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ABSTRACT

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disorder characterized by persistent
inflammation that primarily affects the joints but can also involve extra-articular organs such as
the heart, lungs, and kidneys. Current treatment modalities, which include nonsteroidal anti-
inflammatory drugs (NSAIDs) and disease-modifying antirheumatic drugs (DMARDs), provide
symptom relief but are often hindered by off-target effects, short therapeutic half-lives, and systemic
toxicity. Nanotechnology has emerged as a promising solution to address these limitations. This review
explores various nanoparticle (NP)-based strategies for RA treatment, including lipid-based systems like
liposomes, ethosomes, and solid lipid nanoparticles; polymeric nanoparticles; and metallic nanoparticles
such as gold, silver, and iron oxide. Thesesystemsenhancedrugdeliverybyimproving stability,
facilitating controlled release, and enabling both active and passive targeting of inflamed tissues. The
advantages of NP-based therapies include reduced dosing frequency, minimized side effects, and
potential theranostic applications, paving the way for more effective and patient-centered
management of RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disorder associated with a chronic inflammatory
process that can cause damage to both joints and extra-articular organs, including the heart, kidneys,
lungs, digestive system, eyes, skin, and nervous system.[1] This chronic systemic autoimmune disease
occurs more frequently in females than in males and is predominantly observed in older adults.[2]
According to a prevalence rate reported in 2002, RA affects between 0.5% and 1% of the population,
with variations noted across different regions.[3] In individuals with RA, the immune system
erroneously targets the synovium, the lining of the membranes surrounding the joints, resulting in
inflammation, cartilage damage, pain, swelling, and, ultimately, joint deterioration.[4] Various types
of arthritis have been studied and classified, which includes differentiating between non-
inflammatory arthritis (such as osteoarthritis) and inflammatory arthritis resulting from crystal
deposition (including pseudogout and gout), bacterial and viral infections (like those caused by
Staphylococcus aureus, Neisseria gonorrhoeae, and certain complications from Lyme disease, as well as
viruses such as Parvovirus and Enterovirus), or autoimmune processes.[5]

Pathophysiology

The inflammation associated with rheumatoid arthritis (RA) begins in the synovium. While various
mechanisms, including lymphocyte activation, cytokine networks, and the production of pro-
inflammatory molecules, trigger the inflammatory response in RA, the exact pathway leading to this
response remains unidentified.[6] In reaction to RA inflammation, thesynovialtissueexhibits hyperplasia
of the synovial lining due to the accumulation of fibroblast-like synoviocytes (FLS) and macrophage-
like synoviocytes (MLS). Notably, the synovial intimal lining in RA can be up to five times deeper than
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normal, typically consisting of only one or two cell layers.[7] These macrophages- and fibroblast-like
cells contribute to inflammation by producing chemical mediators, including pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a), chemokines like interleukin-8 (IL-8), and
proteinases, including matrix metalloproteinases (MMPs). As a result, additional macrophages,
lymphocytes, and fibroblasts become activated, perpetuating the RA inflammatory process. [8]

Figure 1 :-

(a) Schematic diagram of a healthy synovial joint;

(b) Schematic diagram of a synovial joint affected by rheumatoid arthritis (RA);
(c) Radiograph of healthy metacarpophalangeal joints;

(d) Radiograph of metacarpophalangeal joints affected by RA.

Challenges in Diagnosis and treatment of Rheumatoid Arthritis

Currently, there is no cure for rheumatoid arthritis (RA). The most frequently utilized conventional
treatments for managing this condition include nonsteroidal anti-inflammatory drugs (NSAIDs),
glucocorticoids (GCs), and disease-modifying antirheumatic drugs (DMARDs).[9] DMARDs comprise
a range of medications, such as antimalarials (chloroquine and hydroxychloroquine), sulfasalazine, gold
compounds (auranofin and sodium aurothiomalate), penicillamine, and immunosuppressants (including
methotrexate, adalimumab, anakinra, azathioprine, cyclosporin, cyclophosphamide, etanercept,
infliximab, and leflunomide)[10]. Advances in molecular and cell biology have identified numerous
promising molecules and pathways that can be targeted for interventions in immunologic and
inflammatory diseases. Consequently, several biological DMARDs have been developed. There is a
growing emphasis on the early diagnosis and treatment of RA with DMARDs, which, when used in
combination with other medications, have demonstrated effectiveness in controlling disease
progression in many patients.[11].

