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Abstract: Rheumatoid arthritis (RA) is a long-term autoimmune condition where the body’s immune system unwillingly
attacks its own joints, leading to persistent inflammation, swelling (synovitis), and the gradual breakdown of joint tissues.
At the heart of RA lies a complex interplay between immune cells especially B cells and T cells which release inflammatory
messengers called cytokines. These molecules fuel the ongoing inflammation and contribute to joint damage over time. This
review highlights how these immune cells drive the disease process and sustain tissue injury. In addition to conventional
therapies, certain nutritional supplements like curcumin, guggul, and glucosamine—chondroitin blends offer mild relief.
While not a replacement for standard treatments, they may serve as helpful add-ons in a broader management plan.
Excitingly, nanotechnology is opening new frontiers in RA care. Unlike traditional drugs that circulate throughout the body,
nanocarriers are engineered to deliver medication directly to inflamed joints. This targeted approach not only boosts
treatment precision but also reduces unwanted side effects, offering a glimpse into the future of personalised RA therapy.
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L INTRODUCTION

» Prevalence and Clinical Features of RA:

Rheumatoid arthritis (RA) affects approximately 1-3%
of the population, with a notable female predominance about
3:1 especially in early adulthood, which tends to diminish
with advancing age. Genetic predisposition plays a significant
role in susceptibility to the disease. RA is a chronic,
progressive autoimmune condition marked by irreversible
damage to synovial-lined joints. This leads to loss of joint
space, bone erosion, functional impairment, and deformity. A
hallmark of RA is the degradation of the extracellular matrix,
which contributes to the destruction of cartilage, tendons,
ligaments, and bone. Clinically, RA presents as a symmetric
polyarthritis, with articular and periarticular manifestations
including joint swelling, tenderness on palpation, morning
stiffness, and significant limitations in mobility(1). Early
diagnosis and prompt initiation of treatment can prevent or
substantially slow joint damage in up to 90% of cases, thereby
averting permanent disability. The development of
standardized tools to assess disease activity and remission has
enabled more precise and proactive treatment strategies,
aiming to halt disease progression before irreversible joint
damage occurs. Outcomes have significantly improved with
the recognition of the importance of early diagnosis and early
intervention using disease-modifying antirheumatic drugs
(DMARD:s). The therapeutic goal is to achieve remission or,
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at minimum, low disease activity ideally within six months of
initiating treatment. Methotrexate remains the cornerstone of
first-line therapy, typically prescribed at an optimal dose of
25 mg per week, often in combination with glucocorticoids.
This regimen helps 40-50% of patients reach remission or
low disease activity(2). For those who do not respond
adequately, sequential use of targeted biologics such as TNF
inhibitors or Janus kinase (JAK) inhibitors alongside
methotrexate has enabled up to 75% of these patients to
achieve therapeutic targets over time. These biologic
therapies have emerged in response to evolving insights into
RA pathogenesis(3). While the cost of biologics can be
substantial, the introduction of biosimilars drugs that are
nearly identical to their reference biologics but more
affordable has begun to alleviate the financial burden
associated with RA treatment. The immunological landscape
of rheumatoid arthritis (RA) is complex and multifactorial.
Key contributors include T-cell-mediated antigen-specific
responses, T-cell-independent cytokine networks, and the
aggressive, tumour-like proliferation of synovial tissue.
These mechanisms collectively drive chronic inflammation
and joint destruction. In recent years, the role of
autoantibodies particularly rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPAs) has regained
prominence in understanding RA pathogenesis. These
autoantibodies not only serve as diagnostic markers but also
actively participate in disease progression by amplifying
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inflammatory cascades and tissue damage. Understanding
these pathogenic pathways has paved the way for the
development of targeted therapeutic strategies. By focusing
on specific immune mechanisms, such as cytokine inhibition,
T-cell modulation, and B-cell depletion, modern interventions
aim to suppress synovial inflammation and prevent
irreversible joint damage. This mechanistic insight has
transformed RA management, enabling precision medicine
approaches that align treatment with individual
immunological profiles(4).

» Epidemiological Foundations for Arthritis Pathogenesis
and Therapy:

Between 1995 and 2007, a study involving 466
individuals diagnosed with rheumatoid arthritis (RA)
revealed key demographic and epidemiological insights. The
average age of participants was 55.6 years, with a clear
female predominance nearly 69% were women. 66% of the
cohort tested positive for rheumatoid factor, reinforcing its
diagnostic relevance. The annual incidence of RA during this
period was approximately 40.9 cases per 100,000 individuals.
Women exhibited a significantly higher incidence rate (53.1
per 100,000) compared to men (27.7 per 100,000). Over time,
a moderate increase in RA incidence was observed among
women across all age groups, while rates among men
remained relatively stable. This trend was also reflected in
overall disease prevalence. In 1995, RA affected about 0.62%
of the U.S. adult population roughly 1.3 million individuals.
By 2005, this figure had risen to 0.72%, equal to
approximately 1.5 million adults. These findings underscore
a consistent rise in the burden of RA over the decade(5). The
annual incidence of new RA cases varies widely from as few
as 12 to as many as 1200 per 100,000 individuals depending
on several factors, including gender, racial or ethnic
background, and the specific time period under study. This
variability in incidence shows the multifactorial nature of RA.
Both genetic predisposition and environmental exposures
contribute to disease onset and progression. For instance,
certain HLA-DR alleles have been linked to increased
susceptibility, while lifestyle factors such as smoking and
infections may act as environmental triggers(6). The
prevalence of rheumatoid arthritis (RA) varies among
geographical regions, with higher rates observed in
industrialized nations and urban populations. These
disparities are influenced by a complex interplay of genetic
predisposition, environmental exposures, demographic
factors, socioeconomic conditions, and the lack of disease
reporting systems. While the number of individuals
diagnosed with RA has increased over time, encouraging
trends show a decline in disease severity, mortality rates, and
associated comorbidities. This improvement is largely
attributed to advances in early diagnosis, targeted therapies,
and comprehensive disease management(7). Emerging
research supports the “mucosal origin” hypothesis, which
proposes that RA may initiate at mucosal surfaces such as the
oral cavity, lungs, or gastrointestinal tract. Genetic
susceptibility interacts with environmental triggers such as
microbial agents or pollutants to initiate autoimmune
responses that eventually manifest in joint pathology.
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1I. PATHOPHYSIOLOGY OF ARTHRITIS

» Cellular and Molecular Mechanisms:

Rheumatoid Arthritis is characterized by the invasion of
provocative cells into the joints. The pathogenesis of RA
comprise of a complex handle including Pannus arrangement
,synovial fibroblast expansion causing penetration of T-cells,
B-cells ,macrophages and plasma cells .Be that as it may, it
comprise of arbiters to shape a arrange of forbid framework
counting cytokines, tumor corruption calculate, interleukins
which fortifies the advancement of pro-inflammatory reaction
on the cell .Thus, point of treatment is to avoid joint
devastation by progressing useful capacity ,diminishing
torment & irritation in arrange to keep up a ordinary way of
life(8). The current therapeutic approach to rheumatoid
arthritis (RA) involves a strategic combination of medications
aimed at both symptom relief and disease control.
Nonsteroidal —anti-inflammatory drugs (NSAIDs) are
commonly prescribed to alleviate pain and reduce
inflammation, offering patients short-term comfort and
improved mobility. However, NSAIDs do not alter the
underlying disease process and therefore cannot prevent long-
term joint damage. To address disease progression,
glucocorticoids are often introduced. These agents possess
potent anti-inflammatory properties and can slow the
structural deterioration of joints when used appropriately.
Their role is particularly valuable in early disease
management or during acute flares, although long-term use
requires careful monitoring due to potential side effects(9). In
addition to these, disease-modifying antirheumatic drugs
(DMARD:s) both synthetic and biologically derived form the
backbone of RA treatment. Natural anti-rheumatic agents are
also being explored for their complementary benefits,
especially in integrative and phytopharmaceutical
approaches.
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Fig 1 Schematic Overview of Rheumatoid Arthritis Pathophysiology, Illustrating Key Cellular Components,
Inflammatory Mediators, and the Cascade Leading to Synovial Inflammation and Joint Destruction.

