in active ligand targeting for various
ailments. The CD44 receptor has a hyaluronic acid binding
site on which HA binds at the N terminal of the receptor.
These CD44 receptors are over-expressed in RA patients’ syno-
vial fibroblasts, macrophages, and lymphocytes, which act as a
selective binding site for hyaluronic acid-conjugated nano-
carriers. Drug-loaded nanoparticles are then internalized
through the endocytic process, preventing the release of
inflammatory mediators that cause pain and inflammation by
different mechanisms. This preferential binding to the CD44
receptor, which is abundant in inflamed joints, allows for site-
specific delivery of drugs.'*® In a study by Zhou et al., predni-
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solone was encapsulated into solid lipid nanoparticles and
then coated with hyaluronic acid (HA-SLNs-PD). The SLNs
were prepared by the film ultra-sonication method with an
average particle size of 166.86 + 1.25 nm and 19.8 + 1.45 mV
zeta potential. In vitro release study showed a release-retardant
effect for the HA-SLNs-PD system (37.6%) as compared with
the solution of free prednisolone (56.52%) at the end of
30 hours. In addition, on LPS-activated Raw 264.7 macro-
phages, the cellular uptake of the HA-SLNs-PD system was sig-
nificantly higher than the non-conjugated system. The phar-
macokinetic study also showed the AUC,,, and Cy,.x of the
HA-coated system to be 2.62 and 1.93-fold higher than the free
prednisolone solution-treated group of animals. The in vivo
studies depicted a lower histopathology score of 4.0 for the
animal group treated with only SLN-PD, while the group
treated with HA-SLNs-PD showed a lower histopathology score
of 2.0 in comparison with the animals treated with saline that
showed the highest (>7.0) histopathology score.'*® The poten-
tial of hyaluronic acid as a ligand was also observed by Lee
et al. with a gold nanoparticle encapsulating tocilizumab that
was coupled with hyaluronic acid in successful RA treatment.
With the lower particle size of 64.83 nm (PDI 0.18) and active
targeting, the HUVECs cell line analysis revealed that the cellu-
lar uptake of the HA-conjugated system was greater than that
of tocilizumab alone.'*” Similarly, Jung et al. prepared hydro-
gel of HA and Pluronic F-127 loaded with piroxicam micelles.
The PX-loaded HP hydrogels had AUC, AUMC, and C,,x values
that were approximately 2-4 times higher than the control
group. They also discovered that, when compared with conven-
tional piroxicam formulations (Ta, = 4 h), the PX-loaded HP
hydrogels had a substantially longer PX release (Tmax =
24 h).18

7.3. Arginyl glycyl aspartic acid (RGD)

Vascular endothelial cells (VECs) play an important role in the
recruitment of leukocytes throughout the inflammatory
process. Angiogenesis and the generation of soluble inflamma-
tory mediators are also induced by VECs, resulting in inflam-
mation."*® Angiogenesis is the process by which the vascular
endothelial cell responds to increased oxygen and nutritional
demands by generating new blood vessels. Because of the role
played by angiogenesis in arthritis progression, anti-angio-
genic approaches for arthritis treatment have recently gained
attention.'” Targeting the vascular endothelial cell (VEC) in
the inflamed region is a unique RA therapeutic strategy that
takes into consideration the vascular endothelial cell’s role in
inflammation. Integrin avp3 is overexpressed on the angio-
genic endothelium at the site of inflammation. RGD peptide is
a site-specific ligand, which has widely been explored for tar-
geting integrin avp3."”® When drug-encapsulated nano-
particles are coupled with this RGD peptide, drug-loaded
nanoparticles are well internalized in the VEC, which is
responsible for the inflammatory cascade.'®” This was explored
by Koning et al. for the development of dexamethasone-loaded
polyethylene glycol liposomes conjugated with the RGD
peptide (RGD-PEG-L) to target the angiogenic endothelium
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cell at the site of inflammation in Adjuvant-Induced Arthritic
(AIA) rats. The conjugated system’s average particle size was
recorded at 100 nm, with a polydispersity index of 0.1. In com-
parison with PEG liposomes, the RGD-PEG-L showed a three-
fold increase in targeting the site of inflammation in in vivo
research on AIA rats. They also discovered that the concen-
tration of RGD-PEG-L at inflamed sites was 6-10 times higher
than at non-inflamed sites, indicating that RGD is a ligand for
Integrin avp3 and hence provided site-specific activity.
Conjugation with RGD aided in two-fold benefit by dosage
reduction and a reduction in the drug’s systemic side
effects.'”?