It is believed that most DMARDSs work by inhibiting the release or activity of cytokines that play a key
role in sustaining the inflammatory process, although additional mechanisms may also be involved. The
systemic administration of these agents often leads to indiscriminate distribution and a lack of
specificity for the affected organs or tissues in rheumatoid arthritis (RA), which can result in
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extraarticular adverse effects. Furthermore, due to their short half-life and inadequate concentrations at
the site of action, these agents typically require high and frequent dosing, which can lead to severe side
effects and significant costs. To address these challenges, the development of new agents and
therapeutic strategies has been suggested. A notable example of such strategies includes the use of
innovative drug delivery systems like nanoparticles (NPs).[12]

Nanotechnology and nanoparticles (NPs)are important in biology, offering new ways to image, sense,
deliver drugs,and study biological processes.[13] The main benefits of NPs include their capacity to
protect drugs, deliver them to specific areas, control how they are released,and be produced in large
amounts. Drug targeting with NPs can happen through passive or active methods. Passive targeting uses
the properties of the particles and how macrophages in inflamed joints take them up,a process known as
the enhanced permeability and retention (EPR) effect.

[14] However, when drugs are given systemically, they often face problems like being quickly removed
by macrophages in the reticuloendothelial system (RES).[15] To deal with these challenges, scientists
are working on surface modifications and active targeting strategies that use ligands such as peptides
and antibodies. In this review, 1 will cover different new methods being used to treat rheumatoid
arthritis.[16]

TYPES OF NPs USED IN TREATMENT OF RA :-

{A} LIPID BASED NPs

a. Liposomes

Over the years, liposomes have garnered considerable attention as a carrier system for therapeutic
compounds due to their distinctive properties.[17] These properties include the ability to encapsulate
both hydrophilic and hydrophobic drugs, exceptional biocompatibility, low toxicity, minimal immune
system activation, and the capacity to deliver bioactive compounds directly to their target sites.[18] A
liposome is defined as a microscopic vesicle featuring an aqueous core encased by one or more natural
phospholipid bilayers.[19] This structural composition renders liposomes versatile delivery systems,
capable of accommodating a wide range of compounds while ensuring high biocompatibility. [20]

The biphasic nature of liposomes enables them to transport both hydrophilic (water-soluble) and
lipophilic (fat- soluble) drugs. The positioning of drug molecules within the liposome is determined by
their solubility and partitioning characteristics, which significantly influence their entrapment and release
behavior. Lipophilic drugs are typically integrated within the lipid bilayers, where their limited water
solubility helps to minimize drug loss during storage. In contrast, hydrophilic drugs can be encapsulated
within the aqueous core or remain in the surrounding water phase. This adaptability makes liposomes an
exceptionally effective drug delivery system.[21]

The liposome system is increasingly utilized to enhance the efficacy of rheumatoid arthritis
treatments.[22] When administered intravenously, liposomes accumulate in the synovial tissue of patients
with rheumatoid arthritis.[23] Studies have shown that liposomes containing cholesterol and
phosphatidylcholine encapsulated with clodronate, when given to arthritic rats, lead to a reduction in
bone resorption due to their anti-inflammatory properties.[24] These liposomes demonstrate a decrease
in joint inflammation and reduced toxicity.[25] One notable example is the stealth liposome, which
enhances the therapeutic efficacy of glucocorticoids commonly administered intravenously, while
minimizing non-specific organ toxicity. [25]

b. Ethosome

Ethanol influences the intercellular regions of the stratum corneum and serves as a permeation enhancer.
When incorporated in relatively high concentrations alongside phospholipids and water, it forms a soft
vesicular structure known as an Ethosome. [26] These carriers significantly improve drug delivery
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through the skin. The vesicle formation, characterized by soft and malleable structures, is attributed to
the fluidizing effect of ethanol on the phospholipid bilayer. Ethanol concentrations typically range from
20% to 50%. By disrupting the bilayer of the stratum corneum and increasing its fluidity, ethanol
facilitates the penetration of ethosomes. This, in turn, promotes the fusion of the ethosomes with the cell
membrane in the deeper layers of the skin, triggering drug release.[27]