» Genetic, Environmental, and Infectious Triggers in

Rheumatoid Arthritis:

Preclinical rheumatoid arthritis (RA)(10): Refers to the
early, asymptomatic phase of the disease, during which
immunological changes begin to emerge before clinical
symptoms are evident. This stage is characterized by the
presence of specific autoantibodies in the bloodstream,
indicating an underlying immune dysregulation. Key
autoantibodies associated with preclinical RA include
Calpastatin, p68, RA33, perinuclear factor, and IgM
rheumatoid factor (RF). These biomarkers reflect early
immune activation and are often detectable years before
joint inflammation becomes clinically apparent.
According to the American Rheumatism Association, the
formal diagnosis of RA is strongly supported by the
presence of serological markers particularly rheumatoid
factor (RF) and anti-citrullinated protein antibodies
(ACPAs) which serve as critical indicators of disease
progression and risk.

Genetic Insights and Therapeutic Potential in Arthritis:
The genetic insights of rheumatoid arthritis (RA) have
been widely explored through meta-analyses and genome-
wide association studies (GWAS), which have identified
numerous susceptibility loci linked to disease onset and
progression. These studies have deepened our
understanding of how inherited variations in immune-
regulatory genes contribute to the pathogenesis of
RA(11).Gene therapy has emerged as a promising avenue
in RA research, offering the potential to deliver
therapeutic genes directly to affected joints with high
efficiency and minimal tissue disruption. This approach
aims to modulate local immune responses and reduce
inflammation at the site of disease activity.
Environmental and Infectious Triggers in Arthritis: The
development of rheumatoid arthritis (RA) is not solely

attributed to genetic predisposition or environmental
exposure; rather, it arises from a complex interplay
between both, alongside infectious agents. Bacterial and
viral infections have been implicated in RA pathogenesis
through immunological mechanisms such as molecular
mimicry, epitope spreading, and superantigen expression.
These processes can mislead the immune system into
attacking self-tissues, initiating autoimmunity. A key
immunological event involves the activation of citrulline-
specific pathogenic T cells and the production of anti-
citrullinated protein antibodies (ACPAs) by B cells(12).
The interaction between ACPAs and citrullinated proteins
within joint tissues promotes localized inflammation,
contributing to the chronic nature of RA. In addition to
infectious triggers, several modifiable environmental risk
factors play a significant role in disease onset and
progression. These include: Smoking, Alcohol
consumption etc.

III. CONVENTIONAL THERAPEUTIC
APPROACHES IN RA

Although a definitive cure for rheumatoid arthritis (RA)
remains vacant, current therapeutic strategies aim to reduce
pain, reduce inflammation, minimize joint damage, and
prevent deformities ultimately helping patients maintain a
healthier and more active life. These approaches focus on
controlling symptoms and slowing disease progression rather
than complexing the condition(13).

» Topical Treatments:

Recent research shows that when it comes to treating
osteoarthritis (OA), both topical and oral NSAIDs (non-
steroidal anti-inflammatory drugs) are similarly effective in
reducing pain and they outperform paracetamol. Especially
promising is that topical NSAIDs come with a lower risk of
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gastrointestinal side effects compared to both oral NSAIDs
and paracetamol. This outcome is proved by data from 122
randomized controlled trials, making it a strong case for
considering topical options, for those worried about stomach-
related issues. Real-world data predicts that topical NSAIDs
have better overall safety than oral NSAIDs. They also
reduces risks of mortality, CVS disease, and gastrointestinal
bleeding than paracetamol in real world(14).A review found
that approximately 60% of patients using topical NSAIDs
experienced at least a 50% reduction in pain. This level of
relief was comparable to that achieved with oral NSAIDs and
slightly more effective than the response to topical treatments.
These results highlight the impact of topical NSAIDs in
managing arthritis pain, offering a non-invasive alternative
with similar efficacy(15).

e Capsaicin (Mechanism and Evolving Understanding):
Capsaicin, the active compound found in chili peppers,
has shown promise in pain relief when applied topically.
It works by interacting with TRPV1 receptors on pain-
sensing neurons, leading to their desensitization over
time. This process reduces the transmission of pain
signals, offering therapeutic benefits for conditions such
as osteoarthritis and neuropathic pain. Capsaicin also
depletes substance P-a neuropeptide involved in pain
perception, but recent research has questioned whether
this depletion is central to its analgesic effects. As our
understanding of capsaicin’s mechanisms evolves, its role
in pain management continues(16). In clinical studies, the
intervention typically involved applying topical capsaicin
at concentrations of 0.025% or 0.075%, four times a day.
This regimen was compared to a placebo over a follow-up
period of three to four weeks. Clinical studies have shown
that topical capsaicin significantly reduces osteoarthritis
pain in the hands, knees, and multiple joints, with
outcomes superior to those seen with placebo. However,
the integrity of blinding in these trials was compromised
due to the characteristic burning sensation caused by
capsaicin, which made it easy for participants to identify
the active treatment. In a 12-week randomized,
multicenter trial involving 113 patients, participants
received either 0.025% capsaicin cream or a placebo,
applied four times daily. The results showed that capsaicin
provided significant pain relief over the 4-12-week
treatment period. 81% of patients in the capsaicin group
reported improvement, compared to 54% in the placebo
group. These findings support the efficacy of low-dose
topical capsaicin in managing osteoarthritis-related
pain(17).

» Oral Analgesics:

Pain relief medications, known as analgesics, are
grouped into three classes based on their strength, as outlined
by the World Health Organization (WHO). First includes mild
painkillers like paracetamol and NSAIDs such as ibuprofen
and celecoxib. The second involves moderate-strength
opioids like codeine, while the Third includes strong opioids
such as oxycodone and fentanyl. Managing pain and
inflammation is a key part of patient care. Effective pain
control not only improves comfort but also helps patients
recover faster whether they’re in the hospital or at home by
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minimizing the time they’re unable to perform daily
activities. It also supports more efficient use of healthcare
resources(18).

o Acetaminophen: It is widely used as a first-line analgesic
for managing a variety of painful conditions. It is often
chosen for mild to moderate pain, especially in
osteoarthritis; its analgesic efficacy may be limited
compared to non-steroidal anti-inflammatory drugs
(NSAIDs), particularly in inflammatory pain settings(19).
A meta-analysis of 10 randomized trials involving 3,541
patients  provided high-quality  evidence  that
acetaminophen offers only modest and clinically
insignificant benefits for short-term pain relief in
osteoarthritis. These findings were further supported by a
network meta-analysis comparing various analgesics for
OA pain, which concluded that acetaminophen was no
more effective than placebo, regardless of the dose.
Specifically, the observed difference was just 4 mm on a
0-100 mm visual analog scale (VAS), a change
considered too small to be meaningful in clinical
practice(20). The American College of Rheumatology and
the Arthritis Foundation (ACR/AF) have issued a
conditional recommendation for using acetaminophen. It
may not be highly effective when used alone, could still
be a reasonable option for short-term relief especially for
patients who aren’t able to take other pain
medications(21). According to the 2019 guidelines from
the European Society for Clinical and Economic Aspects
of Osteoporosis, Osteoarthritis, and Musculoskeletal
Diseases (ESCEO), acetaminophen is conditionally
recommended. It’s suggested only for short-term,
occasional pain relief used alongside long-term treatments
like chondroitin sulfate or glucosamine(22).

