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Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized by synovitis, systemic
inflammation and autoantibodies, leading to joint damage and disability. RA pathogenesis is
characterized by a dysregulated interaction between immune cells, particularly B cells and T cells, which
release inflammatory cytokines. This review explores the pivotal role of these immune cells in sustaining
the inflammatory response and contributing to tissue injury. We provide a comprehensive overview of
current RA therapies, highlighting the limitations of conventional treatments and the pressing need for
targeted drug delivery systems such as lipid nanocarrier-based therapies, including nano-emulsions,
solid lipid nanoparticles (SLNs), niosomes, liposomes, transferosomes, and ethosomes. Emphasizing
niosomes, we discuss their capacity to encapsulate multiple drugs, significantly enhancing bioavailability

and therapeutic efficacy. By directing drug-loaded niosomes to inflamed synovial sites, this innovative
Received 16th June 2025 h minimi temi id fect hil N l lized d trati thereb
Accepted 23rd July 2025 approach minimizes systemic side effects while maximizing localized drug concentrations, thereby
optimizing treatment outcomes for RA patients. This review underscores the importance of targeted

DOI: 10.1039/d5ra04258e (nano)drug delivery in improving patient's life quality and represents a significant step toward more
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Introduction

Arthritis is one of the most prevalent chronic illnesses that
affects millions of people worldwide. According to the Global
RA Network, in 2021, more than 350 million people suffered
from arthritis globally." When an intra-articular inflammation
affects one or more joints, including knees, knuckles, wrists, or
ankles, which can occur from various etiological reasons, it is
referred to as arthritis.” In the first stage, arthritis can develop
into pain, edema, or stiffness. If untreated, it will result in
degenerative joint disease, which is destructive.> From a patho-
logical point of view, the synovium, articular cartilage, and
supporting subcomponent structures are the primary cause of
the wide range of ailments that make up arthritis. Arthritis end-
stage is frequently accompanied by excruciating pain and
impairment. Patients with arthritis often experience discomfort
in the affected joint, a declined motion, and an increased risk of
malformation and instability. Nonoperative therapy is typically
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effective, personalized RA therapies by deepening our understanding of the underlying mechanisms.

the cornerstone of care in clinics, where patients are treated
with anti-inflammatory drugs.”

Arthritis can be generally divided into two main groups:
inflammatory arthritis and non-inflammatory arthritis. The
patient must be correctly diagnosed to be treated accordingly.?
Non-inflammatory arthritis typically occurs due to deterioration
or harm inflicted upon various joint components, such as
cartilage. Even though the causes of this arthritis type remain
uncertain, several significant risk factors come into play,
including genetic predisposition, body weight, and joint stress.
Non-inflammatory arthritis tends to remain localized within the
affected joints and does not extend throughout the body. A
predominant form of non-inflammatory arthritis is the osteo-
arthritis.»* Furthermore, this autoimmune condition presents
an atypical immune response that explicitly targets synovial
cells, cartilage, and bone, causing joint impairment and lasting
disability.® This disease is closely associated with irregularities
in the immune system, wherein the body erroneously assaults
its tissues; in this case, increased inflammation centred on the
joints leads to swelling and discomfort. In contrast, inflam-
matory arthritis is a systemic immune response that can spread
throughout the body, affecting other joints and organs if not
properly managed. Examples of inflammatory arthritis are
rheumatoid arthritis (RA), juvenile idiopathic arthritis, and
seronegative spondylarthritis.>®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This review will focus on RA, a systemic condition that
typically presents a symmetrical inflammatory polyarthritis,
most commonly affecting hands and feet, although it can affect
any synovial joint.®* The synovial membrane thickens and
becomes inflamed, leading to a deterioration of cartilage and
joints. This prolonged inflammation in the synovium can
trigger inflammation throughout the body over time. The main
symptoms include persistent pain, stiffness, joint swelling,
fatigue, and, frequently, anaemia. Approximately 1% of the
population between the ages of 20 and 50 suffer from RA, with
a clear predominance in women and a woman-to-man ratio of
3:1.°

Although the exact cause of RA remains unknown, it is
suggested to be linked to the human leukocyte antigen variant
(HLA-DRP1), even though this connection is not fully
understood.>*®

