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Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease characterized
by persistent synovial inflammation, progressive cartilage degradation, oxidative stress,
pannus formation, and irreversible bone erosion. Conventional therapeutic approaches
including non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, disease-
modifying anti-rheumatic drugs (DMARDs), and biologics are associated with systemic
toxicity, poor site specificity, low bioavailability, gastrointestinal complications,
hepatotoxicity, nephrotoxicity, and poor patient compliance. In recent years, stimuli-
responsive nanoemulgels have emerged as advanced smart drug delivery systems
capable of achieving controlled and site-specific drug release in response to pathological
stimuli present within inflamed arthritic joints. These systems exploit the acidic pH,
elevated reactive oxygen species (ROS), and overexpressed enzymes such as matrix
metalloproteinases (MMPs) and phospholipases in rheumatoid  arthritis
microenvironments for selective drug release. Nanoemulgels combine the advantages
of nanoemulsions and hydrogels, providing improved drug solubilization, enhanced skin
permeation, prolonged retention, controlled release, better spreadability, and improved
therapeutic efficacy. Recent advances from 2020-2026 demonstrate significant
improvements in transdermal delivery of methotrexate, diclofenac, celecoxib, etodolac,
curcumin, ketoprofen, and biologics using pH-responsive, ROS-responsive, and
enzyme-sensitive nanoemulgel systems. This review comprehensively discusses the
pathophysiology of rheumatoid arthritis, principles of stimuli-responsive nanocarriers,
formulation approaches, characterization techniques, therapeutic mechanisms, recent
advancements, comparative benefits over conventional gels, clinical trials, translational
challenges, and future perspectives of smart nanoemulgels for targeted arthritis therapy.
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INTRODUCTION

Rheumatoid arthritis (RA) 1is a chronic
autoimmune inflammatory disorder characterized
by persistent synovial inflammation, progressive
cartilage  destruction, bone and
irreversible joint deformities that eventually lead
to severe disability and impaired quality of life [1].
The disease affects approximately 0.5-1% of the
global population and is more prevalent among
women due to hormonal and immunological
differences influencing disease susceptibility [2].
Apart from articular manifestations, RA 1is also
associated with systemic complications including
cardiovascular diseases, pulmonary fibrosis,
osteoporosis, metabolic abnormalities, and
neurological dysfunctions, thereby increasing

erosion,

patient morbidity and mortality [3].

The pathogenesis of rheumatoid arthritis involves
complex genetic
predisposition, environmental triggers, oxidative
stress, immune dysregulation, and inflammatory
cytokines [4]. Activated macrophages, fibroblast-
like synoviocytes (FLS), dendritic cells,
neutrophils, and T lymphocytes infiltrate the

interactions between

synovial membrane and secrete excessive amounts
of pro-inflammatory mediators including tumor
necrosis factor-alpha (TNF-a), interleukin-1 (IL-
1B), interleukin-6 (IL-6), and interferon-gamma
(IFN-y), resulting in chronic inflammation and
tissue destruction [5].

Although these therapies can effectively reduce
inflammation and pain, their long-term use is
associated with severe adverse effects including
gastrointestinal ulceration, hepatotoxicity,
nephrotoxicity, cardiovascular toxicity,
immunosuppression, and systemic side effects [6].
In addition, poor aqueous solubility, inadequate
synovial targeting, rapid systemic clearance, and
low bioavailability limit the therapeutic efficiency
of many anti-rheumatic drugs [7].
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Topical and transdermal drug delivery systems
have emerged as promising alternatives to oral
administration because they bypass hepatic first-
pass metabolism, minimize systemic toxicity,
improve patient compliance, and provide localized
delivery of therapeutic agents directly to inflamed
joints  [8]. these limitations,
nanoemulgels have attracted substantial attention
as advanced nanocarrier-based topical delivery
systems [9].