Another application was observed by Wang et al. with the
development of nimesulide and methotrexate-loaded RGD-
conjugated polymeric micelles (R-M/N-PMs). RGD-conjugated
methotrexate polymeric micelles (R-M-PMs) and RGD-conju-
gated nimesulide polymeric micelles (R-N-PMs) had particle
sizes of 34.30 + 0.61 nm and 60.20 + 3.21 nm, respectively. The
authors noted that the R-M/N-PMs had a potent inhibitory
effect on angiogenesis demonstrated by the CAM assay. In an
in vivo investigation on arthritic rats, they discovered that the
animals that were given R-M/N-PMs had less bone degra-
dation, fewer inflammatory cytokines in their blood, lower
immunological organ index, and reduced joint swelling."*?

7.4. Mannose

Mannose is an aldohexose type of sugar and it is the C-2
epimer of glucose. On the surface of macrophages and dendri-
tic cells, mannose receptors are present which are involved in
mannose receptor (MR)-mediated phagocytosis and endocyto-
sis. Mannose receptors are a subgroup of the C-type lectin
superfamily, which has three types of mannose receptor:
M-type phospholipase A2 receptor (PLA2R), DEC-205/gp200-
MR6 and Endo180/uPARAP.">* Among these, MR receptors
participate in phagocytosis.’®> Sultana et al developed
mannose-conjugated liposomes that encapsulated withaferin-A
(MN-WA) with a particle size of 128.4 nm +7.4 nm and zeta
potential of 34.9 + 0.34 mV. The study showed that in AIA rats
treated with MN-WA, ankle joint inflammation was success-
fully controlled and that treatment with MN-WA inhibited the
production of RANKL, which leads to osteoclast formation in
AIA. Another interesting observation was the 9-fold rise in
IL10 gene expression (an anti-inflammatory cytokine) in the
MN-WA-treated group compared with the control group.'®®
There are limited data available on the utility of mannose as a
ligand for targeting RA. This creates a need and scope for
researchers to further study the role and extent of the utility of
mannose in RA.

7.5. Chondroitin sulphate

Chondroitin sulphate is chemically classified as a disacchar-
ide, un-branched anionic glycosaminoglycan that is soluble in
water and is made up of alternate 4-linked-p-glucuronic acid
and 3-linked N-acetyl galactosamine units. The sulphate
groups at the fourth and sixth positions on the chondroitin
sulphate molecule provide its hydrophilicity.">” Because chon-
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droitin sulphate is structurally similar to hyaluronic acid, both
the molecules show an affinity for the CD44 receptor. Similar
to hyaluronic acid, chondroitin sulphate also works as an
effective active targeting ligand owing to its low toxicity, biode-
gradability, and biocompatibility."®® In a study by Mahtab
et al., the thin film hydration method was used to create teri-
flunomide-loaded nano-liposomes, which were then coated
with chondroitin sulphate via an ionic interaction technique.
The particle size was found to be 155.6 + 2.12 nm with a zeta
potential of —10.2 + 1.4 mV. In 8 hours, the coated system gave
a sustained release of 73.21 + 2.1%, while the uncoated system
showed a release of 92.12 + 2.7%. A cell line investigation
proved that the coated systems had higher uptake than
uncoated systems, and this was reiterated in the animal study
which revealed that, as compared with the traditional TEF-
treated group, the chondroitin sulphate coated system signifi-
cantly reduced inflammation and aided in the regeneration of
injured cartilage.'® Another type of nanocarrier was explored
in a study by Shilpi et al. where the authors used the solvent
injection approach to develop methotrexate and aceclofenac-
loaded solid lipid nanoparticles, followed by conjugation with
chondroitin sulphate. The developed SLNs showed a zeta
potential of 17.3 + 0.9 mV, and a particle size of 131.2 =
4.6 nm for the conjugated system. A detailed in vivo investi-
gation showed that edema inhibition began after 1.5 hours and
lasted for three hours in the conjugated system group, whereas
edema inhibition began after three hours and lasted for eight
hours in the unconjugated system group. The recovery rates in
the groups also saw drastic differences, with animals who
received conjugated-SLN recovering 6 times faster than non-
conjugated SLNs. However, the recovery rate for conjugated SLN
was 80-140 times higher than plain medication.'®°