e Cyclooxygenase Inhibitors (NSAIDs): Non-steroidal anti-
inflammatory drugs, or NSAIDs, are often used to help
manage pain in people with osteoarthritis. They work by
blocking an enzyme called cyclooxygenase (COX), which
helps reduce the production of certain chemicals called
prostaglandins that trigger inflammation and pain in the
body(23). International guidelines, such as those from the
Osteoarthritis Research Society International (OARSI)
and the American College of Rheumatology (ACR),
recommend using nonsteroidal anti-inflammatory drugs
(NSAIDs) as a first-line option for relieving pain in people
with arthritis(24).

> Joint-Targeted Injections:

o Corticosteroid Injections: Corticosteroid injections are
used to directly target areas of inflammation or pain, such
as in tendinitis or joints affected by osteoarthritis. These
injections can provide moderate pain relief and may
slightly improve joint function. A Cochrane review found
that the benefits might be limited. The side effects of these
injections were similar to those of a placebo, and the
overall quality of the evidence was very low due to
inconsistent findings and the small size and poor
quality(25).

e Platelet-Rich Plasma (PRP): Studies generally supports
that PRP can help relieve pain in the short to medium term
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for people with knee osteoarthritis. However, it’s still
difficult to say how effective it truly is overall. That’s
because different studies use different methods to prepare
and apply PRP, making it hard to compare results(26). A
randomized trial involving 288 patients, which was part
of a larger meta-analysis, found that intra-articular PRP
(platelet-rich plasma) injections didn’t offer any
noticeable benefits for pain relief or joint structure when
compared to a simple saline placebo(27).

e  Botulinum Toxin: Botulinum toxin is a complex substance
produced by certain strains of the bacterium Clostridium
botulinum. While it's best known for its cosmetic uses, it
has also shown promise as a treatment for osteoarthritis
(OA). Research suggests that it may help relieve joint pain
by targeting nerve signals involved in pain and
inflammation(28). Injecting Botulinum neurotoxin type A
directly into the joint may help reduce pain and
inflammation linked to osteoarthritis (OA). It works by
calming the nerve endings (nociceptors) that release
substances responsible for triggering inflammation and
pain, potentially easing discomfort and improving joint
function. Botulinum toxin (BTX) may also help reduce
pain by affecting how nerves communicate(29). Studies
including one using a rat model of trigeminal neuralgia
suggest that BTX can lower the activity of certain sodium
channels involved in pain signaling. It may also reduce the
release of pain-related chemicals like substance P, CGRP,
and the inflammatory molecule IL-1B, which all play a
role in triggering and maintaining pain and
inflammation(30). Clinical studies have found that a
single injection of botulinum toxin (BTX) directly into the
knee joint can help relieve chronic, hard-to-treat pain in
some people with osteoarthritis. However, not everyone
experiences the same benefit, suggesting that different
types of patients may respond differently to this
treatment(31).

Iv. MICRONUTRIENT THERAPY

» Omega-3 Fatty Acids Supplements:

A study comparing low and high doses of (omega-3 fatty
acids) found that the lower dose (0.45g) actually led to better
pain relief and improved joint function over two years than
the higher dose (4.5g). Both doses caused similar side effects,
mainly stomach upset and acid reflux. While these have
shown promising results in treating rheumatoid arthritis,
likely because of its anti-inflammatory effects(32).

»  Curcumin (Curcuma longa):

Curcumin, a bright yellow compound scientifically
known as 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione, is widely recognized for its powerful
biological effects. It exhibits anti-inflammatory, antioxidant,
and anti-tumor properties. Its anti-inflammatory action is
considered central to its therapeutic potential, influencing a
wide range of disease-modulating activities. This compound
is primarily sourced from the root of Curcuma aromatica
Salisb and the rhizome of Curcuma longa L. commonly
known as turmeric both belonging to the Zingiberaceae
family. In traditional Chinese medicine, these herbs have long
been valued for their ability in blood circulation and alleviate
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blood stasis. They’ve been used to relieve pain, reduce
inflammation, and treat various ailments(33). Curcumin
exerts anti-inflammatory effects by modulating key cellular
signaling pathways and suppressing the production of
inflammatory mediators. It interacts directly with Toll-like
receptors (TLRs), which play a crucial role in the body's
immune response, and influences several downstream
pathways including nuclear factor kappa-B (NF-xB),
mitogen-activated protein kinases (MAPK), and activator
protein 1 (AP-1)(34). Through these mechanisms, curcumin
helps regulate the expression of inflammatory molecules and
contributes to the management of various inflammatory
conditions. Curcumin can also inhibit NF-kB activity by
activating peroxisome proliferator-activated receptor gamma
(PPARY)(35), a nuclear receptor that controls inflammation
and metabolic processes. This multi-targeted approach shows
curcumin’s therapeutic potential in treating chronic
inflammatory diseases. Curcumin also exerts its anti-
inflammatory effects by modulating the Janus kinase/signal
transducer and activator of transcription (JAK/STAT)
pathway, a key signaling cascade involved in immune
regulation and inflammation. By influencing this pathway,
curcumin helps suppress the expression of pro-inflammatory
cytokines and contributes to the resolution of inflammatory
responses. Another important mechanism involves
curcumin’s interaction with the NOD-like receptor pyrin
domain-containing 3 (NLRP3) inflammasome a cytosolic
multiprotein complex implicated in the pathogenesis of
various inflammatory diseases. The NLRP3 inflammasome
comprises three core components: a sensor protein, an
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), and the protease caspase-1.
Curcumin can inhibit the assembly of this complex directly
or suppress its activation indirectly by downregulating the
NF-xB pathway. This dual mode of action highlights
curcumin’s potential as a therapeutic agent in managing
chronic inflammation. Oxidative stress plays a significant
role in driving inflammatory processes. It arises from the
excessive accumulation of reactive oxygen species (ROS),
which in turn activates key transcription factors linked to
inflammation. This cascade amplifies the inflammatory
response and contributes to the progression of various chronic
diseases. Curcumin helps counteract this effect by reducing
ROS production. It achieves this through its inhibitory action
on nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase and by enhancing the activity of endogenous
antioxidant enzymes. A central mechanism in this antioxidant
response involves the Nrf2-Keap1 signaling pathway, which
regulates the expression of protective genes. By mitigating
oxidative  stress, curcumin indirectly = suppresses
inflammation, reinforcing its role as a potent anti-
inflammatory agent(36).