RA is a complicated autoimmune condition shaped by
a combination of genetic predisposition and environmental
factors. The immune system begins to recognize self-antigens
as foreign, especially citrullinated proteins, causing the
production of autoantibodies such as rheumatoid factor (RF)
and anti-citrullinated protein antibodies (ACPAs).""'> These
autoantibodies form immune complexes that deposit in the
synovial joints, triggering activation of the complement cascade
and resident immune cells, which initiates local inflamma-
tion.” As the disease progresses, CD4" T cells (especially the
Th1 and Th17 subsets) and B cells infiltrate the synovium,
where they activate macrophages and fibroblast-like synovio-
cytes (FLS). These cells produce high levels of pro-inflammatory
cytokines such as TNF-a, IL-1B, IL-6, and IL-17, perpetuating
a state of chronic synovial inflammation.”*® This sustained
immune activation promotes synovial hyperplasia (pannus
formation), cartilage degradation, and bone erosion, primarily
through osteoclast activation, ultimately resulting in irrevers-
ible joint destruction.'”*® The pathogenesis of RA can be broken
down as shown in Table 1. The combination of all these factors
contributes to the persistence and impairment nature of RA,
resulting in symptoms such as joint pain, swelling, stiffness,
and joint deterioration (Fig. 1). RA can be controlled thanks to
the administration of disease-modifying antirheumatic drugs
(DMARDs) and anti-inflammatory drugs to target specific cyto-
kines (e.g., TNF-a, IL-1B, IL-6) to control inflammation effec-
tively, slow the progression of the disease, and alleviate
symptoms.**?** Additionally, non-steroidal anti-inflammatory
drugs (NSAIDs) and corticoids are commonly employed as
a RA treatment to modulate cytokine activity, reducing inflam-
mation and preventing joint damage. However, these drugs
come with associated drawbacks. For example, NSAIDs may
cause stomach irritation and bleeding,* leading to kidney
dysfunction and an elevated risk of suffering a heart attack or
a thromboembolic event.*® Common side effects of DMARDs
involve skin rashes, diarrhoea, alopecia, interstitial lung
disease, deficiency in folic acid, and liver cirrhosis.**** Corti-
costeroids, while valuable in controlling the inflammation and
immune response, can be associated with a range of adverse
effects.® Prolonged or high-dosage may lead to systemic side
effects such as weight gain, fluid retention,* hypertension,*®
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and diabetes.®” They can cause osteoporosis and increase the
risk of infections due to immune system suppression.®® Skin
problems like thinning and bruising, mood swings, insomnia,
and gastrointestinal issues may occur.* Additionally, long-term
use can have an impact on the adrenal gland function, requiring
a gradual dose reduction when discontinuing treatment.*
Therefore, corticosteroids should be used carefully under
medical supervision due to the potential adverse effects.

Nanocarriers, characterized as colloidal nanoparticles (NPs)
ranging in size from 1 to 100 nanometres (nm), are essential in
drug delivery. Due to the high surface area-to-volume ratio
exhibited by nanocarriers, they can potentially encapsulate and
protect therapeutic drugs by improving their bioactivity. They
can be used for the systemic administration of RA drugs,
through the spatial and temporal control of the drug release
they offer.** Thus, nanocarriers serve as tiny transporters that
can be tailored in charge and shape to convey therapeutic
substances to specific targeted tissues efficiently.

However, given that microcapillaries in the human body
have a diameter of approximately 200 nm, it is crucial for drug-
delivery nanocarriers to be smaller than this threshold.** There
are several types of nanoparticulate carriers, including poly-
meric, lipid and protein, as for the type of material; and den-
drimers or nanocapsules, as for the type of structure; amongst
others.** Changes in their physicochemical properties, such as
surface functionalization, composition, and shape, have been
demonstrated to improve their selectivity towards targeting
organs, tissues, or cell types while simultaneously minimizing
undesirable side effects in off-targeting organs.**

Consequently, in the frame of lack of effective RA treatments,
to address the limitations associated with RA drugs, nano-
carriers offer a promising solution to improve the oral delivery
of these drugs for future treatments. Specifically, those
composed of lipids offer great advantages. This is because lipid-
based nanocarriers offer several advantages, including
enhanced bioavailability of drugs, protection, and stabilization
of sensitive compounds like proteins by reducing adverse
effects and facilitating precise targeting when needed.*®

Issues of rheumatoid arthritis (RA)
current treatments

NSAIDs such as celecoxib and nabumetone are widely used to
control symptoms due to their potent anti-inflammatory and
pain-relieving effects. They inhibit the production of prosta-
glandins at the cyclooxygenase enzyme level. Prostaglandins,
derived from arachidonic acid, promote inflammation, vasodi-
lation, and increased pain sensitivity. NSAIDs effectively reduce
prostaglandin levels by hindering cyclooxygenase, alleviating
associated inflammation and pain.** However, the most
common adverse reaction to NSAIDs involves the upper
gastrointestinal tract, leading to discomfort, ulcer formation,
and bleeding. The formation of ulcers and bleeding is dose-
dependent; with higher doses, it increases the risk, causing
thousands of hospitalizations and fatalities annually, particu-
larly among rheumatoid arthritis patients.*” Glucocorticoids
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Table 1 Rheumatoid arthritis (RA) pathogenesis
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Pathogenesis

Explanation

Ref.

Environmental triggers

Genetic predisposition

Autoimmune component

Activation of immune cells

Release of inflammatory cytokines

Synovial changes

Formation of pannus

Systemic inflammation

Environmental factors, such as infections,
microbiota or smoking, may trigger the onset of
RA in genetically susceptible individuals

The most prominent risk factor for RA is
genetic. First-degree relatives of patients with
rheumatoid arthritis have a risk of disease
increased by a factor of 2 to 5

The exact cause of RA remains unclear, but it is
believed to involve expression of human major
histocompatibility protein HLA-DRB1, where
the immune system mistakenly targets the own
body tissues

RA is characterized by the inappropriate
activation of various immune cells, including B
cells, T cells, plasma cells, neutrophils,
dendritic cells, and macrophages

These activated immune cells release pro-
inflammatory cytokines such as TNF-a, IL-1f3,
and IL-6, which play a central role in promoting
inflammation and driving the disease process
RA involves immune cell infiltration into the
synovium and the formation of lymphoid
aggregates contributing to the ongoing
inflammation

Pannus formation refers to the abnormal
growth of inflamed tissue in the synovium. It
consists of immune cells infiltration as

a hallmark of RA, contributing to joint
inflammation, cartilage erosion, and joint
deformities