¢. Transferosomes

A specialized type of liposome, known for its highly flexible, elastic, and ultradeformable structure, is
composed of phospholipids, such as phosphatidylcholine, combined with edge activators including
sodium cholate, deoxycholate, Span 80, and Tween 80.[28] Transferosomes are ultra-flexible lipid
vesicles made of phospholipids and edge activators. Their deformability allows them to squeeze through
the skin’s stratum corneum and deliver drugs into deeper layers. They can carry both hydrophilic and
lipophilic drugs, and surface modification enables targeted and controlled release. In RA therapy,
transferosomes improve drug penetration, provide sustained release, and reduce systemic side
effects.[29] Studies have shown that indomethacin-, celecoxib-, and capsaicin-loaded transfer osomal
gels offer better skin penetration, stronger anti-inflammatory action, and superior anti-arthritic activity
compared to conventional or marketed gels.[30]
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Figure 2. This is an overview of various lipid nanocarrier systems utilized in the treatment of arthritic
diseases, summarized

In summary

liposomes are generally made up of natural phospholipids, which are a fundamental component of most
biological membranes. Ethosomes consist of lipid vesicles that include phospholipids and a significant
amount of ethanol. Transfersomes are specialized liposomes with deformable characteristics that allow
them to penetrate the stratum corneum and deeply infiltrate the skin. Solid lipid nanoparticles are
composed of a mixture of solid lipids dispersed within inner cores. Nanostructured lipid carriers are
created from a combination of solid and liquid lipids within the cores. Note: PEG stands for
polyethylene glycol.

d. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) have emerged as a promising approach for enhancing the
cutaneous delivery of both hydrophilic and lipophilic drugs, outperforming conventional vehicles.
These spherical colloidal systems typically have an average diameter ranging from 40 to 1000 nm.
SLNs comprise a high- melting-point lipid core surrounded by surfactants, and they are sometimes
coated with hydrophilic polymers to enhance their colloidal stability. The lipid matrix can include
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materials such as beeswax, stearic acid, cholesterol, glyceryl stearate (both mono- and tri-), solid
paraffin, and behenic acid. Various other components, including surfactants, co- surfactants,
preservatives, cryoprotectants, and charge modifiers, are also utilized in the preparation of
SLNs.[31]

SLNs offer numerous advantages: they exhibit high physical stability, minimal skin irritation,
controlled drug release, protection of sensitive drugs from degradation, and excellent in vivo
tolerability.[32] They are particularly effective in increasing the bioavailability of poorly soluble
drugs and achieving targeted therapy through the incorporation of specific targeting ligands on their
surfaces. Upon topical application, SLNs enhance skin hydration and adhesion. They form a
monolayer on the skin, which provides occlusive properties, thereby reducing moisture loss. This
process decreases corneocyte packing and opens intercorneocyte gaps, facilitating the penetration
of the drug into the deeper layers of the skin. [33]

e. Nanoemulsions

Nanoemulsions (NEs) are transparent, isotropic, and kinetically stable colloidal dispersions with
particle sizes below 200 nm. They typically comprise emulsified oil, water, and amphiphilic
molecules [34]. NEs are extensively utilized as drug delivery systems, particularly for poorly
soluble and permeable drugs such as MLX, EXB, and CLX, as they enhance drug solubility,
loading capacity, and, ultimately, bioavailability. The small droplet size enables effective skin
penetration, improving drug delivery while circumventing chemical or enzymatic degradation in
the gut and avoiding the first-pass metabolism associated with oral administration [35].