e Curcumin’s Role in Managing Arthritis: Several types of
arthritis, but the most common ones are osteoarthritis
(OA), rheumatoid arthritis (RA), and gouty arthritis.
Among these, osteoarthritis is the most widespread. It is a
joint disease that causes the cartilage to wear down over
time, often leading to pain and swelling. Inflammation
also plays a role in its development. Osteoarthritis usually
affects people over the age of 50 and is more common in
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women(37). Curcumin helps reduce joint inflammation
and relieve pain, mainly through its anti-inflammatory
and cartilage-protective actions. In studies using primary
cultured chondrocytes (the cells found in cartilage),
curcumin was shown to lower the expression of key
inflammatory molecules such as IL-1p and TNF-a, as well
as cartilage-degrading enzymes like MMP-1, MMP-3,
MMP-13, and ADAMTSS. At the same time, it increased
the levels of CITED2 a transcriptional regulator known to
protect cartilage structure and function. These combined
effects highlight curcumin’s potential in preserving joint
health and managing arthritis symptoms(38). Curcumin
helps lower inflammation in arthritis by reducing the
production of key inflammatory mediators, including
TNF-0, IL-17, IL-1B, TGF-B, and COX-2. These
molecules are known to drive joint pain and swelling. In
experimental rat models of arthritis induced by agents like
lipopolysaccharide ~ (LPS), Collagen II, and
Monoiodoacetic acid curcumin has been shown to reduce
both cartilage damage and synovial inflammation. This
highlights its potential as a natural compound for
managing arthritis symptoms and protecting joint
tissues(39). Gouty arthritis, commonly known as gout, is
a metabolic condition marked by repeated episodes of
joint inflammation. It is caused by high levels of uric acid
in the blood (hyperuricemia), which leads to the buildup
of monosodium urate (MSU) crystals in the joints and
surrounding tissues. This condition typically affects adults
over the age of 40(40). Curcumin has shown potential in
easing gout-related inflammation. It works by blocking
the TLR4/NF-«xB signaling pathway and suppressing the
activity of the NLRP3 inflammasome both of which play
key roles in triggering the inflammatory response caused
by MSU crystals(41).

» Guggul (Commiphora mukul):

The guggul tree (Commiphora mukul), part of the
Burseraceae family, grows mainly in the dry regions of India,
Pakistan, and Bangladesh. During the winter season, a
yellowish resin known as oleogum is tapped from the tree. On
average, each tree yields about 700 to 900 grams of this resin,
which is traditionally used for its medicinal properties.
Guggul, also known as balsam or oleo gum resin, is found in
balsam canals located in the phloem of the leaf veins and stem
base of the Commiphora mukul tree(42). This resin is a
complex blend of minerals, gums, terpenes, essential oils,
sterols (such as Guggulsterol I-V), sterones (including Z-, E-
, M-guggulsterone and dehydroguggulsterone-M), ferrulates,
lignans, and flavanones. The ethyl acetate soluble portion of
the resin, known as guggulipid, contains several bioactive
compounds like diterpenoids, triterpenoids, steroids, lignans,
and fatty tetrol esters. When fractionated based on pH,
guggulipid yields approximately 95% neutral, 4% acidic, and
1% basic fractions. Further separation of the neutral fraction
gives 88% non-ketonic and 12% ketonic components. The
ketonic fraction is rich in steroids, including the two isomers
E-(cis-) and Z-(trans-) guggulsterone(43). Phenolic
compounds are naturally found in many plants and are known
for their strong antioxidant and anti-inflammatory properties.
Common types include hydroxybenzoic acid derivatives like
gallic acid, protocatechuic acid, gentisic acid, vanillic acid, p-
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hydroxybenzoic acid, syringic acid, and ellagic acid. There
are also cinnamic acid derivatives such as caffeic acid,
chlorogenic acid, ferulic acid, sinapic acid, and p-coumaric
acid(44).

o Guggul’s Role in managing Arthritis: Guggulsterone
helps fight arthritis by blocking NF-kB activation, a key
inflammatory pathway, it reduces the production of
inflammatory molecules like COX-2 and MMP-9, which
are known to do joint damage and inflammation in
arthritis(45). By targeting these mediators, the sterol
supports joint health and may slow the progression of the
disease. The anti-arthritic and anti-inflammatory effects
of gum guggul were first reported by Gujral and
colleagues in 1960. Later studies compared the activity of
Commiphora mukul (guggul) with common non-steroidal
anti-inflammatory drugs (NSAIDs) like phenylbutazone
and ibuprofen(46). In one such study, researchers induced
an arthritis-like condition in albino rabbits by injecting a
mycobacterial adjuvant mixed with liquid paraffin into the
right hock joint mimicking rheumatoid arthritis in
humans. The progression of this condition was monitored
over five months, both with and without treatment. During
the study, phenylbutazone and ibuprofen were given
orally at 100 mg/kg per day, while fraction ‘A’ of gum
guggul was administered at 500 mg/kg per day. All
treatments lasted for five months, allowing researchers to
evaluate and compare their anti-inflammatory effects. All
the three drugs used reduced the joint swelling(47).

» Glucosamine and Chondroitin: Joint Health Support
Agents :

Glucosamine and chondroitin for treating knee
osteoarthritis (OA) have shown mixed results(48). While
some studies found little benefit, especially with glucosamine
hydrochloride, others reported modest improvements when
higher-quality forms were used. Mainly, glucosamine sulfate
at a dose of 1,500 mg per day and chondroitin at 800 mg per
day showed significant, limited relief in knee pain compared
to placebo(49). These findings suggest that the type and
dosage of these supplements may influence their
effectiveness(50). The placebo effect has played a significant
role in studies on glucosamine and chondroitin. A clear
example is the Glucosamine/Chondroitin Intervention Trial
(GAIT), where about 60% of participants reported at least a
20% reduction in pain regardless of whether they received the
actual supplement or a placebo. This highlights the strong
psychological and subjective influence in pain perception
during arthritis treatment(51).

V. NEW HORIZONS IN RHEUMATOID
ARTHRITIS THERAPY

» Nanomedicine:

Nanomedicine represents a dynamic intersection of
nanotechnology, pharmaceutical sciences, and biomedical
research. Over recent years, it has evolved rapidly, driven by
the development of innovative nano-formulations designed
for therapeutic delivery, diagnostic imaging, and integrated
applications. According to the U.S. Food and Drug
Administration (FDA), nano-formulations are defined as
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products that incorporate nanoparticles typically within the
size range of 1-100 nano-meters (nm)(52). This definition
also extends to formulations outside this range, provided they
exhibit dimension-dependent properties that influence their
biological behaviour, efficacy, or safety profile. These nano-
formulations offer several advantages over conventional free
drug molecules, including enhanced solubility, improved
pharmacokinetic profiles, greater therapeutic efficacy, and
reduced systemic toxicity. To date, over 50 nano-
pharmaceuticals have reached the market, encompassing a
wide array of nano-formulation platforms. Among these,
lipid-based nanoparticles have emerged as the most
prominent. These are typically multicomponent systems
composed of a phospholipid, an ionizable lipid, cholesterol,
and a PEGylated lipid, each contributing to the carrier's
stability and functionality(53). The most traditional and well-
studied form of lipid nanoparticles is the liposome. First
described in 1961 by British haematologist Alec D. Bangham,
liposomes were visualized under an electron microscope
when negatively stained dry phospholipids spontaneously
assembled into spherical vesicles with a bilayer structure.
This discovery laid the foundation for decades of liposomal
research. By 1980, the development of actively targeted
liposomes engineered with surface-bound ligands marked a
significant  advancement. These targeted systems
demonstrated improved site-specific drug delivery by
enhancing accumulation at diseased tissues, organs, or cells,
while minimizing off-target distribution. As a result, the
therapeutic performance of these advanced liposomes is
markedly superior to that of conventional formulations.
Although liposomes have been extensively studied for over
three decades as versatile carriers for a wide range of drug
molecules, it was not until the 1990s that the first liposomal
drug received approval from the U.S. Food and Drug
Administration (FDA). This landmark approval was granted
to Doxil®, a stealth liposomal formulation encapsulating the
chemotherapeutic agent doxorubicin. Doxil® is clinically
employed in the treatment of ovarian cancer, metastatic breast
cancer, and various forms of myeloma. The encapsulation of
doxorubicin within PEGylated liposomes significantly
reduced the cardiotoxic side effects commonly associated
with the free drug, such as chronic cardiomyopathy and
congestive heart failure(54). PEGylation, the process of
coating liposomes with polyethylene glycol (PEG), plays a
crucial role in extending the circulation time of the
formulation by evading rapid clearance by the mononuclear
phagocyte system. This prolonged systemic presence
facilitates passive targeting of tumors via the enhanced
permeability and retention (EPR) effect, allowing the drug to
accumulate preferentially at the tumor site. Consequently,
Doxil® demonstrates both reduced -cardiotoxicity and
enhanced anticancer efficacy compared to free doxorubicin.
Building on the clinical success of lipid-based formulations
such as Doxil®, Onpattro®, and several other lipid
nanoparticles (LNPs), extensive research efforts have been
directed toward translating laboratory innovations into
commercially viable nanomedicine products. It aims to
explore the landscape of FDA-approved lipid-based
nanoparticles, offering insights into both the opportunities
and the challenges that shape future developments in this
field(55). We begin by presenting a comprehensive overview
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of lipid-based nanoparticles, emphasizing the relationship
between their structural components and functional
properties. This foundational understanding sets the stage for
examining their application in cancer drug delivery, where
LNPs have demonstrated remarkable efficacy and safety
enhancements. We then delve into the more complex domain
of genetic material delivery, highlighting the formulation
strategies and biological barriers involved. Finally, we
address the expanding role of lipid nanoparticles in vaccine
development, including their use in preventative vaccines
against viral infections and therapeutic vaccines for cancer,
particularly in the context of immunotherapy.

» Transport Hurdles for Nanomedicines:

Despite the numerous advantages offered by
nanoparticles, their clinical performance can be significantly
compromised when they lack effective targeting mechanisms.
Non-targeted nanoparticles are readily recognized and
cleared by the mononuclear phagocyte system (MPS), which
is active in the bloodstream, bone marrow, and organs such as
the spleen, lungs, and liver. This rapid clearance is often
exacerbated by the hydrophobic nature of many
nanoparticles, which promotes the adsorption of plasma
proteins and other blood constituents onto their surface a
phenomenon known as opsonization(56). To achieve
successful in vivo drug delivery, nanoparticles must exhibit
prolonged circulation time, allowing them to reach the
intended site of action before being eliminated. However,
even with extended systemic presence, drug targeting remains
a challenge. Structural abnormalities in tumor vasculature or
atypical cellular architecture can hinder the enhanced
permeability and retention (EPR) effect, thereby reducing the
efficiency of nanoparticle accumulation and internalization at
the target site. Nanomedicines face a multitude of biological
barriers that can hinder their therapeutic efficacy. These
include the formation of a protein corona, rapid elimination
by the mononuclear phagocyte system (MPS), complex fluid
dynamics, interactions with the endothelial surface of blood
vessels, penetration through the extracellular matrix, traversal
across the cellular membrane, lysosomal degradation, and
efflux pump activity(57). Each of these hurdles must be
strategically addressed to ensure successful drug delivery. To
overcome these challenges, nanoparticles are often
functionalized with molecular targeting ligands, enhancing
their specificity and minimizing off-target effects. One
notable strategy to evade clearance by the reticuloendothelial
system (RES) is known as inverse targeting. This approach
involves temporarily suppressing the RES’s natural uptake
mechanisms by administering a high dose of blank delivery
systems or immunomodulatory agents such as dextran
sulphate. This overloads the RES, reducing its capacity to
eliminate therapeutic nanoparticles and thereby prolonging
their circulation time. Various colloidal transport systems
including micelles, fluid crystals, vesicles, and nanoparticle
dispersions containing small molecules have demonstrated
promising potential for target-specific drug delivery. These
systems aim to optimize drug encapsulation, control release
kinetics, and extend the shelf life of the formulation, all while
minimizing adverse effects. Colloidal drug formulations
often exhibit liquid crystalline structures or amphiphilic
characteristics, which can significantly influence their
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molecular interactions within biological systems. These
structural features affect how the drug behaves in vivo,
including its solubility, stability, and cellular uptake. One
effective strategy to reduce premature clearance is the surface
modification of hydrophobic nanoparticles with hydrophilic
materials, which minimizes recognition by the
reticuloendothelial system (RES) and allows the carriers to
reach diverse target sites more efficiently. Upon exposure to
biological fluids, nanoparticles rapidly adsorb proteins and
other biomolecules onto their surface, forming what is known
as the protein corona. This dynamic layer confers a unique
biological identity to the nanoparticle, shaping its perception
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by cells and influencing internalization, biodistribution, and
overall therapeutic performance. The activated macrophages
of the RES play a central role in clearing aged blood cells and
circulating foreign substances, including nanoparticles, by
directing them to RES organs such as the liver, spleen, and
lungs. A major limitation of nanotherapeutic systems is their
rapid phagocytosis and RES-mediated clearance, which
significantly reduces their bioavailability and therapeutic
window. Overcoming this challenge requires strategic design
of nanoparticle surfaces and delivery mechanisms to evade
immune detection and prolong systemic circulation(58).

Table 1 Herbal Drug-Loaded Nanocarriers and Their Formulation Strategies in Rheumatoid Arthritis Management.

Sr. No. Nanocarrier Type Herbal Drug Formulation Type Therapeutic Role References
Incorporated
1. Liposomes Curcumin Topical gel Anti-inflammatory, (59)
Antioxidant
2. Niosomes Boswellic Acid Transdermal Gel | Inhibits leukotriene synthesis, (60)
reduces joint swelling
3. Solid Lipid Quercetin Oral capsule, gel Antioxidant, reduces TNF-a (61)
Nanoparticles (SLNs) and IL-1PB
4. Nanostructured Lipid Resveratrol Topical cream Modulates NF-kB pathway, (62)
Carriers (NLCs) antioxidant
5. Polymeric Withaferin A (from Injectable, oral Immunomodulatory, anti- (63)
Nanoparticles Withania somnifera) suspension arthritic
(PLGA)
6. Cubosomes Gingerol (from Topical emulgel Reduces inflammation and (64)
Zingiber officinale) pain
7. Micelles Berberine Oral solution Suppresses pro-inflammatory (65)
cytokines
8. Gold Nanoparticles Piperine (from Piper Injectable, oral Enhances bioavailability, (66)
(AuNPs) nigrum) suspension anti-inflammatory
9. Chitosan Diosgenin (from Oral capsule Reduces oxidative stress and 67)
Nanoparticles Dioscorea spp.) joint damage
10. Nanoemulsions Eucalyptol (from Topical spray Analgesic, anti-inflammatory (68)
Eucalyptus globulus)
VI TYPES OF NANOCARRIER SYSTEMS used, nano-emulsions can be tailored into oil-in-water (O/W)

» Nano-Emulsions:

These are colloidal dispersions composed of nanometric
droplets of one liquid phase dispersed within another
immiscible continuous phase. These systems exhibit kinetic
stability meaning they remain stable over time but lack
thermodynamic stability, which differentiates them from true
solutions(69). Typically, nano-emulsions consist of droplets
smaller than 200 nm, forming stable liquid-in-liquid mixtures
that offer several advantages due to their unique
physicochemical properties. Their small droplet size results
in a high surface area-to-volume ratio, which facilitates
efficient encapsulation and delivery of active pharmaceutical
ingredients. The robust stability of nano-emulsions is largely
attributed to the use of appropriate surfactants, which prevent
droplet coalescence and maintain dispersion integrity. This
stability, combined with their optically transparent
appearance and controlled flow properties, makes nano-
emulsions highly versatile for pharmaceutical applications.
One of their key strengths lies in formulation flexibility(70).
Depending on the solubility characteristics of the surfactants
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or water-in-oil (W/O) systems. Additionally, double
emulsions typically water-in-oil-in-water (W/O/W) can be
engineered to simultaneously encapsulate both hydrophilic
and hydrophobic drugs, expanding their utility in complex
drug delivery scenarios.
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Fig 2 Schematic Representation of Nano-Emulsion Types:
(A) Water-in-Oil (W/O) and (B) Oil-in-Water
(O/W) Systems.
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Emulsifying agents, including surfactants, hydrophilic
colloids, and particulate solids, play a critical role in
stabilizing nano-emulsions by forming protective films
around droplets and preventing aggregation. Moreover,
formulations exhibiting an absolute zeta potential greater than
30 mV benefit from enhanced electrostatic repulsion between
droplets, further improving colloidal stability(71). Achieving
high encapsulation efficiency is essential for ensuring the
effective retention and delivery of active pharmaceutical
compounds. Equally important is storage stability, which is
typically evaluated through physical parameters such as
droplet size distribution, phase separation, and zeta
potential(72). The emulsification techniques used to prepare
nano-emulsions whether high-energy (e.g., ultrasonication,
high-pressure homogenization) or low-energy (e.g., phase
inversion, spontaneous emulsification) offer flexibility in
formulation. High-energy methods provide superior control
over droplet dispersion and can operate with lower surfactant
concentrations, while low-energy methods are more cost-
effective and efficient, often yielding uniform droplet sizes.
Historically, the concept of using lipid nanoparticles (LNPs)
for drug delivery was first explored in the 19th century by
Miiller and Gascon. Among these, solid lipid nanoparticles
(SLNs) have gained prominence due to their solid lipid core,
typically ranging from 50 to 1000 nm. SLNs offer numerous
advantages for pharmaceutical applications: they are
biocompatible, biodegradable, and non-toxic, making them
safe for therapeutic use. Importantly, their synthesis does not
require organic solvents, addressing both environmental and
safety concerns. SLNs exhibit excellent physical stability,
which contributes to prolonged shelf life and consistent
performance. They enable controlled drug release and
targeted delivery, thereby enhancing therapeutic selectivity.
Furthermore, SLNs effectively protect encapsulated drugs
whether lipophilic or hydrophilic from degradation,
improving bioavailability and efficacy. Their scalability and
compatibility with large-scale manufacturing further
reinforce their potential as robust drug delivery platforms.
Numerous formulation strategies have been reported for solid
lipid nanoparticles (SLNs), offering diverse avenues to tailor
their physicochemical properties for specific drug delivery
applications(73).  Among these, High  Pressure
Homogenization (HPH) has emerged as one of the most
effective and scalable techniques. By applying intense
pressure gradients and mechanical shear forces, HPH
facilitates the formation of uniform, stable, spherical
nanoparticles, optimizing SLN production for targeted drug
loading and delivery. This method enables the generation of
smaller particles with increased surface area, which enhances
drug loading efficiency and improves bioavailability(74).
However, SLNs are not without limitations. Prolonged
storage can lead to changes in particle size, which may alter
drug release kinetics. Additionally, polymorphic transitions
within the lipid matrix and gelation phenomena can
compromise formulation stability over time. Despite these
challenges, SLNs continue to hold significant promise in
pharmaceutical research. Their ability to protect encapsulated
drugs from biochemical and physicochemical degradation,
coupled with their biocompatibility, non-toxicity, and
environmentally friendly production, underscores their value
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as a robust platform for controlled and targeted drug
delivery(75).

o As a Promise in Treating Arthritis: Nano-emulsions are
tiny droplets that act as carriers for medicines which
normally do not dissolve well in water. In rheumatoid
arthritis (RA), they are especially helpful because
inflamed joints develop leaky blood vessels and poor
drainage, making it easier for these nano-sized droplets to
slip through and stay in the joint tissue. Once inside, they
release the medicine gradually, ensuring a steady effect
that reduces inflammation and pain. Their small size,
usually between 50-200 nano meters, allows them to
concentrate more in diseased joints than in healthy ones,
which means the drug works exactly where it is needed
most. In simple terms, nano-emulsions function like smart
delivery vehicles bringing medicine directly to swollen
joints, keeping it there longer, and releasing it slowly to
maximize relief(76).

» Niosomes:

These are specialized vesicular drug delivery systems
formed through the self-assembly of non-ionic surfactants in
aqueous environments. Unlike ionic surfactants, non-ionic
surfactants carry no net electrical charge, which facilitates
their organization into stable bilayer structures.

/Aqueous Compartment

——* Polar Head

\Non Polar Tail

NIOSOMES

Fig 3 Schematic Representation of Niosomes.

This architecture enables niosomes to encapsulate both
hydrophilic and hydrophobic drugs, making them highly
versatile for pharmaceutical and cosmetic applications. Their
ability to accommodate poorly water-soluble active
compounds makes niosomes particularly valuable in topical
formulations, where enhanced skin penetration and localized
delivery are desired. Moreover, niosomes offer flexibility in
modifying size, surface characteristics, and lipid
composition, allowing researchers to fine-tune drug loading
efficiency and release kinetics(77). The physicochemical
properties of niosomes are influenced by several formulation
parameters, including the type and concentration of
surfactant, alkyl chain length, and the Critical Packing
Parameter (CPP) a key determinant of the preferred aggregate
morphology. By adjusting these variables, niosomes can be
engineered to achieve optimal stability, encapsulation
efficiency, and targeted delivery performance. The physical
state of niosomal bilayers, whether in a liquid-crystalline or
gel phase, is influenced by several formulation parameters,
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including temperature, type of lipid or surfactant, and the
presence of stabilizing agents such as cholesterol. These
variables offer additional control over the structural and
functional properties of niosomes, making them highly
adaptable for drug delivery applications. Niosome formation
typically involves the hydration of a surfactant-lipid mixture,
followed by techniques such as ether injection, manual
agitation, sonication, or microfluidization(78). These
methods provide flexibility in tailoring vesicle size,
lamellarity, and encapsulation efficiency, depending on the
therapeutic requirements. One of the key advantages of
niosomes over liposomes is their superior chemical stability.
Niosomes exhibit greater resistance to oxidation and
chemical degradation, which translates into extended shelf
life and improved formulation robustness. The nonionic
surfactants used in niosomal systems are generally
biodegradable, biocompatible, and non-immunogenic,
making them suitable for a wide range of pharmaceutical and
cosmetic applications. Moreover, the ease of handling and
storage of these surfactants, combined with the ability to
precisely control composition, size, lamellarity, surface
charge, and stability, further enhances the appeal of niosomes
as versatile and efficient drug delivery platforms(79). Despite
their many advantages, niosomes face several formulation
challenges, including vesicle aggregation, fusion, drug
leakage, and hydrolysis of encapsulated compounds over
time. These stability issues can compromise therapeutic
efficacy and shelf life. To address contamination concerns,
gamma sterilization has emerged as a promising technique for
niosome decontamination, offering rapid and effective
sterilization without compromising vesicle integrity. In
contrast, liposomes particularly distinguish themselves
through their exceptional deformability, which allows them to
traverse pores significantly smaller than their own diameter.

e As a Promise in Treating Arthritis: Niosomes are tiny,
bubble-like carriers that help deliver medicine right where
it’s needed in rheumatoid arthritis. They naturally gather
in inflamed joints because the blood vessels there are
leaky, and they can also pass more easily through the skin
when used in creams or gels. Once inside the joint, they’re
taken up by the inflammatory cells themselves, which
makes the treatment even more effective(80).

