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ABSTRACT
Background: Rheumatoid arthritis (RA) remains a debilitating autoimmune disorder characterized by
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chronic synovial inflammation and progressive joint destruction. Conventional systemic therapies
provide symptomatic relief but often fail to achieve site-specific delivery, leading to adverse effects and
limited long-term efficacy. This review appraises the available evidence for the use of targeted
nanocarrier drug delivery systems in the treatment of RA and highlights the translational hurdles that
hinder their clinical use. Methodology: A search of PubMed, Scopus, and Web of Science (2015-2025)
was conducted using the keywords RA, nanocarriers, liposomes, polymeric nanoparticles, and
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microneedles. Result and Discussion: Liposomal and polymeric nanoparticle systems are emerging
nanotechnologies that have demonstrated improved targeting and therapeutic outcomes in preclinical
models. In addition, microneedle technologies show potential for less painful delivery through the skin.
Conclusion: Despite encouraging results, inconsistent manufacturing reproducibility, limitations in
large-scale production, and regulatory uncertainties, among others, remain factors that are slowing the
transition to the clinic. Standardization of characterization procedures, validated preclinical models, and
well-designed translational research are among the measures this review has identified as necessary to
facilitate the transition of nanocarrier-based therapeutics to clinical application in RA.

INTRODUCTION which collectively create a microenvironment favorable for

Rheumatoid arthritis (RA) is a chronic autoimmune disease that
progresses gradually and is characterized by synovitis, cartilage
destruction, and bone erosion, resulting in joint deformity and
loss of function, as shown in Figure 1 [1]. Figure 1 illustrates the

targeted nanocarrier accumulation. Although drug treatment
(including disease-modifying antirheumatic (DMARDS),
biologics, and Janus kinase (JK) inhibitors) has achieved
significant progress, the therapeutic effect is still restricted due

structural changes in rheumatoid arthritis, including synovial
hyperplasia, immune cell infiltration, and cartilage degradation,

to systemic toxicity, poor bioavailability, and low concentration
of the drug in the inflamed joints [2]. These limitations highlight
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the pressing need for new drug delivery methods that not only
localize the drug but also prolong its activity, thereby improving
therapeutic effects and reducing side effects [3].
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Figure 1: Inflammation in Rheumatoid Arthritis

Nanotechnology-based delivery systems have become a
potentially practical solution to these limitations. Nanocarriers,
including liposomes, polymer nanoparticles, solid lipid
nanoparticles, and microneedles, have been shown to exhibit
increased drug solubility, enhanced retention in inflamed tissue,
and targeted delivery to synovial tissue [4]. Nevertheless,
although several preclinical trials show promising results,
translating these nanomedicine platforms into clinical practice
remains difficult due to limited scalability, reproducibility,
safety assessment, and regulatory standardization [5]. While
several reviews have provided a general overview of
nanotechnology approaches in rheumatology, there is still no
focused, critical appraisal of the application of targeted
nanocarriers in RA that considers preclinical evidence and

translational barriers [6].

Therefore, this review aims to critically evaluate the current
evidence on targeted nanocarrier-based drug delivery systems
for RA, including liposomes, polymeric nanoparticles, and
microneedles, and to identify the key translational challenges
that impede their clinical adoption. The review excludes general
epidemiological aspects and conventional drug therapies except
where they directly inform the rationale for nanocarrier
development.

LITERATURE SEARCH STRATEGY

A focused literature search was conducted to identify recent,
high-quality studies on targeted nanocarrier-based drug-delivery
systems for RA. Electronic databases, including PubMed,
Scopus, and Web of Science, were searched for English-
language articles published between January 2015 and
December 2024, with the final search update performed in

January 2025 using the keywords “rheumatoid arthritis™,
“nanocarriers”, “liposomes”,
“microneedles™, ““targeted drug delivery”, and ‘“‘translational

barriers.”

“polymeric nanoparticles”,

Review articles, preclinical studies, and clinical reports
describing the design, evaluation, or translational aspects of
nanocarriers were included. Publications limited to conventional
DMARD:s or biologics without a nanocarrier component were
excluded. The reference lists of relevant papers were also
screened to identify additional studies. The literature was
critically analyzed to (i) compare the therapeutic performance of
major nanocarrier platforms (liposomes, polymeric NPs,
microneedles), (ii) identify key formulation parameters
influencing efficacy and safety, and (iii) highlight current

translational challenges impeding clinical progression.

Although this review was not conducted as a formal systematic
review, elements of the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) framework were
considered to ensure transparency in study selection. The
included studies were critically appraised based on their
experimental design, relevance to targeted nanocarrier systems,
and reported therapeutic outcomes. Particular attention was
given to preclinical studies demonstrating well-defined control
groups, reproducibility of formulation methods, and clear
evaluation of pharmacokinetics and therapeutic efficacy. Studies
with insufficient methodological details or unclear outcome
measures were excluded to minimize potential bias.