TNF-a, IL-1B, and IL-6 can also enter the
bloodstream, leading to systemic inflammation.
This systemic inflammation can affect various
organs and systems, causing systemic
complications often observed in RA patients

19 and 20

19 and 20

21 and 22

23

24 and 25

19 and 20

26

27

HEALTHY JOINT RA INFLAMED JOINT

1

1
Susceptibility to RA 5 1 RA disease stages
No symptoms or signs of one \ :
autoimmunity. ' Asymptomatic

1 Inflamed joint autoimmunity
Risk factors Joint capsule 1 capsule Increased levels of
Genetic risk factors 1 cytokines, chemokines and
* Susceptibility genes (HLA- ) ) Inflamed synovium C-reactive proteins in the
DRB1) Synovial fluid A circulation.
Non-genetic risk factors Cartilage Thinning cartilage Established RA
* Smoking Immune cell infiltration,
¢ Microbiota hyperplasia of the lining

¢ Female gender
e Ethnic factors

Bone erosion

Fig. 1 Structure of healthy and rheumatoid arthritis (RA) inflamed joint.
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Fig. 2 Structure of the different mentioned lipid nanostructures. (a) Nano-emulsions, (b) solid lipid nanoparticles (SLNs), (c) niosomes, (d)

liposomes, (e) transferosomes, and (f) ethosomes.

(GCs), like prednisone and dexamethasone, exert a broad
influence on immune cells, hindering their movement and
disrupting their physiological functions while also dampening
the production of humoral factors through cGCR-mediated
classical genomic effects.”* Meanwhile, corticosteroids
produce mood and behaviour alterations, such as restlessness,
anxiety, irritability, and difficulty concentrating.*’

DMARDs, which are commonly prescribed for RA, with
methotrexate (MTX) being the most used one, are known for
their ability to reduce joint inflammation, relieve pain and
stiffness, and potentially slow disease progression in RA
patients.>® However, MTX treatment can lead to haematological
toxicity, including leukopenia, thrombocytopenia, megalo-
blastic anaemia, and pancytopenia, with an estimated preva-
lence of 3%.** Furthermore, respiratory issues such as
coughing, wheezing, and breathlessness are reported in over
25% of individuals undergoing MTX therapy.*> MTX toxicity can
lead to bone marrow suppression, gastrointestinal ulcers, and
the development of cutaneous ulcers in individuals with
underlying psoriasis vulgaris.>***

Types of lipid-based nanoparticles (NPs) and their advantages

Lipid-based NPs represent a cutting-edge approach within the
pharmaceutical industry, harnessing the unique properties of
lipids to revolutionize drug delivery systems.” These NPs,
comprised of lipids such as phospholipids, cholesterol, and
triglycerides, offer numerous advantages for pharmaceutical
applications. One of the main advantages is their biocompati-
bility and ability to mimic biological membranes, reducing the
risk of immune reactions and enhancing drug uptake by cells.
Lipid-based NPs also provide a versatile platform for encapsu-
lating both hydrophilic and hydrophobic drugs, ensuring
optimal solubility and stability. Furthermore, their tuneable

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

properties allow for controlled drug release kinetics, enabling
sustained or triggered release profiles tailored to specific ther-
apeutic needs. With their potential to improve drug bioavail-
ability, target-specific delivery, and minimize systemic toxicity,*®
lipid-based NPs are poised to significantly advance drug delivery
technology and enhance patient outcomes in the pharmaceu-
tical landscape.

Nano-emulsions, defined as colloidal dispersions of nano-
metric droplets immiscible to the continuous phase, with
kinetic but not thermodynamic stability, are characterized by
stable liquid-in-liquid mixtures with droplets below 200 nm in
size, presenting several advantages due to their exceptional
properties.>*>” Their nanometric size imparts a high surface
area relative to volume, ensuring efficient encapsulation and
delivery of active compounds. The robust stability of nano-
emulsions, attributed to small droplet size and the use of suit-
able surfactants,>® enhances their applicability across diverse
industries. The visually clear appearance and fine-tuned flow
properties make nano-emulsions versatile for pharmaceutical
applications.”” The composition flexibility allows tailoring to
target needs, generating oil-in-water (O/W) or water-in-oil (W/O)
emulsions based on surfactant solubility (Fig. 2A).>**” Also, if
required, a double emulsion, typically composed of W/O/W, can
be prepared to encapsulate hydrophilic and hydrophobic drugs
simultaneously. Emulsifying agents, including surfactants,
hydrophilic colloids, and solids, contribute to stability by pre-
venting droplet coalescence and forming protective films.*®
Nano-emulsions with an absolute zeta potential above 30 mV
exhibit enhanced stability due to electrostatic repulsion forces
between droplets.*

Achieving high encapsulation efficiency ensures effective
retention and delivery of active compounds.®® Storage stability,
assessed through physical stability parameters, is critical.®* The

RSC Adv, 2025, 15, 27388-27402 | 27391
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Table 2 Relationship between the shape of surfactant monomer,
critical packing parameter (CPP) and preferred aggregate morphology

Shape CPP value

v

Cone

v

Truncated Cone

0

Aggregate morphology

0<CPP<1/3

Spherical micelles

1/3 <CPP < 1/2

Cylindrical micelles

1/2 <CPP <1
Truncated Cone
Vesicles
Planar bilayers
Cylinder

Inverted Truncated Cone

or Wedge Inverted micelles, inverted hexagonal

emulsification methods, both high-energy and low-energy, offer
flexibility and control, with high-energy methods providing
better dispersion control and working with low surfactant
concentrations and low-energy methods being cost-effective
and efficient, producing uniform droplet sizes.*>*