Their nanoscale droplet size facilitates enhanced
interaction with biological membranes and deeper
penetration into skin layers [10]. More recently,

To overcome

stimuli-responsive nanoemulgels have emerged as
smart drug delivery systems capable of releasing
therapeutic agents selectively in response to
pathological triggers such as acidic pH, elevated
ROS levels, and overexpressed enzymes present in
arthritic tissues [11].

These systems enable site-specific and controlled
drug release while minimizing systemic exposure
and off-target toxicity [12]. pH-responsive
systems utilize the acidic synovial
microenvironment to trigger drug release through
polymer swelling, protonation, or bond cleavage
[13]. Enzyme-responsive nanoemulgels exploit
overexpressed such as
metalloproteinases for selective degradation of
polymeric matrices and targeted drug liberation
[14]. ROS-responsive systems contain oxidation-

enzymes matrix

sensitive polymers and linkers that undergo
structural degradation under oxidative stress
conditions, thereby enabling selective drug release
within inflamed joints [15].

Recent studies published have demonstrated
remarkable enhancement in skin permeation,
synovial anti-inflammatory
activity, and therapeutic efficacy using stimuli-

accumulation,

responsive nanocarriers loaded with methotrexate,
diclofenac, celecoxib, ketoprofen, etodolac,
curcumin, and corticosteroids [16]. Furthermore,
integration of nanoemulgels with cubosomes,
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microneedles, hydrogels, and nanostructured lipid
carriers has improved transdermal delivery and
sustained release behavior [17].

2.Pathophysiology of Rheumatoid Arthritis:

Rheumatoid arthritis (RA) is a chronic systemic
autoimmune disease characterized by persistent
inflammation of synovial joints, progressive
cartilage destruction, and bone erosion. The
disease develops when the immune system
mistakenly attacks self-antigens present in joint
tissues, resulting in inflammatory
responses and joint deformity.[18]
One of the earliest pathological features of RA is
synovitis, where immune cells infiltrate the
synovial membrane and stimulate inflammation.
The synovial lining becomes hyperplastic and

chronic

activation of
fibroblast-like

thickened due to continuous
inflammatory cells and
synoviocytes.[19]

Activated CD4+ T cells play a central role in RA
pathogenesis by stimulating macrophages,
fibroblasts, and B cells to produce inflammatory
mediators. B cells produce autoantibodies such as
rheumatoid factor (RF) and anti-citrullinated
protein antibodies (ACPAs), which contribute to
chronic inflammation and immune complex
formation.[20]

Cytokines including tumor necrosis factor-o
(TNF-a), interleukin-1f (IL-1p), interleukin-6 (IL-
6), and interleukin-17 (IL-17) are major mediators
involved in RA progression. These cytokines
stimulate inflammatory signaling pathways,
synovial hyperplasia, osteoclast activation, and
cartilage degradation.[21] .Activated macrophages
and neutrophils generate excessive reactive
oxygen species (ROS) in arthritic joints, leading to
oxidative stress and tissue injury. ROS damage
proteins, lipids, DNA, and extracellular matrix
components while activating inflammatory
pathways such as NF-kB and MAPK.[22]

Abnormal angiogenesis occurs extensively in
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inflamed synovial tissues and supports migration
of inflammatory cells into arthritic joints. Vascular
endothelial growth factor (VEGF), TNF-a, and IL-
8 promote formation of new blood vessels that
sustain chronic inflammation and pannus
development.[23]

The rheumatoid arthritis microenvironment is
characterized by acidic pH, elevated ROS levels,
inflammatory enzymes, cytokines, hypoxia, and
increased permeability. These
pathological features make RA highly suitable for
stimuli-responsive drug delivery systems such as
pH-, and ROS-responsive
nanoemulgels.[24]

vascular

enzyme-,

3.Nanoemulgels:

Nanoemulgel is a nanoemulsion-based hydrogel
system formed by incorporating nanoemulsion
into a gel matrix, which enhances skin penetration
and improves topical drug delivery. It combines
the advantages of both nanoemulsion and hydrogel
systems, providing better stability, controlled drug
release, and improved patient compliance.
Nanoemulgels possess desirable properties such as
non-greasiness, thixotropy, easy spreadability,
good adhesion, and higher drug solubilization
capacity. They are especially useful for delivering
lipophilic and poorly water-soluble drugs through
the skin with enhanced permeation and
bioavailability.[25]

Nanoemulgels (NEGs) are nano-sized emulsions
incorporated into a gel system to improve the
stability, viscosity, spreadability, and skin
retention of nanoemulsions. They are highly
effective for topical delivery of lipophilic and
poorly water-soluble drugs, as the nano-sized
droplets enhance drug permeation and
bioavailability through the skin. The gel
component increases adhesion and provides
controlled drug release, while the nanoemulsion
protects the drug from hydrolysis and enzymatic
degradation.[26]
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They possess nanosized droplets that enhance drug
solubility, skin permeation, bioavailability, and
therapeutic efficacy while the gel base improves
viscosity, spreadability, and retention at the site of
application. Due to their small droplet size and
large surface area, nanoemulgels provide sustained
and targeted drug release with improved patient
compliance and reduced systemic side effects.
These systems have gained considerable attention
in arthritis therapy because they effectively
enhance  transdermal delivery of anti-
inflammatory drugs into inflamed joints and
provide prolonged therapeutic action.[27]

In this system, tiny oil droplets containing the drug
are uniformly dispersed within a gel matrix,
allowing the formulation to spread easily over the
skin while remaining at the application site for a

drug penetration through the skin and enhances
therapeutic effectiveness, particularly for poorly
water-soluble drugs. [28]

The gel matrix also increases the residence time of
the formulation at the application site, enabling
sustained drug release and better therapeutic
In addition, nanoemulgels are
generally non-greasy, well tolerated, and less
likely to cause irritation, making them more

performance.

acceptable to patients than many conventional
topical dosage forms. These advantages have
encouraged their use in treating localized
conditions such as arthritis, wound healing,
inflammatory disorders, fungal infections, and
other dermatological diseases, where enhanced
skin penetration and prolonged drug action are
important for achieving better clinical outcomes.
[29]
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Figl: Immune system comparison: health vs rheumatoid arthritis [30]

Reproduced from Alivernini S, Firestein GS,
Mclnnes IB. The pathogenesis of rheumatoid
arthritis. Immunity. 2022 Dec 13;55(12):2255-70.

4. Stimuli-Responsive Drug Delivery Systems:

Stimuli-responsive drug delivery systems (DDS)
have emerged as a promising strategy to overcome
the poor bioavailability, systemic toxicity, and
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rapid joint clearance associated with conventional
arthritis therapeutics. Recent work has proposed
organizing these systems around four independent
exogenous triggers (photothermal,
magnetothermal, sonodynamical, and electrical)
paired with four endogenous stimuli (enzymatic,
pH, and electro-ionic), arguing that
biosensor-guided, "on-program/on-demand"
designs could enable programmable, site-specific

redox,
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drug release in both rheumatoid arthritis (RA) and
osteoarthritis (OA) [31].

Complementing this framework, another review
has classified stimuli-responsive nanomaterials
more broadly into internal triggers (redox, pH, and
enzymes) and external triggers (temperature,
ultrasound, magnetic fields, light, voltage, and
mechanical friction), linking each to specific joint
pathology cartilage degeneration,
synovitis, and subchondral bone destruction [32].
In the context of intra-articular hydrogel
platforms, a recent review has highlighted that
although disease-modifying antirheumatic drugs

such as

and biologics offer improved precision over older
therapies, systemic administration generally fails
to achieve sufficient local drug concentration in
the joint, motivating hydrogel-based intra-articular
carriers many of them stimuli-responsive as a
route to sustained, site-specific delivery [33].