EPIDEMIOLOGY AND GLOBAL PREVALENCE

Rheumatoid arthritis (RA) is a long-term autoimmune disorder
that affects between 0.5-1% of the total adult population in the
world, with higher prevalence among women and persons over
50 years of age, as shown in Figure 2 [7,8]. As depicted in Figure
2, the rising global prevalence and disease burden underscore the
need for more efficient, targeted therapeutic strategies, thereby
supporting the development of nanocarrier-based delivery
systems. Recent estimates of the Global Burden of Disease
(GBD 2024) indicate that the absolute number of affected
patients worldwide is steadily increasing, mainly as populations
age and more people with chronic inflammatory diseases survive
[9]. Although there are several disease-modifying antirheumatic
drugs (DMARDs), RA is still a significant cause of disability-
adjusted life years (DALYSs) in musculoskeletal diseases. This
chronic morbidity of the world highlights the high need for
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specific and sustained-release therapeutic strategies, which
increase the concentration of intra-articular drugs and reduce
systemic toxicity. This end goal is currently being achieved with
high-technology nanocarrier systems [10]. Figure 2 is a more
detailed summary of the regional prevalence.

2
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Figure 2: The charts indicate the increasing prevalence and
burden of Rheumatoid Arthritis in the world.

The graphs (Figure 2) highlight worldwide prevalence growth
and the effects of RA. RA had approximately 17.6 million
patients worldwide in 2020, and the number is projected to rise
drastically to 31.7 million in 2050, which implies that the disease
is going to grow tremendously with time. There is some
Epidemiological information available on the prevalence of RA
in India, which indicates that this disease gradually rises with
age, with the highest prevalence observed among those aged 75-
79 years. This trend suggests the age risk factor of RA and the
increasing healthcare needs of the aging population, as shown in
Table 1 [11]. These epidemiological trends, coupled with the
growing economic burden of long-term disease management,
underscore the urgent need for more efficient and targeted
therapeutic strategies, where nanocarrier-based delivery systems
offer a promising approach to enhance treatment efficacy while
reducing systemic toxicity and overall healthcare costs.

PATHOPHYSIOLOGICAL RATIONALE FOR
NANOCARRIER TARGETING IN RHEUMATOID
ARTHRITIS

RA is a chronic autoimmune disorder in which persistent
synovial inflammation drives progressive cartilage and bone
destruction. The inflamed synovium is characterized by
extensive angiogenesis, increased vascular permeability, and
infiltration of immune cells, including macrophages, T cells, and
fibroblast-like synoviocytes (FLS) [17].

Table 1: Prevalence and Incidence Rates of Rheumatoid
Arthritis Worldwide (Rates are expressed as the number of
cases for every 100 people)

Country Prevalence Incidence Ref.
rates Rate
Asia
China 0.2-0.3
Japan 0.3
India 0.2-0.7 0.04-0.09 [12]
Taiwan 0.1
Philippines 0.2 0.3
Middle East
Turkey 0.5
Israel 0.4 [13]
Oman 0.3
Egypt 0.2
Africa 0-0.4 [14]
North Europe
Netherland 0.8 0.05
England 0.9-1.10 0.02-0.04
Sweden 0.6-0.9 [11]
Finland 0.03-0.05 0.03-0.04
Denmark 0.8
Ireland 0.4
Norway 0.5-0.6 0.02-0.03
South America
Colombia 0.1
Argentina 0.2 [15]
Brazil 0.5
Middle -East
Israel 0.3
Egypt 0.2 [16]
Oman 0.4
Turkey 0.5

These changes transform the usually thin synovial lining into a
hyperplastic, highly vascularized tissue that supports the local
accumulation of nanosized drug carriers via an enhanced
permeability and retention (EPR)-like effect [18].

However, this mechanism differs from the classical tumor EPR
effect in several important aspects. In addition to the enhanced
permeability and retention (EPR)-like phenomenon observed in
inflamed synovial tissues, it is important to distinguish this
process from the classical tumor EPR effect. In rheumatoid
arthritis, nanocarrier accumulation is more accurately described
by the ELVIS (Extravasation through Leaky Vasculature and
Inflammatory cell-mediated Sequestration) effect [19]. While
both mechanisms involve increased vascular permeability, the
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ELVIS effect is uniquely driven by the inflammatory
microenvironment, characterized by active recruitment and
retention of immune cells such as macrophages and fibroblast-
like synoviocytes [20]. Unlike the predominantly passive
accumulation seen in tumor tissues, nanocarriers in RA are not
only extravasated through leaky vasculature. Still, they are also
actively internalized and retained by inflammatory cells within
the synovium [19]. This cell-mediated sequestration enhances
local drug concentration and prolongs therapeutic effects.
Additionally, cytokine-driven
continuous infiltration of immune cells further
nanocarrier retention, thereby making ELVIS a more dynamic
and disease-specific targeting mechanism. Recognizing this
distinction provides a more precise pathophysiological basis for
the design of targeted and stimuli-responsive nanocarrier
systems in rheumatoid arthritis [21]. Activated macrophages and

vascular  activation and

sustain

FLSs secrete pro-inflammatory cytokines (TNF-a, IL-1p, IL-6)
and degradative enzymes (MMPs, ADAMTS) that sustain
inflammation and matrix breakdown, as shown in Figure 3. Also
highlights the key mechanisms underlying nanocarrier targeting
in  rheumatoid arthritis, including enhanced vascular
permeability, inflammatory cell-mediated sequestration (ELVIS
effect), and stimuli-responsive drug release within the synovial
microenvironment (Figure 3). Importantly, these activated cells
often overexpress surface receptors amenable to active targeting
(e.g., CD44, folate receptors, and scavenger receptors),
providing molecular entry points for ligand-decorated
nanocarriers [22]. The synovial microenvironment also exhibits
elevated reactive oxygen species (ROS) levels and an acidic pH,
which can be exploited by stimuli-responsive materials (e.g.,
pH-sensitive polymers, such as poly(B-amino esters), or ROS-
cleavable linkers, such as thioketal bonds) [23].