7.6. Vasoactive intestinal peptide

Vasoactive intestinal peptide (VIP) is a 28-amino-acid peptide
hormone that belongs to the glucagon/secretin superfamily.'®
The receptors for vasoactive intestinal peptide are classified as
vasoactive intestinal polypeptide receptor 1 (VPAC1) and vaso-
active intestinal polypeptide receptor 2 (VPAC2).'%* In prolifera-
tive synoviocytes, activated T-lymphocytes, and macrophages,
VPAC receptors are overexpressed. As a result, conjugating VIP
as a ligand to a drug-loaded nanoparticle successfully delivers
the medicine to the site of inflammation. The use of vasoactive
intestinal peptide as a ligand for targeting the overexpressed
VPAC receptor is a novel approach for rheumatoid arthritis
treatment.’® In the study by Yue Koo et al., camptothecin-
loaded sterically stabilized micelles (CPT-SSM) were formu-
lated by the co-precipitation method and then conjugated with
VIP to obtain particles with an average size of 13 nm. The
efficacy of the formulation in CIA-induced arthritic mice was
investigated, where camptothecin effectively inhibited angio-
genesis, collagenase expression, and proliferation of synovio-
cytes. The authors also observed that VIP-conjugated self-stabi-
lizing micelles loaded with camptothecin were safe and long-
acting, specifically targeting the inflamed site with the least
systemic toxicity. As compared with the dose required for treat-
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ing cancer, a 100-fold lower dose was required for treating
inflammation. The linkage of CPT-SSM with the VIP increased
the specificity of the nanoformulation and made it more
effective for the treatment of inflammation.'®* Another inter-
esting study by Deng et al. observed the role played by VIP in
the balance of CD4+, CD25+, Treg and Th17 in the CIA rat
model, in which they observed that the severity and incidence
of RA were decreased in the group treated with VIP.'®

7.7. Dextran sulphate

Dextran sulphate is chemically a 1-6 connected glucopyranose
polysaccharide, highly soluble in water, which has proven bio-
degradability, biocompatibility, non-immunogenicity, ease of
chemical modification and non-toxicity. Dextran sulphate is a
typical ligand for the macrophage scavenger receptor class
A.'%%1%7 Kim et al. prepared dextran sulphate-polycaprolactone
co-polymer (DS-b-PCL) by using click chemistry. The authors
hypothesized that DS-b-PCL nanoparticles would reach
inflamed joints via both active and passive targeting using the
affinity of dextran sulphate for macrophage scavenger receptor
type A. The targeting ability of produced nanoparticles in the
inflamed joints of CIA mice was established using live animal
imaging. The study proved that the DS-b-PCL nanoparticles
had a high target ability because they were actively taken up by
macrophages. The observations above led to the conclusion
that DS-b-PCL is a good nanocarrier ligand for rheumatoid
arthritis therapy.'®® Heo et al. prepared self-assembled dextran
sulphate nanoparticles loaded with methotrexate by a simple
dialysis method of particle size 220.0 + 5.17 nm. The study
examined the in vitro cellular uptake study on RAW264.7 of the
dextran sulphate nanoparticles, which showed the effective
uptake by activated macrophages through scavenger receptor
type A-mediated endocytosis. The in vivo bio-distribution study
with the CIA murine model also showed conjugated nano-
particles actively targeting the inflamed tissues. All of the evi-
dence suggests that dextran sulphate functions as a ligand and
improves clinical outcomes.'® To improve the therapeutic
efficacy of methotrexate, another study was performed where
pH-sensitive nanoparticles (NPs) were produced by encapsulat-
ing it in acetalated dextran (AcDEX). In vitro, the MTX@pH-
AcDEX NPs demonstrated significant drug loading, pH-respon-
sive release, and low cytotoxicity. Adjuvant-induced arthritic
rats showed reduced joint oedema, synovial hyperplasia, and
bone degradation by inhibiting the JAK-STAT pathway and sup-
pressing pro-inflammatory cytokines such as TNF-a, IL-6, and
IL-1p.7°