At the level of specific formulations, a dual
pH/redox-responsive nanogel loaded with geraniol
has been shown to alleviate oxidative stress and
cartilage matrix degradation in OA by modulating
the Keap1-Nrf2-HO-1 signaling axis, illustrating
how  stimuli-responsive carriers can be
mechanistically tied to disease-specific molecular
pathways [34]. Finally, from a design-principles
perspective, it has been argued that because
therapeutic strategies for OA cannot be separated
from the disease's underlying pathological
progression, an ideal nanoparticle-based delivery
system should be engineered to release its payload
in direct response to specific pathological features
of the cartilage microenvironment [35].

5. pH-Responsive Nanoemulgels for Arthritis
Therapy:

pH-responsive drug delivery systems exploit the
mildly acidic microenvironment of arthritic joints
synovial fluid pH can fall from a healthy 7.4 to as
low as 6.0-6.6 in inflamed or degenerating
cartilage to trigger site-specific drug release. A
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review by Indian researchers has surveyed "smart"
stimuli-responsive biomaterials for inflammatory
arthritis, noting that pH- and enzyme-triggered
platforms allow precise spatiotemporal control
over drug release, minimizing systemic exposure
while enabling real-time monitoring of disease
progression in both OA and RA [36].
Complementing this, a review on polymeric
hydrogel platforms for arthritis has highlighted
that hydrogels engineered with ionizable
functional groups can be tuned to swell or degrade
selectively at the lower pH of inflamed joints,
offering a versatile platform for sustained, tissue-
like drug delivery with high intra-articular
residence time [37]. Focusing specifically on RA,
another review has traced how pH-, temperature-,
redox-, polymeric
nanomaterials have been developed to accumulate
therapeutic payloads preferentially at the inflamed
synovium, though it notes that stimuli-sensitive
nanocarrier design for inflammatory arthritis

and enzyme-responsive

remains comparatively underexplored relative to
other disease areas [38].

At the level of a specific formulation, a pH-
responsive metal-organic framework (MIL-101-
NH2) has been engineered to co-deliver curcumin
and HIF-2a-targeting siRNA, gradually collapsing
in the acidic OA microenvironment to release its
anti-inflammatory and gene-silencing payloads
together and downregulate pro-inflammatory
cytokine levels [39]. Finally, reviewing polymeric
hydrogel platforms for controlled arthritis drug
delivery more broadly, researchers have
emphasized that combining pH-responsive
functional groups with protein/polysaccharide or
synthetic polymer backbones can improve drug
loading tunability and long-term release, directly
improving therapeutic outcomes and patient
compliance [40].

6. Enzyme-Responsive Nanoemulgels:
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Enzyme-responsive drug delivery systems exploit
the abnormal upregulation of proteolytic enzymes
at diseased sites to achieve on-demand, spatially
confined drug release. In both rheumatoid arthritis
(RA) and osteoarthritis (OA), the inflamed
synovium and degrading cartilage matrix exhibit
markedly  elevated activity of  matrix
metalloproteinases (MMPs), particularly MMP-1,
MMP-2, MMP-9, and MMP-13, which are directly
implicated in collagen breakdown, cartilage
erosion, and joint destruction; carriers engineered
with MMP-cleavable peptide linkers or enzyme-
degradable polymeric shells can therefore be
designed to remain stable in circulation and release
their payload preferentially within the arthritic
joint microenvironment [41].

A related dual-stimuli strategy combined acidic
pH sensitivity with MMP-13
responsiveness in a cartilage-targeting nano-
micelle theranostic platform for OA, releasing its
anti-inflammatory payload only when both the low

enzymatic

pH and elevated MMP-13 activity characteristic of
the  osteoarthritic =~ joint  were  present
simultaneously, allowing tightly controlled,
lesion-specific therapeutic delivery alongside real-
time imaging of disease progression [42].