Table 2: Comparison of Stimuli-Responsive Nanocarrier Systems in Rheumatoid Arthritis [25-27].
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Figure 3: Pathophysiological basis of nanocarrier targeting in rheumatoid arthritis: EPR-like vascular permeability and
ELVIS-mediated inflammatory cell sequestration enabling targeted and stimuli-responsive drug delivery.
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Collectively, these molecular and microenvironmental
abnormalities provide a mechanistic basis for targeted
nanocarrier strategies that (i) enhance local drug concentration
via passive accumulation (EPR-like retention), (ii) increase cell-
specific uptake through ligand-mediated active targeting, and
(iii) enable on-site triggered release using stimuli-responsive
chemistries. Liposomal and polymeric nanoparticle systems
primarily exploit passive and active targeting mechanisms to
achieve contrast,

invasive

sustained intra-articular retention. In
microneedle-based platforms offer a minimally
transdermal route for local delivery [24]. In addition to passive
and active targeting mechanisms, stimuli-responsive
nanocarriers have gained increasing attention for rheumatoid
arthritis therapy due to their ability to release drugs selectively
in response to the pathological microenvironment. Various
endogenous triggers, including acidic pH, elevated reactive
oxygen species (ROS) levels, and overexpressed enzymes, have
been investigated to achieve site-specific drug release. A
comparative overview of these stimuli-responsive strategies is

presented in Table 2 [25].

Emerging Biomarkers and Targeting Opportunities
Biomarkers that directly inform nanocarrier design and patient
selection include circulating cytokines (TNF-a, IL-6) for disease

activity, autoantibodies (anti-CCP) for early identification and
stratification, and selected microRNAs (miR-146a, miR-155)
that both reflect and modulate inflammatory signaling [28].
These markers can help direct the selection of therapeutic
payloads, ligand targets & responsive triggers & guide
biomarker-guided inclusion criteria for early translational
studies.  Understanding interconnected  biological
processes is the mechanistic framework for the following
section, a critical appraisal of current nanocarrier systems,
liposomes, polymeric nanoparticles, and microneedles, and the
barriers to translation preventing their clinical manifestation
[29].

these

Present Therapeutic Strategies and Requirement for
Targeted Drug Delivery

Management of RA is mainly based on the use of DMARDs,
biologicals, and targeted synthetic inhibitors that suppress
inflammation and slow the structural damage. Conventional
DMARDs such as methotrexate, leflunomide, and
hydroxychloroquine remain first-line agents, and biologics
targeting TNF-alpha, IL-6, or co-stimulatory molecules, as well
as newer Janus kinase (JAK) inhibitors, offer additional disease
control, as shown in Table 3 [30].

Table 3: Selected Conventional Therapeutic Agents for Rheumatoid Arthritis and Their Major Delivery Limitations

Cateqor Representative Mechanism of Major Limitation / Delivery Limitation — Need Ref
gory Drug(s) Action Adverse Effect for Nanocarrier '
Diclofenac, Cyclooxygenase Gl bleeding, renal Require frequent dosing; poor
NSAIDs LTS . - L [31]
Ibuprofen inhibition toxicity joint selectivity
. . Systemic . T
. . Prednisolone, Glucocorticoid . . Rapid clearance; limited joint
Corticosteroids . immunosuppression, : [32]
Dexamethasone | receptor activation . retention
osteoporosis
csDMARDS Methotrexgte, Folate/py_rlrr!ld_lpe- Hepatotoxwlty, Narrow the_rapeutlc index; [33]
Leflunomide pathway inhibition myelosuppression systemic exposure
Biologics Infliximab, Cytokine blockade Infection risk, infusion Require parenteral delivery; [34]
9 Adalimumab (TNF-a./ IL-6) reactions low tissue penetration
JAK Inhibitors Tofa}c!tl_n!b, _ JAKSTAT _ Cytopema,_l_lpld System|c_|mmunosgpp_ressmn; [35]
Baricitinib signaling inhibition abnormalities no tissue specificity

Although the efficacy of these agents has been enhanced
clinically, they are often limited by poor pharmacokinetic
profiles, systemic immunosuppression, and non-specific tissue
distribution [36]. Oral & parenteral administration often causes
adverse side effects such as hepatotoxicity, myelosuppression,
gastrointestinal irritation, and increased risk of infection that
prevent dose escalation & long-term adherence. In addition,
biologics need cold-chain storage and repeated injections, which
impose logistic and economic burdens [37]. The inability of
systemically delivered drugs to selectively accumulate at sites of

inflammation in synovial tissues is an essential therapeutic gap.
Drug molecules diffuse quickly or are cleared from the joint
cavity, resulting in subtherapeutic local concentrations. This
pharmacological restriction underscores the necessity of
targeted, that  deliver
inflammatory agents to the diseased microenvironment while
reducing systemic exposure [38]. Nanocarrier-based systems,
including liposomes, polymeric nanoparticles, and microneedle
platforms, have been developed to increase local retention,
improve drug stability, and achieve stimuli-responsive release.

sustained-release  methods anti-
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The present section provides a critical evaluation of the
aforementioned nanotechnological methods, based on the
preclinical performance of the proposed delivery systems and
the translational hurdles that impede their current clinical
application [38,39].