7.8. Sialic acid

Sialic acid is a carboxylated monosaccharide with 9 carbons
that is also known as N-acetyl neuraminic acid. This is
found in the cell membrane’s outermost layer and is
linked to Lewis Oligosaccharide X, which is chemically
N-acetylgalactosamine.'”" This sialyted Lewis’ oligosaccharide
X is a natural ligand found on the outermost layer of leuko-
cytes that binds specifically to E-selectin and P-selectin.'”?
This E-selectin, integrin, and adhesion protein is abundantly
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expressed over the surface of vascular endothelial cells in
inflammatory diseases. Siglecs are sialic acid-binding recep-
tors that are expressed on immune cells and can inhibit
immune responses. In RA, levels of sialic acid-binding Ig-like
lectin-9 (Siglec-9) are elevated in the serum and synovial
fluid.'”® While the exact role played by Siglec-9 in RA patho-
genesis has not been determined, Wang et al. showed that
administration of recombinant human Siglec-9 Fc chimera
protein caused the reciprocal regulation of the differentiation
of Th17 and Treg cells, which significantly reduced collagen-
induced arthritis development, demonstrating its immunosup-
pressive effect in RA."’* As a result, conjugating drug-loaded
nanomaterial to sialic acid, a natural ligand for E-selectin and
P-selectin, is a promising RA therapeutic strategy.'’®> The use
of sialic acid as a ligand was demonstrated by Xu et al. with
methotrexate-loaded dextran-octadecoic acid (Dex-OA) micelles
conjugated with sialic acid. The formulated micelles were
found to be 117.33 + 5.77 nm in size. The cellular uptake study
on human umbilical vein endothelial cells (HUVECs) depicted
that there was more internalization of sialic acid-conjugated
Dex-OA micelles as compared with non-conjugated Dex-OA
nanoparticles. To check improved in vivo targeting, the CIA rat
model was employed. In the animal study, there was a marked
increase in the concentration of sialic acid-conjugated Dex-OA
micelles in the inflamed joint as compared with the non-con-
jugated one. Due to conjugation with sialic acid, the drug
encapsulated in micelles remained more at the inflamed site,
enhanced bone repair function and protected the RA subject
from bone erosion."”® Wang et al. prepared sialic acid-conju-
gated liposomes for targeting r-selectin, which is overexpressed
on neutrophils and is a mediator in inflammatory action. They
prepared dexamethasone palmitate-loaded sialic acid-conju-
gated liposomes of different sizes. The observations showed
that the small size Dexamethasone Palmitate-Sialic Acid
Liposomes (DP-SALs) were able to efficiently target the peri-
pheral neutrophils and presented in high concentrations at
the inflamed sites as compared with large size DP-SALs, and
also had an excellent anti-inflammatory effect.'””