In the 19th century, Miiller and Gascon explored the concept
of using lipid NPs for drug delivery.** Solid-lipid nanoparticles
(SLNs) are characterized by their solid lipid-based core, ranging
from 50 to 1000 nm, offering numerous advantages for phar-
maceutical applications (Fig. 2B).* These biocompatible and
biodegradable lipid NPs are non-toxic, ensuring safe drug
delivery, and their production does not require organic
solvents, addressing environmental and safety concerns. SLNs
exhibit excellent physical stability, prolonging the shelf life of
pharmaceutical products, enabling controlled drug release and
targeted delivery, improving therapeutic selectivity.®**® More-
over, SLNs protect active substances; both lipophilic and
hydrophilic drugs, from degradation when encapsulated. They
are amenable to large-scale manufacturing solidifying their use
in drug delivery systems.®**® Several synthetic methods have

27392 | RSC Adv, 2025, 15, 27388-27402
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been reported for SLNs, offering diverse approaches to tailor
their properties for specific drug delivery applications.®>”® High
Pressure Homogenization (HPH) has emerged as a highly
effective method for producing SLNs, forming uniform and
stable spherical NPs by applying pressure gradients and
mechanical forces.” HPH allows to optimize SLN production
for specific drug loading and delivery needs, enabling the
production of smaller NPs with increased surface area to
increase drug loading efficiency and bioavailability.”” However,
SLNs also present some disadvantages, because prolonged
storage can lead to alterations in drug release patterns due an
increase in NPs size. In addition, polymorphic transitions
within SLNs and gelation are also potential drawbacks. Despite
these challenges, the stability provided by SLNs within biolog-
ical systems, protecting the cargo against biochemical and
physicochemical damage, underscores their significance in
pharmaceutical research and development.”

Another approach in lipid-based systems are niosomes,
arising from the self-organization of nonionic surfactants,
present specialized delivery systems exploited in pharmaceu-
tical and cosmetic industries (Fig. 2C).”* Unlike ionic surfac-
tants, nonionic surfactants lack a net electrical charge,
facilitating their arrangement into stable bilayer structures and
allowing niosomes to encapsulate both hydrophilic and
hydrophobic substances within their vesicular structures.” This
versatility makes niosomes valuable tools in drug delivery and
for exploitation in topical formulations, particularly for active
molecules with poor water solubility. Niosomes allow to modify
their size, surface properties, and lipid composition to optimize
drug loading and release.” The physicochemical attributes of
niosomes or vesicles are influenced by factors such as the
surfactant selection, surfactant type, alkyl chain length, and the
Critical Packing Parameter (CPP) of surfactant, which deter-
mines the preferred aggregate morphology as shown in Table
2.767% Additionally, the physical state of niosome bilayers,
whether liquid or gel, is influenced by temperature, lipid/
surfactant type, and the presence of components like choles-
terol, providing further control over niosome formulations for
drug delivery applications.”®*® To form niosomes it is needed to
hydrate a combination of surfactants and lipids, followed by
ether injection, manual shaking, sonication, or micro-
fluidization, which offers flexibility and adaptability in the
preparative methods.** A notable strength of niosomes is their
superior chemical stability when compared to liposomes,
exhibiting a higher resistance to chemical degradation and
oxidation, leading to significantly extended storage periods.*
The surfactants used in niosome formulations offer biode-
gradability, biocompatibility, and non-immunogenicity,
making them suitable for a wide range of applications.”*
The ease of handling and storing these surfactants, along with
the ability to precisely control niosome composition, size,
lamellarity, stability, and surface charge, further enhances the
interest to use them as drug delivery systems.**

Some challenges include aggregation, fusion of vesicles,
drug leakage, and hydrolysis of encapsulated drugs over time.*
To effectively decontaminate niosomes, gamma sterilization is
emerging as a viable solution that offers rapid clean up and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this formulation, ensuring faster delivery

Exhibited higher skin penetration

compared to the drug alone.
drug deposition in rat skin compared to

inflammation and pain, enhancing the
drug's effectiveness and promoting
delivery increased transdermal flux and
liposomes

Delivering indomethacin through the
better patient compliance

burning sensation compared to the
skin achieved a higher efficiency with
Improved penetration and minimized
irritation led to notable reduction of
Enhancement of tetrandrine topical

marketed thermagel formulation

Benefits

Drugs

Indomethacin
Mometasone furoate
Capsaicin
Tetrandrine

SPC, cholesterol and deoxycholic acid

PC, propylene glycol and ethanol

Lipid composition
PC90G and alcohol
Phospholipon 90 G

(Contd.)