BIOLOGICS AND TARGETED THERAPIES

TNF Inhibitors: Adalimumab, Infliximab, regulation of
inflammatory pathways

Tumor necrosis factor-alpha (TNF-a) is a key pro-inflammatory
cytokine involved in the pathogenesis of rheumatoid arthritis
(RA), contributing to immune cell recruitment, cytokine
amplification, and progressive joint destruction. It promotes the
production of other inflammatory mediators and plays a central
role in sustaining chronic inflammation and systemic symptoms
[40]. Biologic disease-modifying anti-rheumatic  drugs
(bDMARDS), particularly TNF inhibitors such as etanercept,
infliximab & adalimumab, have been developed to neutralize
TNF-a and specifically disrupt its signaling pathways. These
agents effectively reduce inflammation, alleviate clinical
symptoms, and slow disease progression in RA and other
autoimmune disorders [41]. The mechanism of TNF-a inhibition
and its downstream effects on inflammatory mediators such as
IL-1 and IL-6: inhibition of TNF-a disrupts downstream
cytokine signaling cascades, thereby reducing inflammation and
providing a mechanistic basis for targeted therapeutic
intervention (Figure 4). Despite their clinical success, TNF
inhibitors face several delivery-related challenges, including the
need for repeated parenteral administration, limited tissue
penetration into inflamed synovial joints, and the risk of
systemic immunosuppression [40]. These limitations highlight
the need for improved delivery strategies that can enhance site-
specific drug accumulation while minimizing systemic exposure
[42]. In this context, nanocarrier-based delivery systems offer a
promising  approach to challenges.
Encapsulation of anti-TNF agents within liposomes or
polymeric nanoparticles can enhance their stability, prolong
circulation time, and facilitate targeted delivery to inflamed
synovial tissues via passive and active targeting mechanisms
[43]. Furthermore, ligand-functionalized nanocarriers may
improve uptake by activated macrophages and fibroblast-like
synoviocytes, thereby increasing local therapeutic efficacy while
reducing off-target effects [44,45]. Thus, integrating TNF
inhibitors with nanocarrier platforms represents a rational
strategy to enhance their pharmacokinetic profile and
therapeutic index in rheumatoid arthritis.

overcome these

Adalimumab and Infliximab
Modulation of Inflammatory Pathways

o V7
\\:\\;\}\\ .- / /// ’) Adalimumab

and y g ™ Immune
infliximab [ cell
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mediators
IL-1L-6

—

Figure 4: Mechanism of TNF-a inhibition by monoclonal
antibodies (adalimumab and infliximab) and downstream
suppression of pro-inflammatory cytokines (IL-1, IL-6) in
rheumatoid arthritis.

JAK
immunomodulators

Janus kinase (JAK) inhibitors represent an important class of
targeted synthetic DMARDs that modulate
signaling pathways involved in inflammation. These small-
molecule agents, including tofacitinib and baricitinib, act by
inhibiting JAK enzymes and subsequently blocking the JAK-
STAT signaling cascade, which is essential for the transmission
of pro-inflammatory cytokine signals such as interleukin-6 (IL-
6) and interferon-y [46].

Inhibitors: Tofacitinib, baricitinib, novel oral

intracellular

The mechanism of JAK inhibition and its downstream effects on
cytokine signaling are illustrated in Figure 5. Demonstrates the
inhibition of the JAK-STAT signaling pathway, highlighting
how suppression of intracellular cytokine signaling contributes
to reduced inflammatory responses in rheumatoid arthritis
(Figure 5). Tofacitinib acts as a relatively non-selective JAK
inhibitor, whereas baricitinib selectively inhibits JAK1 and
JAK2. By suppressing cytokine-mediated signaling, these
agents reduce immune cell activation and lower inflammatory
biomarker levels, including C-reactive protein and
immunoglobulins, thereby improving clinical outcomes in
patients with rheumatoid arthritis [47]. Despite their therapeutic
advantages and oral bioavailability, JAK inhibitors are
associated with systemic adverse effects such as cytopenia, lipid
abnormalities, and increased risk of infections due to non-
specific immunosuppression. Additionally, their lack of tissue-
specific targeting limits drug accumulation at inflamed synovial
sites, which may reduce therapeutic efficiency and necessitate
prolonged systemic exposure [48]. Nanocarrier-based delivery
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systems offer a promising strategy to address these limitations.
Encapsulation of JAK inhibitors within polymeric nanoparticles
or lipid-based carriers can enable controlled and sustained drug
release, improve pharmacokinetic profiles, and enhance
preferential accumulation in inflamed tissues. Furthermore,
surface-functionalized nanocarriers may facilitate targeted
delivery to synovial macrophages and fibroblast-like
synoviocytes, thereby reducing systemic toxicity while
maintaining therapeutic efficacy [49]. Thus, the integration of
JAK inhibitors with advanced nanocarrier systems represents a
potential approach to improve site-specific delivery and
optimize the safety and effectiveness of these
immunomodulatory therapies in rheumatoid arthritis.