7.9. Aryl hydrocarbon receptor ligand

The aryl hydrocarbon receptor is particularly significant in
rheumatoid arthritis. It is a ligand-dependent transcription
factor that controls cell differentiation, activation, and death
in rheumatoid arthritis cells. The AhR receptor ligands
Tetrachloro-dibenzop-dioxin, benzo[a]pyrene and 3,3'-diindo-
lylmetheane have been reported to suppress osteoclastogenesis
in arthritic mice. However, prolonged use of these substances
has severe side effects, limiting their therapeutic usage in
people and animals, therefore natural ligands are a preferable
option for treating rheumatoid arthritis."”®*”® Some phytocon-
stituents that function as ligands for this aryl hydrocarbon
receptor are tetrandrine, norisoboldine, berberine, sinome-
nine, resveratrol, curcumin, and green tea. In the CIA mouse
model, Yuan X et al. showed that oral formulations of tetran-
drine exhibited anti-arthritis activity through restoring Th17/
Treg balance via AhR. In the in vivo study, it was observed that
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tetrandrine decreases the number of CD4+ IL-17A+ T cells
which are responsible for inflammation and increased the
numbers of CD4+ CD25+ Foxp3+ T cells which are responsible
for the induction of anti-inflammatory cytokines in the mesen-
teric lymph node.*®°

8. Latest advancement in rheumatoid
arthritis research

Recent study provides fresh insights into RA’s molecular
underpinnings, highlighting critical pathways and opportu-
nities for therapeutic intervention.'®® New pharmacological
therapies for RA are being developed, including targeted bio-
logics and small-molecule inhibitors that precisely affect par-
ticular inflammatory pathways.'®*> Ying Chen et al. proposed a
unique approach for treating rheumatoid arthritis (RA) by
developing extremely efficient and safe DNA scavengers.
Scavengers, such as cationic nanoparticles, can bind negatively
charged cell-free DNA (cfDNA), which reduces inflammation
and joint swelling in RA rats. The scavengers modified with di-
methylamino groups (DPs) demonstrated better binding
affinity and less cytotoxicity, returning conditions to normal in
treated rats. This method provided a novel strategy for treating
cfDNA-associated diseases, opening the path for future RA
therapies.'®® Another research investigation discovered that si-
S1A3-Chol, a chemically modified siRNA, significantly restored
the malfunction of RA-fibroblast-like synoviocytes (FLSs) and
improved arthritis by targeting the Hedgehog signaling
system. This technique addressed the constraints of small-
molecule antagonists while increasing cellular absorption and
silencing efficiency. The study also found that si-S1A3-Chol
delayed arthritis development, reduced inflammation, and
enhanced motor function in a CIA animal model.'®* Linfu
Yang et al. investigated Melittin (MLT) as a promising natural
anti-rheumatic drug, regulating transcription levels of cyto-
kines, immune responses, and metabolic biomarkers.
gRT-PCR determined MLT’s downregulation of inflammation-
related genes, such as 116, Jak2, Stat3, and Ptx3. Molecular
docking simulations indicated MLT’s stable binding to TNF-«
and IL-1p.'8>186

Nida Meednu et al’s study indicated a particular abun-
dance of NR4A-expressing B cells in the RA synovium, as well
as their status as an antigen-experienced B cell in the synovial
Ectopic lymphoid structures capable of developing into a
memory B cell in situ in response to additional signals. NR4A
might be used as a biomarker for chronic auto-antigen acti-
vation in the synovial milieu, as well as a new therapeutic
target."®” Another study explored the role played by Casein
Kinase 2 (CK2) in the pathological behaviours of Fibroblast-
like Synoviocytes (FLS) in Rheumatoid Arthritis (RA). CK2 plays
a crucial role in RA by promoting the aggressive phenotypes of
FLS, and inhibiting CK2 with CX-4945 could potentially allevi-
ate RA symptoms by targeting FLS-driven inflammation and
tissue destruction. CX-4945 is a potential option for rheuma-
toid arthritis therapy, providing an alternative to standard
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medications such as NSAIDs, glucocorticoids, DMARDs, and
biologics, but it has hazards such as immune suppression.'®®
The PTPN22 gene signature is seen in patients with active
rheumatoid arthritis and could be reversed with adequate
therapy in one of the studies. This gene signature can be par-
tially replicated by TNFa or CD28 signalling pathways and
abolished in vitro with adalimumab, etanercept or tocilizumab.
This in vitro reversal may be utilised to predict clinical respon-
siveness to targeted therapy.'®>'%° A disease site-targeted RNA
interference system was established by creating a non-viral
compound between shRNA against TACE (shTNF-a converting
enzyme) and a bone resorption site-specific peptide carrier
made up of aspartate and arginine repeating sequences.'®’
The shTACE/peptide carrier combination reduced arthritic
symptoms in collagen-induced arthritis (CIA) animals by
improving anti-inflammatory and anti-osteoclastogenic pro-
perties. RNAI targeting TACE provides a new therapy option for
RA that has fewer side effects."®" FDA approvals for shTACE-
based therapies point to further study with better accuracy in
targeting genetic and molecular factors.'®?