Table 3
Lipid nanocarriers
Ethosomes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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excellent penetration capabilities while generating minimal
heat during the process.***”

Liposomes, with diameters typically ranging from 50 to
500 nm, represent a prominent class of nanocarriers extensively
investigated for targeted drug delivery systems. These spherical
lipid vesicles, formed by emulsifying natural or synthetic lipids
in an aqueous environment, have shown significant potential in
delivering drugs to specific targets within the body (Fig. 2D).***
Categorized into structural types such as small unilamellar
vesicles (SUV), large unilamellar vesicles (LUV), multilamellar
vesicles (MLV), and multivesicular vesicles (MVV), liposomes
offer versatility for various drug delivery applications based on
their size and the number of bilayers they possess.” Larger
liposomes with fewer bilayers exhibit increased encapsulation
efficiency for hydrophilic compounds, influencing drug loading
and release profiles in liposomal drug delivery systems.”* Lipid
and phospholipid composition in liposome formulations
involves the self-assembly of diacyl-chain phospholipids,
creating a lipid bilayer structure in aqueous solutions.**
Predominantly composed of glycerophospholipids and sphin-
gomyelins, lipids in liposomes feature hydrophilic heads and
hydrophobic tails, forming an amphiphilic structure crucial for
stability through electrostatic repulsion.”*** Sphingomyelin,
a type of phospholipid, replaces glycerol in its structure and is
used in formulations such as Marqibo (vincristine sulfate
liposome injection) to enhance liposome stability within an
acidic environment, leading to improved pharmacokinetic
characteristics and drug delivery to target tissues.®**® Choles-
terol is commonly employed to enhance membrane flexibility,
bolster bilayer stability, and reduce the passage of water-soluble
substances through the lipid bilayer.®” Various techniques,
including thin-film hydration, ethanol injection, and double
emulsion methods, are employed for liposome creation. These
manufacturing processes involve steps such as the production
of Multilamellar Vesicles (MLVs) or Unilamellar Vesicles (ULVs),
reduction of liposome size, if necessary, preparation of drug
solutions and loading, buffer exchange and concentration,
ensuring sterility, and lyophilization if deemed necessary.”®
Liposomes offer advantages in gene delivery by effectively
binding with charged genetic molecules, providing protection
against enzymatic degradation, and allowing the transport of
large genetic fragments. Additionally, modifications enabling
targeted delivery, such as attaching ligands or antibodies to the
liposome surface, make liposomes a versatile tool for gene
delivery with promising capabilities.” Despite these advan-
tages, liposomes have limitations, including high production
costs, susceptibility to leakage and fusion, potential chemical
changes in their components over time, short half-life in the
bloodstream, and reduced stability over extended periods.
Ongoing research aims to address these challenges and
enhance the performance of liposomes for drug delivery
applications.*®

A breakthrough in drug delivery systems is transfersomes,
the innovative and highly flexible drug carriers introduced
recently that exhibit the capability to transport large molecules
through intact mammalian skin.'*>*** These deformable vesic-
ular structures, sharing a lipid-based morphology with
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liposomes, distinguish themselves through remarkable
deformability, enabling them to navigate through pores signif-
icantly smaller than their size.'”> Composed of phospholipids,
edge activators (typically surfactants), and water, transfersomes
possess a bilayer structure that accommodates both hydrophilic
and hydrophobic drugs (Fig. 2E)."* Hydrophilic drugs are
enclosed within or adsorbed to the aqueous core, while hydro-
phobic drugs are encapsulated within the space between the
phospholipid-lipid bilayers. Key components, such as phos-
phatidylcholine C18, known for its skin-friendly and non-toxic
properties, and surfactants like sodium cholate, sodium deox-
ycholate, Polysorbate 80, Span 80, and dipotassium glycyr-
rhizinate, contribute to the stability and functionality of
transfersomes.'** Studies indicate that transfersomes incorpo-
rating Tween 80 exhibit vesicles ranging in size from 140 to
270 nm; this size reduction is linked to increased solubility and
the ability of Polysorbate 80 to form hydrogen bonds during
swelling.’® This drug delivery system is characterized by
biocompatibility and biodegradability, ensuring its safety in the
body and the environment. Transfersomes demonstrate an
impressive entrapment capacity of around 90%, effectively
encapsulating lipophilic drugs with varying molecular weights,
including high and low molecular weight compounds. More-
over, their unique ability to undergo shape change enhances
tissue infiltration for optimized drug delivery.'*®'*” Despite
these advantages, certain drawbacks exist such as the potential
impurities that atural phospholipids may contain. Additionally,
formulation of transfersomes can be relatively expensive, and
challenges may arise when attempting to encapsulate hydro-
phobic drugs. However, their utility in controlled and sustain-
able drug delivery makes transfersomes a promising
advancement in the field.'*>'*

Ethosomes, a class of lipid-based nanocarriers introduced by
Touitou in 1997, emerged as an innovative drug delivery system,
due to their ability to enhance transdermal or skin delivery of
a diverse range of drugs and therapeutic compounds.'””
Comprising ethanol, phospholipids, and water, ethosomes
uniquely incorporate ethanol into their composition (Fig. 2F),
enabling them to effectively penetrate the skin's barrier and
facilitate the efficient transport of drugs into deeper skin layers
or the bloodstream. This distinctive feature makes them
particularly valuable for topical and transdermal drug delivery
applications, addressing challenges from conventional formu-
lations.'*”**® The adaptability of ethosomes in terms of size,
ranging from nm to microns, offers precise control over the
transport of therapeutic drugs, making them versatile for
enhancing the effectiveness of transdermal and topical appli-
cations.'” Ethosomes are classified into three categories: Clas-
sical Ethosomes, derived from traditional liposomes; Binary
Ethosomes, which incorporate an additional alcohol compo-
nent to fine-tune properties; and Transethosomes, considered
the next  generation with  presumed  enhanced
characteristics.'*"**