A broader review of injectable responsive
hydrogel drug delivery platforms for OA further
catalogued MMP-cleavable systems,
including a gene-loaded nanoparticle-in-hydrogel

several

composite that released therapeutic microRNA in
response to MMP activity within the joint cavity,
a bilayer microsphere whose outer GelMA shell
rapidly degraded in the MMP-rich OA
microenvironment to release anti-inflammatory-
loaded liposomes before exposing a cartilage-
repair-promoting core, and a small-molecule
MMP-12-cleavable linker (glycerol monostearate,
TG-18) enabling inflammation-graded, sustained
corticosteroid release confirmed in an anterior
cruciate ligament transection-induced OA rat
model [43].
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7. ROS-Responsive Nanoemulgels:

ROS-responsive  nanoemulgels are  smart
nanocarrier systems that selectively release drugs
in  inflammatory containing
excessive reactive oxygen species (ROS), which
are highly elevated in rheumatoid arthritis joints
due to oxidative stress and immune cell activation.
Thioketal-based ROS-sensitive polymers are
widely used because they undergo cleavage in
oxidative environments, enabling controlled and
site-specific drug release while minimizing
systemic toxicity. ROS-responsive systems
containing sulfide, selenium, and boronic ester
linkers have demonstrated enhanced targeting
efficiency and improved anti-inflammatory
activity in arthritic tissues.[44]

Dual-responsive  ROS/pH-sensitive intelligent
micelles have also been developed for rheumatoid
arthritis therapy to improve targeting toward
inflammatory macrophages and fibroblast-like
synoviocytes. These systems exhibited improved
drug accumulation, enhanced responsiveness to
the arthritic microenvironment, and superior
therapeutic efficacy compared with conventional

environments

formulations.[45]

Recent ROS-modulating nanomedicine systems
for rheumatoid arthritis have shown significant
reduction in inflammatory cytokines, oxidative
stress, synovial hyperplasia, and bone erosion.
ROS-responsive formulations also demonstrated
enhanced macrophage targeting, improved
antioxidant activity, and better suppression of
inflammatory ~ pathways  compared  with
conventional formulations.[46]

Building on this platform, the same research group
has developed a dasatinib-loaded nano-emulgel
for rheumatoid arthritis, demonstrating that the
optimized formulation significantly reduced LPS-
induced TNF-a production in macrophage cell
lines and decreased paw swelling in an adjuvant-
induced arthritis model compared to controls [47].
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Similarly, a ROS-responsive nanofiber membrane
incorporating a thioketal-based responsive motif
and reduced graphene oxide has been shown to
release its antioxidative payload specifically in
response to hydrogen peroxide, sustaining drug
release for at least 66 days and reducing
osteoarthritis severity scores by over 90% in an
animal model [48].

8. Formulation of  Stimuli-Responsive
Nanoemulgels for Arthritis Therapy:

8.1 Preformulation Studies

Preformulation studies are initially carried out to
understand the physicochemical properties of the
selected drug before formulation development.
Parameters such as solubility, partition coefficient,
melting point, compatibility with excipients, and

stability are evaluated because these factors
directly influence nanoemulsion formation, drug
loading, and permeation behavior. Drugs intended
for arthritis therapy such as methotrexate,
dasatinib, diclofenac, celecoxib, curcumin, and
etodolac are commonly selected due to their anti-
inflammatory  potential and  poor
bioavailability. [49]

oral

8.2 Solubility Screening of Excipients

The drug is screened in various oils, surfactants,
co-surfactants to identify components
exhibiting maximum solubilization capacity.
Excess quantity of drug is added separately into
selected oils and surfactants followed by
vortexing, shaking, and centrifugation. The
supernatant is analyzed spectrophotometrically to
determine drug solubility.[50]

and

Sl.no Commonly used oils Common surfactants Common co-surfactants
1. Isopropyl myristate[51] Tween 80[53] PEG 400 [56]

2. Oleic acid[51] Tween 20 [54] Propylene glycol [57]
3. Capryol 90 [52] Cremophor RH 40 [55] Transcutol-P [58]

Selection of suitable excipients is essential
because higher drug solubility

entrapment efficiency and nanoemulsion stability.