NANOCARRIER-BASED DRUG-DELIVERY SYSTEMS
FOR RHEUMATOID ARTHRITIS

Nanocarrier technologies have emerged as promising strategies
to overcome the pharmacokinetic limitations of conventional
antirheumatic drugs [50]. By enhancing solubility, protecting
labile molecules, and enabling sustained or targeted delivery,
these nanosystems can improve therapeutic efficacy while
minimizing systemic toxicity [51]. Their physicochemical
properties, size, surface charge, composition, and ligand
functionalization determine biodistribution and interaction with
the inflamed synovium [52].

Y oo

JAK

Tofacitinib “ -Baricitinib

Signaling Cascade
Response

Figure 5: Mechanism of JAK-STAT pathway inhibition by
JAK inhibitors (tofacitinib and baricitinib) and its impact on
pro-inflammatory cytokine rheumatoid
arthritis.

signaling in

Classification of Nanocarriers Used in RA

Nanocarrier systems used in rheumatoid arthritis (RA) can be
broadly classified into lipid-based, polymeric, and hybrid
delivery systems based on their composition and structural
characteristics. Lipid-based carriers include liposomes and

nanostructured lipid carriers (NLCs), which offer high
biocompatibility and efficient drug encapsulation. Polymeric
nanoparticles, typically composed of biodegradable materials
such as PLGA or PEG, provide controlled release and tunable
surface properties. Hybrid systems, including lipid—polymer
nanoparticles and surface-functionalized vesicles such as
hyalurosomes, combine the advantages of both lipid and
polymeric systems to enhance stability, targeting efficiency, and
therapeutic performance [53,54].

Comparative Analysis of Nanocarrier Systems

As summarized in Table 4, a wide range of nanocarrier systems
have been investigated to improve drug delivery and therapeutic
outcomes in RA [55]. Lipid-based systems such as liposomes
have demonstrated improved drug retention and reduced
systemic toxicity, as observed in methotrexate formulations with
encapsulation efficiencies greater than 30% and a suitable
nanoscale size (<150 nm) [56]. Similarly, nanostructured lipid
carriers co-loaded with leflunomide and resveratrol exhibited a
particle size of 188.2 + 0.85 nm and high encapsulation
efficiencies of 92.16 + 0.41% and 82.82%, respectively, thereby
enabling sustained drug release and reducing joint inflammation
[57].

Hybrid nanocarrier systems further enhance therapeutic
performance by combining lipid and polymer components. For
instance, folate-modified lipid—polymer hybrid nanoparticles
co-delivering dexamethasone and curcumin exhibited a particle
size of 287.8 + 1.32 nm with encapsulation efficiencies of 89.12
+ 0.087% and 98.27 + 0.110%, respectively, resulting in
enhanced cellular uptake and synergistic anti-inflammatory
effects [58]. PEG-decorated hyalurosomes loaded with
fluocinolone acetonide demonstrated a particle size of 169.00 +
1.41 nm & encapsulation efficiency of 83.58 + 0.69%, enabling
effective transdermal delivery and cytokine modulation [59].

Polymeric and vesicular systems also contribute to improved
therapeutic outcomes. Curcumin-loaded hyalurosomes exhibited
a particle size of 189 nm with approximately 88% encapsulation
efficiency and demonstrated significant modulation of
inflammatory cytokines in synovial cells [60]. Additionally,
PLGA-based nanoliposomes co-loaded with diclofenac sodium
and celecoxib showed a particle size of 218.36 + 6.27 hm and
encapsulation efficiencies of 95.18 + 4.43% and 93.63 + 5.11%,
supporting sustained release and synergistic anti-inflammatory
effects [61].
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Overall, these findings demonstrate that nanocarrier systems
significantly improve drug targeting, enhance pharmacokinetic
profiles, and reduce systemic toxicity in RA therapy. Among
them, hybrid systems appear particularly promising due to their

ability to integrate multiple functionalities, including controlled
release, active targeting, and combination therapy. However,
challenges related to large-scale manufacturing, reproducibility,
and long-term safety remain key barriers to clinical translation.

Table 4: Liposome- and Polymer-Based Drug Delivery Systems in Rheumatoid Arthritis: Limitations Addressed and

Therapeutic Advantages

. Particle Encapsulation
Drug Carrier Type Route Size (nm) Efficiency (%) Key Advantage Ref.
Liposomes NR (target Improved therapeutic
Methotrexate (ethanol injection | In vivo (mice) g >30% efficacy with reduced [56]
<150 nm) L
method) toxicity
. CHS-modified Localized (in 92.16 £ 0.41% Sustained release, targeted
L(gg;\r}gg,fgﬁ NLCs (in situ situ gel, 3?38531?1 (LEF); 82.82% delivery, reduced joint [57]
hydrogel) arthritis model) ' (RSV) inflammation
- Targeted delivery,
— 0
Dexamethasone Folate lipid . In vitro (RAW 287.8 + 89.12 i 0.087% synergistic anti-
. polymer hybrid (Dex); 98.27 £ . [58]
+ Curcumin : 264.7 cells) 1.32 nm inflammatory effect,
nanoparticles 0.110% (Cur)
enhanced uptake
. PEG-decorated Sustained delivery,
FIuocmo_Ione hyalurosomes Tre}nsd_ermal 169.00 £ 83.58 + 0.69% reduced systemic toxicity, | [59]
acetonide . (in vivo) 1.41 nm h .
(nanofiber system) cytokine modulation
Hyalurosomes In vitro Anti-inflammatory
Curcumin (phospholipid . 189 nm ~88% modulation and improved | [60]
- (synovial cells) . !
vesicles) synovial targeting
Diclofenac . 95.18 + 4.43% Sustained release,
sodium + nzh(ﬁ?;)t;?)s;(is Inr:]/:;ijoe'()rat %12732; (DS); 93.63 + synergistic effect, [61]
Celecoxib P ' 5.11% (CEL) improved biosafety