Despite the complex, time-consuming synthesis and limited
stability due to sensitivity to temperature and humidity, etho-
somes offer significant advantages. They can deliver a wide
range of molecules, including peptides and macromolecules,
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effectively through the skin.'*> Their ability to fuse with the
skin's lipid bilayers facilitates transcutaneous drug delivery.
Ethosomes can be tailored into different formulations,
enhancing patient compliance and offering new possibilities for
therapeutic outcomes and skincare products."> However,
ethosomes have some limitations, such as the complex prepa-
ration process, which reduces production efficiency, limited
stability, and potential skin irritation or incompatibility with
certain drugs.'*'"”

Addressing these limitations through optimization of
composition and preparation methods and suitable formula-
tions is crucial. Further, in vivo studies are needed to compre-
hensively understand the potential benefits and limitations of
ethosomes as a drug delivery system."®'*®

Examples of nanotherapeutic approaches in RA treatment

RA autoimmune activation involves the overactivation of T cells,
autoantibody-producing B cells, and the continuous production
of inflammatory cytokines (e.g., TNF-a, IL-1, IL-6). The effec-
tiveness of anti-inflammatory therapeutics is often hindered by
their toxicity to both inflamed and healthy cells, limiting their
use in clinics. To overcome this challenge, lipid-based nano-
carriers have gained attention recently. Lipid-based nano-
formulations alleviate this autoimmunity by enhancing drug
delivery, modulating immune responses, and reducing systemic
toxicity. These nanocarriers, made from physiological-like
lipids, are well tolerated, generally non-toxic, and are broken
down into harmless residues. In the past decade, many
researchers have focused on exploiting innovative lipid-based
nanocarriers, such as liposomes, niosomes, ethosomes, trans-
fersomes, SLNs and lipid nano-emulsions. These nanocarriers
provide a safe way to deliver anti-inflammatory drugs in a time
and location-controlled way selectively. Table 3 provides an
extensive revision of lipid-based NPs' application in RA treat-
ment.”” For instance, liposomal formulations of dexametha-
sone (DPPC, DPPG, and cholesterol) have shown prolonged
half-life and enhanced targeting effects, significantly reducing
joint swelling and inflammation compared to free drug, even at
lower dose.*** Similarly, PEGylated liposomes loaded with
prednisolone have progressed to clinical trials, showcasing
enhanced permeability and retention at inflamed site."* Lipo-
somes, thanks to the presence of cholesterol, enhances
membrane stability, ensuring sustained drug release in bio-
logical fluids like synovial fluids (Fig. 3). When functionalized
with ligands or antigens, liposomes can induce tolerance in
autoreactive T and B cells. For example, liposomes displaying
the joint-homing peptide ART-2, loaded with Dex, preferentially
accumulated in arthritic joints and reduced joint swelling and
inflammation in both adjuvant induced arthritis (AA) in rats
and collagen antibody-induced arthritis (CAIA) in mice models
compared to free Dex.*** Also, liposomes around 100 nm con-
taining steroids such as prednisolone phosphate (PLP) and
methylprednisolone hemisuccinate, as well as methotrexate
(MTX), enhanced drug stability and encapsulation efficiency via
passive EPR effect, achieving complete inflammation remission
in the joint.”® Orally administered liposomal bovine lactoferrin

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanism of how liposomes and SLNs can suppress the RA disease. The autoantibodies form immune complexes that deposit in the
synovial joints, triggering activation of the complement cascade and resident immune cells. The activation of antigen presenting cells (APCs) can
activate CD4" T cells (especially the Thl and Th17 subsets) and B cells to infiltrate the synovium. As the disease progresses, macrophages and
fibroblast-like synoviocytes (FLS) get activated and produce high levels of pro-inflammatory cytokines such as TNF-a, IL-1B, IL-6, and IL-17,
perpetuating a state of chronic synovial inflammation. NPs once administered systemically they can target inflamed joints, with a lower drug dose
they can reduce the inflammation of the joints by reducing TNF-a, pannus formation and bone destruction.

(LbLF) in a murine arthritis model suppressed inflammatory
progression, reduced TNF-o expression, restored Th17/Treg
balance, and prevented pannus formation and bone destruc-
tion.”* Solid lipid nanoparticles (SLNs) have also shown
promise. SLNs loaded with prednisolone and coated with hya-
luronic acid (HA) exploit CD44 receptor targeting for selective
delivery, extending circulation time and increasing therapeutic
precision.’ Another SLN system, conjugated with chondroitin
sulfate and co-loaded with methotrexate and aceclofenac, ach-
ieved effective targeting of inflamed joints while reducing drug
dose and systemic side effects.”” SLNs can protect drugs from
degradation, providing controlled release of immunosuppres-
sive agents such as MTX or dexamethasone, and reducing the
need for high doses to target synovial macrophages and T-cells,
mitigating cytokine storms. Oral administration of curcumin-
SLNs (10-30 mg kg™ ') significantly alleviated arthritis symp-
toms compared to free curcumin, reducing TNF-o. expression,
C-reactive protein, citrullinated peptide antibodies, and
oxidative/nitrosative stress markers.'” Topical delivery has
been optimized using niosomes, ethosomes and transfersomes,
offering non-invasive alternatives for localized treatment. Nio-
somal ibuprofen and thiocolchicoside formulations enhanced
skin retention and prolonged therapeutic effect, reducing
dosing frequency and improving pain management.'®**%*
Additionally, transfersomes and ethosomes encapsulating cur-
cumin or imatinib demonstrated superior skin penetration and

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

bioavailability, increasing drug efficacy while minimizing
systemic exposure.**'** The development of diclofenac- and
methotrexate-loaded niosomal gels significantly improved skin
permeation versus standard gels, with greater anti-
inflammatory and analgesic effect in mice formalin and
edema models.”* Engineered for transdermal penetration, they
can deliver anti-inflammatory drugs in a non-invasive way to the
inflamed joints, helping reduce immune activation by concen-
trating the therapy in the joint (Fig. 4). Collectively, these
findings underscore the versatility and clinical potential of
lipid-based nanocarriers for the controlled and targeted treat-
ment of RA, offering improved drug efficacy, reduced toxicity,
and enhanced patient compliance.