{B} POLYMERIC BASED NPs

Polymeric nanoparticles (NPs) are currently under investigation as a potential therapeutic option.
The development of these nanoparticles involved the use of betamethasone disodium phosphate
(BSP), [36] polylactic acid, and monomethoxy polyethylene glycol (PEG)-polylactide block
copolymers, which were evaluated for their efficacy in reducing inflammation [37]. The results
indicate that these nanoparticles are effective anti-inflammatory agents. The increased permeability
at the site of injury facilitates the accumulation of BSP. Furthermore, the absence of PEG leads to
an increase in macrophage activity, which promotes the hydrolysis of polymers, thereby releasing
BSP from the cells.[38]

Polymeric systems offer numerous advantages, including enhanced stability in the bloodstream,
controlled drug release, targeted delivery to specific sites, improved bioavailability [39], protection
against degradation due to pH and enzymatic activity, and overall nontoxicity and biodegradability.
[40] The accumulation of inflammatory mediators, such as cytokines and macrophages within
synovial cells, is a significant trigger for the autoimmune response observed in rheumatoid arthritis
(RA).[41] Polymer-based materials can be effectively utilized to deliver antirheumatic medications
and immunosuppressive cytokines, such as IL-23 and TNF-a. [42]

Biopolymeric nanoparticulate drug delivery systems are rapidly advancing, as they strategically
protect active molecules from in vivo and in vitro degradation.[43] This technology reduces the
administration frequency and enhances circulating levels, thereby allowing for the manipulation of
biological activity to optimize therapeutic efficacy.[44] Chitosan, the sole natural polysaccharide
exhibiting a positive charge, is extensively employed for the delivery of proteins and nucleic
acids[45]. Various methodologies for preparing chitosan nanoparticles using compounds such as
sulfate, citrate, and tripolyphosphate have been documented.[46] Nanospheres composed of
densely concentrated chitosan molecules have also been reported as potential“fusogens.”The
diminutive size of chitosan nanoparticles enables their transit across cell membranes to facilitate
drug delivery into the cytosol [47] Duetotheir bioadhesive properties, biodegradability, and
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biocompatibility, chitosan nanoparticles (CHNP) are recognized as an effective drug delivery
system.[48] The positive charge of CHNP further enhances their absorption, and their ease of
delivery via both parenteral and non-parenteral routes renders them a more appealing drug delivery
option. [49]

{C} METALLIC BASED NPs
a. Iron Oxide NPs

Iron oxide nanoparticles (NPs) represent an intriguing nanosystem due to their unique physical
properties, biocompatibility, cost-effectiveness, and ability to target specific sites while minimizing
damage to surrounding tissues. [50]These magnetic NPs can be co-encapsulated with drug
molecules within nanoparticles made from other materials, such as poly (lactic-co-glycolic acid) (PLGA).
As a well- defined, biodegradable, and biocompatible polymer, PLGA has garnered significant attention.
When iron oxide NPs are co-encapsulated within drug-loaded PLGA nanoparticles, they become shielded
from degradation, enabling persistent and controlled drug release. [51] Additionally, it is possible to
modify the surface properties of these NPs to enhance stealth and selectivity towards specific cells,
organs, or tissues.[52] Moreover, iron oxide NPs can serve as imaging contrast agents, showcasing the
application of nanotechnology in medical monitoring and diagnosis. [53]These nanoparticles function as
both passive and active targeting imaging agents, typically in the form of superparamagnetic iron oxide
nanoparticles (SPIONs), which consist of an iron oxide core coated with hydrophilic dextran or another
biocompatible compound to enhance their stability.[54]

b. Silver NPs

Silver nanoparticles (Ag NPs) have been recognized for their anti-inflammatory properties, particularly
in reducing the production of proinflammatory cytokines such as TNF-a and IL-6, [55] which can be
beneficial for patients with rheumatoid arthritis (RA). Additionally, Ag NPs can lower levels of vascular
endothelial growth factor (VEGF), [56] a factor produced by epithelial cells that enhances antigen
sensitivity, contributes to physiological abnormalities, and causes plasma proteins to leak into the
extracellular space.[57] This, in turn, leads to thickening of the airway wall and heightens T helper
type-2 (TH2) cell-mediated inflammation characterized by IL-9, IL-4, IL-5, and IL-13.[58]