improves

8.3 Selection of
Components

Stimuli-Responsive

Stimuli-responsive materials are incorporated into
nanoemulgels to achieve targeted drug release
specifically at inflamed rheumatoid joints.
Selection depends on the pathological conditions
of arthritis.[59]

pH responsive materials:
Examples:
> Chitosan derivatives
> Poly(acrylic acid) [60]
> Eudragit polymers [61]

ROS-Responsive Materials
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Research on oxidative-stress-responsive polymers
focuses on utilizing chemical bonds that break or
undergo structural transformation when exposed
to high levels of reactive oxygen species. [62]
Examples:

> Thioketal linkers [63]

Enzyme responsive materials:

Examples:

> Hyaluronic acid [64]

> Gelatin derivatives [65]

> Matrix metalloproteinase-cleavable peptides
[66]

These smart materials help achieve selective and

sustained drug release at arthritic sites while

minimizing systemic toxicity.

8.4 Preparation of Surfactant-Co-Surfactant
Mixture (Smix)
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The surfactant and co-surfactant are mixed in
different ratios such as:

> 1:1

> 2:1

> 3:1

> 4:1

Tween 80 and PEG 400 are widely used
combinations because they provide efficient
emulsification and improve skin permeation. Smix
lowers interfacial tension between oil and
Different Smix ratios are prepared and visually
observed for stability, and
emulsification efficiency before selection of the

transparency,

optimized ratio. [67]

8.5 Construction of Pseudoternary Phase

Diagram

A pseudoternary phase diagram is constructed
using oil, Smix, identify
nanoemulsion regions.

and water to

Procedure:

1. Oil and Smix are mixed in different ratios.

2. Water is added dropwise under gentle stirring.

3. Transparent and low-viscosity systems are
identified as nanoemulsion regions.

4. Turbid or phase-separated
excluded.

The phase diagram helps determine the optimal

concentration range producing stable

nanoemulsions with minimum droplet size and

good thermodynamic stability. [67]

systems are

8.6 Preparation of Oil Phase

The oil phase i1s prepared by dissolving the
selected drug in the optimized oil under
continuous stirring. Surfactant mixture and
stimuli-responsive polymers are then added into
the oil phase.

Mild heating (40-60°C) and sonication are
employed to achieve complete
solubilization of the drug and polymers.

commonly
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Preservatives such as methyl paraben and propyl
paraben may also be incorporated to improve
microbial stability.[68]

8.7 Preparation of Aqueous Phase

The aqueous phase is prepared separately by
dissolving purified water along with hydrophilic
additives such as:

> Transcutol-P

> Sodium metabisulfite

Continuous magnetic stirring and controlled
heating are applied to ensure uniform dissolution
and phase stability. [68]

8.8 Formation of Nanoemulsion

The oil phase is added slowly into the aqueous
phase under continuous magnetic stirring or
homogenization.

High-Energy Methods

> High-speed homogenization

> Ultrasonication

> High-pressure homogenization

Process Conditions
o Homogenization speed: 5000—15000 rpm
e Sonication time: 5-15 min
These processes reduce droplet size into
nanometer range and improve uniformity.
Transparent or translucent appearance indicates
successful nanoemulsion formation. [69]

8.9 Preparation of Gel Base

The gel base is prepared separately using gelling
polymers such as:

> Carbopol 934

> Carbopol 940 [70]

> Xanthan gum [71]

The polymer is dispersed slowly into purified
water with continuous stirring and allowed to
hydrate completely for several hours. Neutralizing
agents such as triethanolamine or sodium
hydroxide are added until gel formation occurs.
[72]
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8.10 Incorporation of Nanoemulsion into Gel
Matrix

> Homogeneous appearance
> Appropriate viscosity

The optimized nanoemulsion is incorporated

slowly into the prepared gel base under continuous

gentle stirring. Excessive stirring is avoided
because it may destabilize nanosized droplets.