Limitations of lipid-based nanocarriers in RA

Nanomedicine offers promising opportunities for the treatment
of RA in clinics, however, there are some limitations that need to
be overcome to fully reach RA patients. While NPs can be func-
tionalized to reach specific organs, tissues or cells, achieve
selective targeting to the RA environment remains a challenge due
to the limited access to joints, as the tissue in that area is very
thick and there is not enough blood flow for systemic adminis-
tration. Furthermore, NPs in circulation suffer from opsonization
which can cause the activation of the immune system such as the
mononuclear phagocyte system (MPS) that can detect and remove

RSC Adv, 2025, 15, 27388-27402 | 27397
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Fig. 4 Mechanism of how transfersome, noisome and ethosome can
suppress RA. Once topically administered, the NPs enhance skin
retention and reduces the inflammation in the joint.

the nanomaterials from the bloodstream towards organs from the
reticuloendothelial system (RES) such as spleen, liver (specifically
Kupffer cells), bone marrow, lymph nodes, and lungs (alveolar
macrophages). The extended impact of nanomaterials on the
human body is still not fully understood, as there are concerns
regarding their potential toxicity and effect over time after the
accumulation in organs. It is important to prove that the NPs can
break down, be degraded after a stimuli or safely removed from
the organism to avoid chronic diseases.

Finally, meeting clinical requirements presents a significant
challenge per se, NPs manufacturing should be scalable, and the
process should be reproducible in size, shape and properties.
To reach the clinical burden, it is important to conduct clinical
trials to evaluate the efficacy and safety of nanomedicines in RA
patients, but also, considering that the regulatory pathways are
always evolving.

Future perspectives and conclusion

Significant advancements have been made in the treatment of
rheumatoid arthritis (RA), yet conventional therapies still face
notable limitations, including the necessity for prolonged
dosing regimens that can lead to adverse effects. In this context,
lipid nanocarriers have emerged as a promising strategy to
enhance treatment outcomes. They facilitate the targeted
transport of therapeutic agents to inflamed sites, extending
drug half-life and improving accumulation in specific tissues
while minimizing systemic toxicity.

Among various lipid-based NPs, niosomes stand out as an
optimal choice for intra-articular drug delivery.”*>'** These
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nanocarriers not only offer enhanced stability and controlled
release™ but also surpass conventional liposomes in terms of
stability, shelf life, and cost-effectiveness.** Their versatility in
encapsulating both hydrophilic and hydrophobic drugs under-
score their adaptability for delivering a diverse range of thera-
peutic agents. Furthermore, the amphiphilic bilayer structure of
niosomes enables precise drug targeting and efficient delivery
mechanisms.”™ While other nanocarrier systems have been
investigated for RA treatment, niosomes present a particularly
promising alternative due to their superior drug encapsulation
capabilities and optimized therapeutic outcomes.****” Adminis-
tered through intra-articular injection, niosomes provide a tar-
geted approach that minimizes systemic side effects while
maximizing therapeutic impact at the site of inflammation.*** In
fact, the inherent biocompatibility, controlled release properties,
and ability of niosomes to enhance drug bioavailability within the
joint space position them as a leading strategy for the effective
and targeted treatment of joint-related disorders such as RA.**®
Despite the progress made in developing various nanocarrier
systems for RA therapy, only a limited number have advanced to
clinical trials. Key challenges remain, including instability in
circulation, premature drug release prior to reaching inflamed
sites, and insufficient targeting capabilities, often resulting in
sequestration by the reticuloendothelial system. Other alterna-
tives such as stimuli-responsive hydrogels represent a prom-
ising emerging strategy for RA therapy, offering a site-specific
sustained drug release in response to the inflamed joint
microenvironment, thereby minimizing systemic side effects.**®
Current research efforts are focused on addressing these chal-
lenges by developing safer and more efficient nanocarrier
systems, with the ultimate goal of revolutionizing RA therapy.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part of
this review.

Author contributions

Conceptualization, N. A. and C. F.; writing - original draft
preparation, N. R. K. and N. A.; visualization, N. R. K., C. P. and
J. F. A; project administration, N. A. and C. F.; writing - review &
editing, N. A, N. S. M. Y., J. M., J. F. A, J. R. M., M. G. R,, S. B.
and C. F.; The manuscript was written through contributions of
all authors. All authors have given approval to the final version
of the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

Authors gratefully acknowledge the Institut Quimic de Sarria
(IQS), Ramon Llull University (URL) for the research financial
support under the project PID2021-1259100B-100 funded by

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04258e

Open Access Article. Published on 01 August 2025. Downloaded on 4/2/2026 11:38:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

MCIN/AEI/10.13039/501100011033/FEDER, UE and the Uni-
versiti Malaya (UM) for the financial support through the UM
Research Fund Assistance (BKP Special) (BKS001-2024). CF
acknowledges the support of the Departament de Recerca i
Universitats of the Generalitat de Catalunya through the ICREA
Académia 2024 programme. Figures were created using
Biorender.