Ag NPs inhibit the Src kinase pathway and block Y419 phosphorylation in a dose-dependent
manner, which reduces the vascular endothelial permeability induced by VEGF and IL-1B. They also
prevent VEGF and IL-1B- induced solute flux while decreasing VEGF-induced cell production.[59]
Furthermore, Ag NPs can diminish the expression of hypoxia-inducible factor 1 alpha (HIF-1a), a
regulator of proinflammatory gene expression, and possess[60] antibacterial properties. Ultimately, Ag
NPs can curtail the secretion of proinflammatory mediators, such as TNF-a, IL-12, and COX-2, at higher
concentrations. [61]

c. Gold NPs

Gold nanoparticles (GNPs) are promising nanomaterials with distinct physical, chemical, and optical
properties that make them highly valued in nanotechnology and bio-nanotechnology. [62] Their
numerous advantageous characteristics including ease of fabrication, high stability, resistance to
oxidation, water solubility, plasmon resonance, high surface reactivity, considerable drug-loading
capacity, low cytotoxicity, and cost- effectiveness[63] have prompted extensive research and exploration
of their potential applications across various fields such as engineering, chemistry, and biomedicine.
GNPs, in particular, have emerged as ideal metal nanomaterials for medical applications due to their
biocompatibility and inert nature.[64]

Moreover, GNPs can provide therapeutic options beyond traditional gold salts, including enhancing
radiotherapy through their preferential absorption of X-rays, thanks to their higher atomic number.[65]
The ease of functionalizing GNPs with a variety of molecules further expands their therapeutic
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possibilities, enabling innovative approaches to combination therapies and theragnostic.[66] Research
has confirmed that GNPs serve as effective carriers for a wide range of therapeutic agents, including
antineoplastic drugs, antioxidants, antibiotics,proteins,nucleicacids,andglucose.[67]

Among the various shapes of GNPs, nanospheres and nanorods are particularly favored for biomedical
applications due to their well-defined synthesis. The functionalization of GNPs with various therapeutic
targeting agents has significantly broadened their application scope.[68] Their successful utilization in
numerous biomedical areas—such as diagnostics, therapeutics, vaccine development, drug and gene
delivery, imaging, and electrochemical biosensors[69] has been achieved through careful control of
particle size and shape during synthesis, as well as appropriate modification with functionalizing
groups.[70]

Advantages of Nanoparticle-Based Approaches in treatment of RA

The nanoparticles delivery system is characterized by particle formulations that are dispersed at the
nanoscale. The National Nanotechnology Initiative (NNI) defines nanoparticles as structures with
dimensions ranging from 1 to 100 nanometers.[71] This specific size range allows for straightforward
characterization through visual observation. Typically, nanoparticles exhibit a slightly transparent
appearance and demonstrate a reduced precipitating time compared to larger particles exceeding 100
nanometers in size.[72]

There are two primary categories of nanoparticles based on their preparation: nanospheres and
nanocapsules. Nanospheres possess a monolithic structure in which the active compound is either
actively dispersed throughout the surface or adsorbed onto the surface of the carrier matrix.[73] In
contrast, nanocapsules exhibit a membrane- like structure, wherein the active compound is encapsulated
within the 'core' of the structure or adsorbed onto the membrane's surface. Nevertheless, classifying
nanoparticle complexes strictly as either nanospheres or nanocapsules presents a challenge.[74]

The utilization of nanoparticles offers several advantages due to their diminutive size, which facilitates
penetration into intercellular spaces and cell walls, surpassing larger particles in this regard.[75]
Furthermore, nanoparticles exhibit the versatility to integrate with other technologies.[76] These particles
can effectively encapsulate drugs, safeguarding them from degradation while enhancing targeted
delivery. Additionally, nanoparticles enable modifications in drug release profiles and can be produced
on a large scale with reproducibility.[77]

The diverse physical and chemical properties of nanoparticles significantly influence the biomedical
potential of the encapsulated drugs, impacting factors such as bioavailability and biodistribution.[78] The
application of particulate nanomaterials as drug carriers results in the accumulation of nanoparticles
within the mononuclear phagocytic system, predominantly located in the spleen and liver.[80]
Consequently, utilizing nanoparticles for targeted liver delivery presents a promising approach for
developing therapeutic strategies for liver diseases.[81

Moreover, the surface modification of nanoparticles, particularly with polyethylene glycol (PEG), has
been shown to extend their circulation time, diminish in vitro toxicity, and prevent agglomeration, which
can lead to the destabilization of nanoparticle suspensions. [82].One significant advantage of drugs
formulated as nanoparticles is their excellent storagestability.[83] The reduced Particles of these
nanoparticle-based dosage forms minimizes the risks of creaming or sedimentation, as a result of
decreased gravitational effects and enhanced Brownian motion.[84] Additionally, the small particle size
helps to prevent flocculation, which enables the drugs to be stored for extended periods without
compromising their effectiveness.[85].