Microneedle-Based Delivery Systems

Microneedles are unique drug delivery systems that enable drug
administration through the skin without compromising patient
comfort and are ranked the least invasive among all delivery
modes due to their mechanism of action. To achieve a local
effect without systemic pain or side effects, the tiny needle tips
are applied to the skin, creating temporary openings in the
stratum corneum [62]. Preclinical studies on microneedles made
of both metals and polymers, loaded with methotrexate,
tacrolimus, or anti-inflammatory peptides, have shown high
local bioavailability and patient acceptance. The combination
with either nanoparticles or hydrogels provides additional
control over drug release rates. Still, the microneedles are
hindered in their clinical translation by a lack of human data,
differences in insertion force, and challenges
manufacturing, despite promising results [63]. The mechanical
performance of microneedles is critically dependent on the

in  mass

material properties of the polymers used. Effective skin
penetration requires an optimal balance between mechanical
strength and flexibility to prevent needle fracture or bending
during insertion. Polymers such as polyvinylpyrrolidone (PVP),
polyvinyl alcohol (PVA), and hyaluronic acid are commonly

employed due to their favorable biocompatibility and sufficient
mechanical integrity. Additionally, factors such as needle
geometry, aspect ratio, and polymer crosslinking density
influence insertion efficiency and drug release behavior [64].

TRANSLATIONAL BARRIERS AND REGULATORY
CONSIDERATIONS

Although nanocarrier platforms have demonstrated considerable
therapeutic potential, their clinical application remains limited
and not yet established, as shown in Table 5.

Reproducibility of the formulation and scale-up: It is
challenging to maintain the same size distribution and drug
loading during large-scale manufacturing [65].

Sterilization and stability: Many nanosystems are more fragile
to heat and radiation than others; thus, those methods would
complicate the sterilization process [66].

Safety evaluation: It is necessary to carry out long-term
biodistribution, immunogenicity, and off-target effects studies
using standardized methods to their full extent [65,66]. In
addition to drug-related toxicity, the safety profile of the
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nanocarrier materials themselves is an important consideration
for clinical translation. While biodegradable polymers such as
PLGA, chitosan, and lipid-based carriers are generally regarded
as safe because they degrade into biocompatible metabolites,
non-biodegradable or poorly cleared materials may accumulate
in organs such as the liver, spleen, or lymphatic system,
potentially leading to long-term toxicity [67]. Factors including
particle size, surface charge & composition influence
biodistribution, cellular uptake & clearance pathways.
Therefore, a comprehensive evaluation of carrier metabolism,
biodegradability, and long-term safety is essential to ensure the
clinical applicability of nanocarrier-based drug delivery systems
in rheumatoid arthritis [68].

Regulatory and cost barriers
The absence of a common standard for nanomedicine leads to a
lengthy approval process and complex manufacturing, which

increases production costs [69]. Although no dedicated
regulatory pathway exists exclusively for nanomedicines,
agencies such as the U.S. Food and Drug Administration and the
European Medicines Agency have issued guidance documents
addressing nanomaterial-based products. The FDA’s guidance
on drug products containing nanomaterials emphasizes detailed
physicochemical characterization, manufacturing controls, and
evaluation of pharmacokinetics and safety profiles [70].
Similarly, the EMA has published reflection papers outlining
requirements for quality, safety, and efficacy assessment of
nanotechnology-based medicinal products. However, both
agencies currently evaluate nanomedicines on a case-by-case
basis under existing drug regulatory frameworks, contributing to
variability in approval pathways and delays in clinical
translation [71].

Table 5: Comparative Summary of Nanocarrier Systems for Rheumatoid Arthritis.

Nanocarrier . Targeting Translational
Type Representative Drugs Strategy Key Outcomes Status Ref.
. Methotrexate, Passive + Folate Enhanced synovial Preclinical / Early
Liposomes . : : s [72]
Prednisolone ligand accumulation, prolonged release clinical
Polymeric Curcumin, Genistein, CD44, folate Improved bioavailability, Preclinical [73]
NPs / NLCs MTX receptor targeting reduced toxicity
Microneedles Methotr_e xate, Local transdermal Non-invasive, sustained effect Proto_ty_p e/ [74]
Tacrolimus Preclinical

GENE- AND STEM-CELL-BASED APPROACHES:
INTEGRATION WITH NANOCARRIER TECHNOLOGY
New gene and cell therapies can reduce inflammation by directly
modulating inflammatory mediators and promoting tissue
regeneration, enabling long-term RA management [75]. Among
these, the gene therapy approach of delivering anti-inflammatory
cytokines, such as IL-1 receptor antagonist (IL-1Ra) and IL-10,
or small interfering RNAs (siRNAs) targeting TNF-a and IL-6,
has shown promising results in preclinical RA models.
Nanocarrier platforms, especially cationic liposomes, polymeric
nanoparticles, and hydrogels, are efficient non-viral vectors that
enhance gene stability, cellular uptake, and targeted transfection
in inflamed synovial tissues [76].