9. Future perspective

Targeted drug delivery to inflammatory cells can increase
inflammatory cell selectivity, minimize peripheral/systemic
toxicity, and allow for dose reduction. The two basic hurdles
inherent to nano-medicine are the accomplishment of repro-
ducible and large-scale manufacturing, as well as the inade-
quacy of present pre-clinical models in effectively mimicking
human biology. Indeed, not only for preclinical and clinical
applications but also for the pharmaceutical industry’s accep-
tance of nano-medicine, generating mono-disperse systems
with the necessary physicochemical features is essential.
Furthermore, despite the positive outcomes of various in vitro
and in vivo investigations, these models are still unable to
accurately mimic rheumatoid arthritis in humans; while cell
culture and designed animal models can aid in better under-
standing of system interactions and consequences, they
cannot offer a complete picture of the human body’s complex-
ity. The discovery of diverse drug delivery techniques for target-
ing inflammatory mediators and immune system mediators
has increased expectations for the development of a viable tar-
geted drug delivery modality for RA treatment. The develop-
ment of systems that can not only distinguish specific targets
for RA but also efficiently internalize into cells will be a major
focus in the coming years. Some of these issues could be
solved by using a combination of targeting strategies.
Furthermore, employing precise molecular addresses on the
vascular endothelium, magnetic field targeting, and ultra-
sound are some of the developing medication targeting tech-
niques in RA treatment that show a lot of promise. Targeting
strategies utilizing nanotechnology and bio-conjugation chem-
istry that can alter a drug’s bio-distribution to reduce toxicity
while enhancing efficacy could improve the chances of new
anti-arthritic therapies reaching patients.

34 | RSC Pharm., 2025, 2,19-43

View Article Online

RSC Pharmaceutics

10. Conclusion

Despite recent breakthroughs in pharmacological treatments
for rheumatoid arthritis, cases of resistance to conventional
medications are not uncommon, especially with frequent and
long-term use of the drugs; this also results in adverse effects
and non-specific organ damage. As a result, implementing
alternative drug delivery strategies based on receptor targeting,
as described in this review, has the potential to enhance
patient outcomes by reducing the unwanted off-target effects
of conventional drugs, and lowering the frequency and dose of
drug administration. More thorough investigation into novel
carriers and drug-targeted delivery to arthritic joints, as well as
a better understanding of RA, could considerably improve the
clinical treatment of RA patients. Apart from the above-men-
tioned cellular targets and pathways, there are plenty of new
cellular targets available which have not been adequately
explored yet. Toll-like receptors, NOD-like receptors, Fe-y recep-
tors (FcyRs) and TAM receptors are some receptors which play
a vital role in the pathogenesis of RA but have not been
explored as a target for the effective treatment of RA. Exploring
these targets could create opportunities for researchers to
explore newer ligands to target them. This ultimately increases
site-specific delivery of the drugs and avoids side effects of
drugs. Recently, the discovery of new receptors has opened
new horizons for designing novel ligands for effective
treatments.
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