SUMMARY
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Rheumatoid arthritis (RA) is a debilitating autoimmune disorder characterized by chronic joint
inflammation, synovial hyperplasia, and systemic involvement of organs. Traditional therapeutic
methods, which include non- steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, and disease-
modifying antirheumatic drugs (DMARDs), primarily focus on symptom management and the
attenuation of disease progression. Nonetheless, these approaches are often limited by systemic side
effects, a requirement for frequent dosing, and insufficient specificity in targeting affected areas.

Nanotechnology represents a significant advancement in drug delivery systems that effectively address
these limitations by utilizing nanoparticles (NPs) to enhance therapeutic outcomes. NPs confer numerous
advantages, such as the encapsulation of pharmaceutical agents to safeguard them from degradation,
targeted delivery to inflamed tissues, and controlled release profiles. Lipid-based systems, which include
liposomes and ethosomes, are particularly noteworthy due to their capacity to incorporate both
hydrophilic and hydrophobic drugs, thus improving penetration into inflamed sites. Polymeric
nanoparticles exhibit enhanced bioavailability, increased stability within the bloodstream, and the ability
to selectively target specific inflammatory mediators, such as cytokines. Additionally, metallic
nanoparticles, including gold, silver, and iron oxide, offer unique therapeutic and diagnostic
functionalities, such as imaging capabilities and modulation of inflammatory responses.

Each category of nanoparticles presents distinct advantages. For example, liposomes facilitate the
accumulation of drugs in synovial tissues via passive targeting mechanisms, while ethosomes promote
transdermal delivery with enhanced permeability. Polymeric nanoparticles can achieve a controlled and
sustained release of anti- inflammatory agents, thereby reducing the frequency of dosing. Meanwhile,
metallic nanoparticles provide the diagnostic benefits by enabling real-time imaging of inflammatory
processes while simultaneously delivering therapeutic agents.

Despite the promising results observed thus far, there remain significant challenges to clinical translation.
These challenges include ensuring biocompatibility, scaling production processes, and establishing long-
term safety profiles. Current research is focused on optimizing nanoparticle formulations as well as
integrating passive and active targeting strategies to improve specificity and therapeutic efficacy.
Therefore, nanotechnology represents a transformative approach to the treatment of rheumatoid arthritis,
with the potential to diminish systemic toxicity, enhance patient adherence, and facilitate superior
control over disease progression.

CONCLUSION

Nanotechnology is transforming the therapeutic landscape for rheumatoid arthritis by addressing
persistent challenges associated with traditional treatments. Nanoparticles (NPs) present innovative
strategies for delivering pharmaceuticals directly to inflamed tissues, thereby minimizing systemic
exposure and enhancing therapeutic efficacy. Lipid-based nanoparticles, including liposomes and
ethosomes, serve as versatile drug delivery platforms characterized by high biocompatibility and the
capacity to encapsulate a wide variety of drug types. Polymeric nanoparticles, on the other hand, extend
drug stability and facilitate targeted release, while metallic nanoparticles such as gold and silver are
notable for their unique dual functionalities in both treatment and diagnostics.

The advantages of these nanoparticle systems encompass reduced dosing frequency, diminished side
effects, and improved drug bioavailability, all contributing to a significant enhancement in patients'
quality of life. Furthermore, their integration within theranostics merges diagnostic and therapeutic
capabilities, providing a more holistic approach to disease management. Nonetheless, challenges such as
production scalability, cost- effectiveness, and long-term safety must be addressed to facilitate
widespread clinical adoption.

In summary, although still in the developmental phases, nanotechnology possesses considerable potential
to redefine the treatment of rheumatoid arthritis by aligning efficacy with precision. Ongoing research,
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alongside regulatory approvals and clinical trials will be crucial for translating these advancements into
standard clinical practice. By incorporating advanced nanocarrier systems with existing therapeutic
strategies, the management of rheumatoid arthritis can achieve a new echelon of effectiveness and
patient-centred care.
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