The final nanoemulgel should exhibit:

> Skin-compatible pH (5.5-6.5) [73]

9. Comparison Between Conventional Gels and
Stimuli responsive Nanoemulgels

Sl.no | Parameter Conventional Gels Stimuli-Responsive
Nanoemulgels

1. Droplet/particle size No defined internal droplet | Nanoscale oil droplets (typically
phase; drug exists as | 20-200 nm) dispersed within a
dispersed molecules in a | gel matrix, giving a much larger
macroscopic polymer | surface area for drug loading and
matrix. release. [74]

2. Drug loading capacity Limited, especially for | Enhanced loading of lipophilic
lipophilic (poorly water- | anti-arthritic drugs via the oil-
soluble) drugs, due to | droplet core, improving
reliance on the aqueous gel | solubility and dissolution. [74]
phase.

3. Skin permeation Restricted by the stratum | Nanoscale droplets substantially
corneum,; permeation | improve skin permeation. [74]
enhancers often needed
separately.

4. Percutaneous barrier limitations | Conventional gels are often | Nanogel/nanoemulgel
hindered by the skin's | complexes have been engineered
intrinsic barrier, reducing | to overcome this percutaneous
effective drug delivery to | barrier more effectively,
the joint. improving therapeutic delivery

to arthritic tissue. [75]

5. Bioavailability Often low, particularly for | Improved bioavailability due to
topical gels of lipophilic | nanoscale dispersion, enhanced
drugs. permeation, and responsive

release. [75]

6. Release mechanism Passive diffusion- | Release triggered or accelerated
controlled release; largely | by disease-specific stimuli (pH,
uncontrolled release rate | ROS, enzymes temperature)
regardless of local tissue | present in the inflamed/arthritic
conditions. joint microenvironment. [76]

7. Systemic side effects Comparatively higher since | Comparatively lower, since
drug release is not confined | responsive, targeted release
to the diseased site reduces systemic drug exposure.

[76]

9. Site-specificity / targeting Non-specific; drug released | Stimuli-responsive design
whether or not the target | allows release to be concentrated
tissue is reached, leading to | at the inflamed joint, reducing
systemic loss. off-target exposure. [77]

10.Clinical Trials and Translational Research

Clinical trials

involving nanoemulgels

and

nanotechnology-based systems for rheumatoid
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arthritis are currently focused on improving
localized drug delivery, reducing
toxicity, enhancing bioavailability, and increasing
therapeutic efficacy compared with conventional
formulations. Recent studies demonstrated that
curcumin-cyclosporine nanoemulgels
significantly reduced inflammatory cytokines such
as TNF-o and IL-6 while improving anti-
inflammatory cytokine levels and reducing
arthritic symptoms in experimental rheumatoid
arthritis models. The developed nanoemulgel also
showed enhanced skin permeation, prolonged drug
release, and anti-arthritic  activity

systemic

superior
compared with conventional topical therapies.[78]
Recent reviews on nanotechnology-based
rheumatoid arthritis therapy reported ongoing
development of multifunctional nanocarriers
including liposomes, hydrogels, solid
nanoparticles, biomimetic nanoparticles,
stimuli-responsive systems for precision arthritis
treatment. These advanced nanotherapeutic

demonstrated improved

lipid
and

platforms targeting
toward macrophages, neutrophils, dendritic cells,
and inflamed synovial tissues while minimizing

off-target adverse effects. [79]

Several recent patents from 2021-2024 have
focused on nanotechnology-based DMARD
delivery systems, responsive nanocarriers, lipid
nanoparticles,targeted and
intelligent drug delivery systems for rheumatoid

nanomedicines,

arthritis management. Patent literature reported the
development of nanoformulations capable of
improving drug accumulation in inflamed joints,
reducing dosing frequency, and enhancing
therapeutic outcomes through targeted delivery
approaches.[80]
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