» Transferosomes:

They are composed of phospholipids, edge activators
(typically surfactants), and water, forming a bilayer structure
capable of encapsulating both hydrophilic and hydrophobic
drugs. Hydrophilic drugs are housed within or adsorbed to the
aqueous core, while hydrophobic drugs are embedded within
the lipid bilayer. Key formulation components such as
phosphatidylcholine C18, known for its skin-friendly and
non-toxic properties, and surfactants like sodium cholate,
sodium deoxycholate, Polysorbate 80, Span 80, and
dipotassium glycyrrhizinate contribute to the stability,
flexibility, and skin permeability of transferosomes. These
attributes make transferosomes highly suitable for topical and
transdermal drug delivery, especially in conditions like
rheumatoid arthritis, where deep tissue penetration is crucial.
Transferosomes are recognized for their biocompatibility and
biodegradability, ensuring safety for both the human body
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and the environment. One of their standout features is their
high entrapment efficiency, often reaching up to 90%, which
allows them to effectively encapsulate lipophilic drugs across
a wide range of molecular weights. Their unique
deformability enables them to adapt their shape during transit,
enhancing their ability to penetrate deep into tissues and
deliver drugs more efficiently. Despite these advantages,
transferosomes are not without limitations. Natural
phospholipids, commonly used in their formulation, may
contain impurities that affect consistency and safety.
Additionally, the cost of production can be relatively high,
and encapsulating hydrophobic drugs may present
formulation challenges. Nevertheless, their capacity for
controlled and sustained drug release, combined with their
ability to navigate biological barriers, makes transferosomes
a promising advancement in modern drug delivery systems.

o As a Promise in Treating Arthritis: Transferosomes are
ultra-flexible carriers that can deliver medicine deep into
the skin and directly to inflamed joints in rheumatoid
arthritis. Thanks to their deformable structure, they can
squeeze through the tiny pores of the skin far more
effectively often 5 to 10 times better than regular, rigid
liposomes. Their size (about 70—300 nano-meters) allows
them to travel intact across the skin, guided by natural
hydration gradients(81).

» Liposomes:

Liposomes are among the most widely studied
nanocarriers in the field of targeted drug delivery. Typically
ranging in diameter from 50 to 500 nanometers, these
spherical lipid vesicles are formed by emulsifying natural or
synthetic lipids in an aqueous medium. Their ability to
encapsulate both hydrophilic and hydrophobic drugs makes
them highly versatile for delivering therapeutic agents to
specific sites within the body(82). Liposomes are structurally
classified based on their size and the number of lipid bilayers
they contain.
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Fig 4 Schmetic Representation of Liposomes.

o These Include:

v' Small Unilamellar Vesicles (SUVs): Single bilayer
vesicles with diameters around 20—-100 nm

v’ Large Unilamellar Vesicles (LUVs): Larger single bilayer
vesicles typically above 100 nm

v/ Multilamellar Vesicles (MLVs): Multiple concentric
bilayers resembling an onion-like structure
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v’ Multivesicular Vesicles (MVVs): Vesicles containing
multiple non-concentric internal compartments.

This structural diversity allows liposomes to be tailored
for a wide range of drug delivery applications, including
systemic, topical, and localized therapies(83). Larger
liposomes with fewer bilayers tend to exhibit higher
encapsulation efficiency for hydrophilic compounds, which
directly influences drug loading capacity and release kinetics
in liposomal drug delivery systems. The lipid composition of
liposomes typically involves the self-assembly of diacyl-
chain phospholipids in aqueous environments, forming
bilayer structures that mimic biological membranes(84).
These lipids primarily  glycerophospholipids  and
sphingomyelins possess hydrophilic head groups and
hydrophobic tails, resulting in an amphiphilic architecture
that stabilizes the vesicle through electrostatic repulsion(85).
Sphingomyelin, a phospholipid that replaces glycerol in its
backbone. It is used in formulations such as Marqibo®
(vincristine sulfate liposome injection) to enhance liposome
stability in acidic environments, thereby improving
pharmacokinetic properties and targeted drug delivery(86).
Cholesterol is another key component, commonly added to
increase membrane flexibility, reinforce bilayer integrity, and
reduce the permeability of water-soluble substances across
the lipid membrane. Liposome fabrication employs various
techniques, including thin-film hydration, ethanol injection,
and double emulsion methods. These processes typically
involve the formation of multilamellar vesicles (MLVs) or
unilamellar vesicles (ULVs), followed by size reduction, drug
loading, buffer exchange, sterilization, and if required
lyophilization to enhance shelf stability. In Gene Delivery,
liposomes offer distinct advantages(87). They can bind
effectively with charged genetic materials, protect them from
enzymatic degradation, and facilitate the transport of large
genetic fragments. Surface modifications, such as the
attachment of targeting ligands or antibodies, further enhance
their specificity and therapeutic potential(88). Liposomes
also face several challenges. These include high production
costs, susceptibility to leakage and fusion, chemical
instability over time, short systemic half-life, and limited
long-term stability. Ongoing research continues to address
these limitations, aiming to optimize liposomal formulations
for broader and more effective clinical applications(89).

e As a Promise in Treating Arthritis: Liposomes are tiny,
bubble-like carriers that can deliver drugs directly to
inflamed joints in rheumatoid arthritis. Their effectiveness
depends a lot on their size. Larger liposomes (over 200
nano-meters), when injected straight into the joint, tend to
stay there longer because they are taken up by the synovial
lining cells. This prolongs drug exposure and results in
two to five times higher local drug levels compared to free
drugs. Smaller liposomes (under 200 nano-meters),
especially when coated with PEG, circulate in the
bloodstream for longer after intravenous administration.
They take advantage of the leaky blood vessels in RA
joints, slipping through and accumulating in the synovium
while avoiding rapid clearance by the body’s defense
system. Liposomes help block harmful pathways such as
NF-kB, TNF-a, and MMPs, ultimately reducing
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inflammation, protecting cartilage, and slowing down
joint damage(90).