For instance, liposomal IL-1Ra plasmids have been shown to
prolong IL-1Ra expression and reduce joint swelling in
collagen-induced arthritis models. In contrast, siRNA-loaded
PLGA nanoparticles targeting TNF-a have been shown to
suppress TNF-a for prolonged periods with minimal systemic
toxicity. Besides, gene delivery systems assisted by nanocarriers

have overcome the safety issues associated with viral vectors
and have also enabled controlled, localized gene modulation
[77,78]. The stem cell-related methods, especially those using
mesenchymal stem cells (MSCs), are promising & achieve this
through immunomodulatory cytokine secretion & cartilage
repair [79].

The incorporation of nanomaterials into MSC treatment through
different methods, such as nanoparticle marking, guiding
magnets, or covering with nano-hydrogels, improves the
retention, survival, and directional migration of the cells
specifically to the inflamed joints [80]. On the other hand,
although these advanced methods showed great promise, their
translation is still hindered by challenges related to vector
reproducibility, transfection efficiency, biosafety, and
regulatory complexity. Working together to optimize
nanocarrier design and gene-editing (e.q.,
CRISPR/Cas9) could lead to precisely controlled, long-lasting
therapeutic effects with minimized risk of insertional
mutagenesis [79,81]. The combination of gene and stem-cell

technologies
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approaches, mediated by nanocarriers, thus represents a new
direction for RA and the broader realm of medical science
toward long-term disease remission and joint regeneration [82].

CARRIER-RELATED TOXICITY AND METABOLIC
FATE

While nanocarrier systems are designed to reduce systemic
toxicity of therapeutic agents, the safety profile of the carrier
materials themselves remains an important consideration.
Biodegradable polymers such as PLGA and lipid-based systems
are generally regarded as safe due to their ability to degrade into
non-toxic metabolites. However, concerns persist regarding the
potential accumulation of non-biodegradable or slowly
degradable materials, which may lead to long-term tissue
retention and unintended biological effects [83]. In addition,
nanoparticle surface properties, size, and charge can influence
biodistribution, cellular uptake, and immunogenic responses.
Limited long-term in vivo studies and variability in degradation
kinetics further complicate safety evaluation. Therefore, a
comprehensive toxicity,
biodegradation pathways, and clearance mechanisms is essential
to ensure the safe clinical translation of nanocarrier-based
therapies in rheumatoid arthritis [84].

assessment  of  carrier-related

TRANSLATIONAL
OUTLOOK

Key Translational Insights from Current Evidence
Preclinical investigations have shown that nanocarrier-based
systems, including liposomes, polymeric nanoparticles, and
microneedle platforms, can provide significant local drug
retention and improved therapeutic outcomes in rheumatoid
arthritis models [85]. Enhanced and sustained effects have been
observed with liposomal formulations of methotrexate and
prednisolone. At the same time, ligand-modified polymeric
nanoparticles have enabled targeted delivery to macrophages
and fibroblast-like synoviocytes via receptor-mediated
mechanisms. Microneedle-mediated delivery offers a minimally
invasive approach, improves patient compliance, and bypasses
first-pass metabolism [86].

DISCUSSION AND FUTURE

However, these promising outcomes are predominantly derived
from small-animal models and have not consistently translated
into clinical success. This limitation can be attributed to
differences between animal
pathology, heterogeneity of the synovial microenvironment in

models and human disease

patients, and challenges in achieving reproducible large-scale
manufacturing. In addition, concerns about long-term safety,
immunogenicity, and regulatory uncertainties further impede
clinical translation, highlighting the need for more predictive
models and standardized evaluation strategies.

Regulatory, Manufacturing, and Safety Barriers

The foremost challenge remains scaling laboratory formulations
to clinical-grade production. Quality control has been made
more difficult by batch-to-batch differences in particle size, drug
loading, and release kinetics. The usual sterilization methods,
such as heat, radiation, and filtration, have the potential to alter
nanostructural integrity, while there is little information
available on long-term biodistribution & immuno- genicity [87].
At present, regulatory authorities are treating nanomedicines on
a case-by-case basis due to the lack of standardized guidelines,
resulting in delays in approvals & discouraging industry
investment. Moreover, high costs of production and storage
make it even harder to access the products [88,89].

Emerging Technological Trends

The incorporation of Al-driven formulation design enables the
prediction of optimal lipid/polymer combinations and in vivo
drug-release profiles. Nanosystems that combine lipids,
polymers, and inorganic materials not only receive better
support but also can release their contents in a controlled manner
when pH, temperature, or the presence of certain species
changes [90,91]. The combination of different delivery methods,
including the use of nanocarriers for small-molecule drugs
together with gene or stem-cell therapy, is promising not only
for disease modulation but also for tissue restoration. The use of
real-time imaging and theranostic nanocarriers would help
monitor treatments and adjust drug doses for individual patients
[92].

Strategic Roadmap and Future Outlook

The deviation from the use of distributor characterization
protocols, validated animal models, and single-center preclinical
consortia, which will yield unrepeatable data on both efficacy
and safety, will be the main factor determining the success of
translation. The medical research community, regulators, and
pharmaceutical companies need to work together to enable the
use of quality-by-design methods in drug development and to
fast-track approval [93,94]. Moreover,
patient stratification in early-phase trials could enhance the

biomarker-assisted
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treatment's effectiveness. The combination of nanotechnology,
regenerative medicine, and Al-driven analytics will undoubtedly
be one of the most critical aspects of RA management, enabling
a shift from merely controlling symptoms to personalized,
disease-modifying, and even regenerative therapies [95,96].

CONCLUSION
Rheumatoid arthritis remains a challenging autoimmune disease

to manage, with conventional therapies limited by systemic
toxicity, poor tissue specificity, and suboptimal long-term
outcomes. Nanocarrier-based drug delivery systems, including
liposomes, polymeric nanoparticles, solid lipid nanoparticles,
and hybrid platforms, have demonstrated significant potential to
enhance synovial targeting, improve pharmacokinetics, and
prolong therapeutic effects while minimizing adverse reactions.
These systems offer a promising strategy to overcome key
limitations of conventional treatments and enable more precise,
site-specific therapy.

However, despite encouraging preclinical outcomes, clinical
translation remains constrained by formulation complexity,
scale-up challenges, long-term safety concerns, and the lack of
standardized regulatory frameworks. Addressing these barriers
requires not only improved experimental models and
harmonized regulatory guidelines but also robust strategies to
ensure reproducibility and consistency in manufacturing.

In this context, emerging approaches such as artificial
intelligence (Al)-driven formulation design and Quality by
Design (QbD) frameworks are expected to play a critical role.
Al can facilitate the prediction of optimal
compositions, drug-release behavior, and in vivo performance,
thereby reducing empirical trial-and-error. Simultaneously, QbD
enables systematic identification and control of critical material
attributes and process parameters, ensuring batch-to-batch
reproducibility and scalable manufacturing. The integration of
these approaches has the potential to bridge the gap between
laboratory innovation and clinical application significantly.

nanocarrier

Future research should also emphasize biomarker-guided patient
stratification, multifunctional  and  stimuli-responsive
nanocarriers, and the integration of gene or regenerative
therapies. Together, these advancements will support the
transition from conventional disease management toward
precision and personalized medicine in rheumatoid arthritis.

In summary, while targeted nanocarriers represent a highly
promising platform, their successful clinical adoption will
depend on the convergence of advanced design strategies,
standardized manufacturing processes, and translationally
relevant validation models. Such integrated efforts will be
essential to realize the full potential of nanomedicine in
delivering safer, more effective, and patient-specific therapeutic
solutions for rheumatoid arthritis.
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ABBREVIATIONS
RA: Rheumatoid arthritis; NSAIDs: Nonsteroidal anti-

inflammatory drugs; COX: Cyclooxygenase; csDMARDs:
Conventional synthetic disease-modifying antirheumatic drugs;
DMARDs: Disease-modifying antirheumatic drugs; TNF:
Tumor necrosis factor; IL: Interleukin; JAK: Janus kinase; FLSs:
Fibroblast-like synoviocytes; MMPs: Matrix
metalloproteinases; ~ ADAMTs: A disintegrin  and
metalloproteinase ~ with  thrombospondin  motifs; RF:
Rheumatoid factor; ACPAs: Anti-citrullinated protein
antibodies; RANKL: Receptor activator of nuclear factor kappa-
B ligand; GM-CSF: Granulocyte-macrophage colony-
stimulating factor; MIF: Macrophage migration inhibitory
factor; PSA: Psoriatic arthritis; HLA: Human leukocyte antigen;
PTPN22: Protein tyrosine phosphatase non-receptor type 22;
STAT4: Signal transducer and activator of transcription 4; IFN-
v: Interferon gamma; MSU: Monosodium urate; NLRP3: NOD-
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like receptor family pyrin domain-containing 3; DAMPs:
Danger-associated molecular patterns; miRNA: MicroRNA,;
MBDA: Multi-biomarker disease activity; CRP: C-reactive
protein; SAA: Serum amyloid A; VCAM-1: Vascular cell
adhesion molecule-1; VEGF-A: Vascular endothelial growth
factor A; EGF: Epidermal growth factor; MMP-1 / MMP-3:
Matrix metalloproteinases 1 and 3; CTX: C-terminal telopeptide
of type I collagen; COMP: Cartilage oligomeric matrix protein;
Al: Artificial intelligence; ROS: Reactive oxygen species; AS:
Ankylosing  spondylitis; SPA:  Spondylarthritis; MTX:
Methotrexate; ADA: Anti-drug antibodies; PML: Progressive
multifocal leukoencephalopathy; CVD: Cardiovascular disease;
PEG: Polyethylene glycol; PEGylation: Polyethylene glycol
surface modification; SLNs: Solid lipid nanoparticles; NLCs:
Nanostructured lipid carriers; CHS: Chondroitin sulfate; LEF:
Leflunomide; RSV: Resveratrol; Dex: Dexamethasone; Cur:
Curcumin; FLA: Fluocinolone acetonide; PHs: Hyalurosomes;
DS: Diclofenac sodium; CEL: Celecoxib; PLGA: Poly(lactic-
co-glycolic acid); DCFLPs: Dexamethasone—Curcumin folate
lipid—polymer hybrid nanoparticles; EE: Encapsulation
efficiency; PDI: Polydispersity index; ZP: Zeta potential; QbD:
Quality by Design; EPR: Enhanced permeability and retention;
ELVIS: Extravasation through
inflammatory cell-mediated sequestration; FDA: Food and Drug
Administration; EMA: European Medicines Agency; NR: Not
reported.

leaky vasculature and
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