» Ethosomes:

Ethosomes, first introduced by Touitou in 1997,
represent a novel class of lipid-based nanocarriers
specifically designed to enhance transdermal and topical drug
delivery. Composed of phospholipids, ethanol, and water,
ethosomes are distinguished by their high ethanol content,
which plays a critical role in disrupting the skin’s lipid
barrier(91). This unique feature allows ethosomes to
penetrate deeply into the skin layers or even reach systemic
circulation, making them highly effective for delivering a
wide range of therapeutic agents. Their size versatility,
ranging from nanometers to microns, allows for precise
control over drug transport and release, enhancing their
adaptability across various pharmaceutical applications.
Ethosomes are broadly categorized into three types: Classical
Ethosomes, which are structurally similar to traditional
liposomes but with added ethanol; Binary Ethosomes, which
include an additional alcohol to fine-tune vesicle properties;
Transethosomes, the next-generation systems that combine
ethanol with edge activators to further improve flexibility,
penetration, and drug retention(92). These features make
ethosomes particularly valuable for overcoming the
limitations of conventional topical formulations, offering
enhanced drug permeation, improved bioavailability, and
targeted delivery with minimal systemic side effects. Despite
their complex and time-intensive synthesis and limited
stability particularly due to sensitivity to temperature and
humidity ethosomes offer significant advantages as
transdermal drug delivery systems(93). Their unique
composition enables the effective delivery of a wide range of
therapeutic agents, including peptides and macromolecules,
through the skin. This is largely attributed to their ability to
fuse with the skin’s lipid bilayers, facilitating deep
transcutaneous  penetration(94). Ethosomes can be
customized into various formulations, enhancing patient
compliance and opening new avenues for therapeutic and
cosmetic applications(95). These include the complexity of
preparation, which can hinder production scalability, limited
long-term stability, and the potential for skin irritation or
incompatibility with certain drugs. The potential of
ethosomes, it is essential to optimize their composition and
manufacturing processes, ensuring both stability and
efficacy(96). Moreover, comprehensive in vivo studies are
needed to better understand their pharmacokinetics, safety
profile, and therapeutic performance across different clinical
contexts(97).

o As a Promise in Treating Arthritis: Ethosomes are soft,
phospholipid vesicles enriched with a high amount of
ethanol that make them excellent carriers for delivering
drugs through the skin. In rheumatoid arthritis, their
unique design allows them to penetrate deeply into the
skin and reach the tissues around inflamed joints. Because
of this, ethosomes can pass through the skin much more
effectively often two to four times better than regular
liposomes(98).
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VII. DRAWBACKS AND CHALLENGES OF
LIPID-BASED NANOCARRIERS

Nanomedicine holds immense promise for the clinical
management of rheumatoid arthritis (RA), offering
innovative strategies for targeted and sustained drug delivery.
However, several critical limitations must be addressed to
fully translate these technologies into effective patient
therapies. Although nanoparticles (NPs) can be engineered to
target specific organs, tissues, or cellular environments,
achieving precise localization within inflamed joints remains
a significant challenge. This is primarily due to the dense
synovial tissue architecture and limited vascularization in
arthritic joints, which restricts the effectiveness of systemic
administration. Moreover, once in circulation, nanoparticles
are prone to opsonization a process where plasma proteins
bind to their surface, marking them for clearance by the
mononuclear phagocyte system (MPS). This immune
recognition leads to rapid phagocytic removal of the particles
by macrophages in organs such as the liver and spleen,
thereby reducing their bioavailability and therapeutic
potential. Once administered systemically, nanoparticles
(NPs) often face rapid clearance from the bloodstream due to
opsonization, a process in which plasma proteins coat the
particle surface, flagging them for removal by the
reticuloendothelial system (RES). This leads to their
accumulation in organs such as the spleen, liver (particularly
Kupffer cells), bone marrow, lymph nodes, and lungs (via
alveolar macrophages). While this biological response is
natural, it poses a major challenge to achieving targeted
delivery to inflamed joints in rheumatoid arthritis (RA),
where limited vascularization and dense synovial tissue
restrict nanoparticle access. Another concern is the long-term
impact of nanomaterials on the human body. Their
accumulation in RES organs raises questions about potential
toxicity, especially if the particles are not biodegradable or
cannot be safely eliminated. It is therefore essential to
demonstrate that NPs can be degraded upon specific stimuli
or safely cleared from the body to avoid chronic
complications. Beyond biological barriers, clinical translation
of nanomedicine faces its own hurdles. The manufacturing
process must be scalable and reproducible, ensuring
consistency in size, shape, and physicochemical properties.
To meet regulatory and therapeutic standards, rigorous
clinical trials are required to evaluate the efficacy and safety
of nanomedicines in RA patients. Moreover, developers must
navigate evolving regulatory frameworks, which demand
continuous adaptation and validation of nanoparticle-based
therapies.

» Multidimensional Perspectives: Safety, Regulatory, and
Consumer Considerations:

Nanotechnology is revolutionizing arthritis care by
enabling targeted drug delivery and reducing side effects(99).
Tiny particles like nanogels or liposomes can carry anti-
inflammatory drugs directly to affected joints, offering faster
and more effective relief. However, safety is a major concern.
Because these particles are so small, they can interact with
cells in unpredictable ways, potentially triggering immune
responses or accumulating in organs over time. From a
regulatory standpoint, agencies like the FDA and EMA are
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still developing clear guidelines for nanomedicine. Unlike
traditional drugs, nanotech-based therapies require rigorous
testing to ensure they’re safe, stable, and effective.
Regulatory bodies are pushing for transparency in
manufacturing processes and long-term safety data before
approving these treatments(100). Consumers are cautiously
optimistic. Many arthritis patients are eager for alternatives to
conventional drugs, especially those with fewer side effects.
But they also want assurance that these new therapies are
thoroughly tested. Public awareness campaigns and clear
labelling can help build trust. Ultimately, while
nanotechnology holds great promise, its success depends on
balancing innovation with safety and transparency.

VIIL FUTURE OUTLOOK AND
CLINICAL TRANSLATION

Nanotechnology offers exciting possibilities for treating
arthritis, but it’s not without hurdles. One major concern is
safety because nanoparticles are so small, they can travel to
unexpected parts of the body and may cause side effects we
don’t fully understand yet. Another challenge is regulation.
Health authorities like the FDA are still figuring out how to
evaluate and approve these advanced therapies, which can
slow down their availability. Manufacturing is also tricky;
producing nanoparticles consistently and at scale is expensive
and technically demanding(101). Lastly, public trust is a
factor. Many patients are unfamiliar with nanotechnology and
may be hesitant to try something new without clear evidence
of its safety and benefits. Despite these challenges, the future
looks promising. Researchers are developing smart
nanoparticles that can release drugs only when they reach
inflamed joints, reducing side effects(102). There’s also
growing interest in personalized nanomedicine, where
treatments are tailored to each person’s biology. As more
clinical trials are completed and regulations become clearer,
we can expect wider adoption of nanotech-based arthritis
treatments. With  better education and transparent
communication, patients are likely to become more open to
these innovations.

IX. CONCLUSION

Topical NSAIDs and capsaicin are often recommended
as first-line treatments for rheumatoid arthritis (RA) because
they offer a good balance of safety and effectiveness. For
more persistent pain, oral analgesics like acetaminophen and
opioids, as well as intra-articular injections such as
corticosteroids and hyaluronic acid, can provide relief though
their use is often limited by potential side effects. While
targeted therapies are typically discussed in terms of
molecular mechanisms, they can also be designed to act on
specific immune cell populations by modifying how drugs are
transported within the body. In this context, nanocarrier
systems have gained attention for their ability to deliver drugs
directly to inflamed tissues. Moreover, priming strategies
techniques that prepare the body or the carrier for more
efficient drug uptake are emerging as promising tools to
enhance delivery outcomes. Despite the benefits of targeted
medications in RA management, many nanocarrier-based
systems still face challenges, particularly related to safety.
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Issues such as immunogenicity, off-target effects, and
formulation complexity continue to limit their widespread
clinical use.
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