References

1 Global RA Network, 2021,
project/disease-info/.

2 S. Senthelal, J. Li, S. Ardeshirzadeh and M. A. Thomas,
Arthritis, StatPearls Publishing, 2023.

3 P. Poudel, A. Goyal and S. L. Lappin, Inflammatory Arthritis,
StatPearls Publishing, 2023.

4 J. Sokolove and C. M. Lepus, Ther. Adv. Musculoskeletal Dis.,
2013, 5(2), 77-94.

5 C. M. Weyand and J. J. Goronzy, Med. Clin. North Am., 1997,
81(1), 29-55.

6 S. M. Al-Mayouf, Int. J. Pediatr. Adolesc. Med., 2018, 5(1), 1-4.

7 J. Zochling and E. U. Smith, Best Pract. Res., Clin.
Rheumatol., 2010, 24, 747-756.

8 A. Escalante, Rheumatoid Arthritis, in Women and Health,
Elsevier, 2013, vol. 51, pp. 771-784.

9 J. H. Barlow, L. A. Cullen and I. F. Rowe, Patient Educ.
Couns., 2002, 46(1), 11-19.

10 V. van Drongelen and J. Holoshitz, Rheum. Dis. Clin. North
Am., 2017, 43(3), 363-376.

11 G. S. Firestein and I. B. McInnes, Immunity, 2017, 46(2),
183-196.

12 J. S. Smolen, D. Aletaha and I. B. Mclnnes, Lancet, 2016,
388(10055), 2023-2038.

13 M. A. van Boekel, E. R. Vossenaar, F. H. van den Hoogen
and W. J. van Venrooij, Arthritis Res., 2002, 4(2), 87-93.

14 1. B. McInnes and G. Schett, NEJM, 2011, 365(23), 2205—
2219.

15 T. Korn, E. Bettelli, M. Oukka and V. K. Kuchroo, Annu. Rev.
Immunol., 2009, 27, 485-517.

16 A. Vyawahare, et al., Mater Adv., 2022, 3, 3820-3834.

17 G. Schett and E. Gravallese, Nat. Rev. Rheumatol., 2012,
8(11), 656-664.

18 E. M. Gravallese, C. Manning, A. Tsay, A. Naito, C. Pan,
E. Amento and S. R. Goldring, Arthritis Rheum., 2000,
43(2), 250-258.

19 Q. Guo, Y. Wang, D. Xu, J. Nossent, N. J. Pavlos and ]. Xu,
Bone Res., 2018, 6, 15.

20 A. Manzo and C. Pitzalis, Autoimmun. Rev., 2007, 7(1), 30—
34.

21 M. Jarlborg and C. Gabay, Cytokine, 2022, 149, 155742.

22 K. Chauhan, J. S. Jandu, L. H. Brent and M. A. Al-Dhabhir, in
StatPearls, StatPearls Publishing Copyright © 2025, StatPearls
Publishing LLC., Treasure Island (FL), 2025.

23 M. L. Edilova, A. Akram and A. A. Abdul-Sater, Biomed. .,
2021, 44(2), 172-182.

https://globalranetwork.org/

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

View Article Online

RSC Advances

24 C. W. Qi, U. U. Mohd Nordin, S. Mahmood, N. R. Karusan,
R. Khalid, N. Nordin, C. Fornaguera and N. Ahmad, ACS
Appl. Nano Mater., 2024, 7, 9816-9846.

25 H.Y. Yap, S. Z. Tee, M. M. Wong, S. K. Chow, S. C. Peh and
S. Y. Teow, Cells, 2018, 7(10), 161.

26 T. Hirano, Int. Immunol., 2021, 33(3), 127-148.

27 S.Jang, E. J. Kwon and J. J. Lee, Int. J. Mol. Sci., 2022, 23(2),
905.

28 A. Manzo, M. Bombardieri, F. Humby and C. Pitzalis,
Immunol. Rev., 2010, 233(1), 267-285.

29 J. Bullock, S. A. A. Rizvi, A. M. Saleh, S. S. Ahmed, D. P. Do,
R. A. Ansari and ]J. Ahmed, Med. Princ. Pract., 2018, 27(6),
501-507.

30 C. Sostres, C. J. Gargallo, M. T. Arroyo and A. Lanas, Best
Pract. Res. Clin. Gastroenterol, 2010, 24(2), 121-132.

31 I. Ghlichloo and V. Gerriets, in StatPearls, StatPearls
Publishing Copyright © 2025, StatPearls Publishing LLC.,
Treasure Island (FL), 2025.

32 O. Benjamin, A. Goyal and S. L. Lappin, in StatPearls,
StatPearls Publishing Copyright © 2025, StatPearls
Publishing LLC., Treasure Island (FL), 2025.

33 D. L. Scott, Arthritis in the Elderly, in Brocklehurst's
Textbook of Geriatric Medicine and Gerontology, Elsevier,
2010, pp. 566-576.

34 A. E. Coutinho and K. E. Chapman, Mol. Cell. Endocrinol.,
2011, 335, 2-13.

35 A. Frenkel, R. Abuhasira, Y. Bichovsky, et al., Sci. Rep., 2011,
11, 5557.

36 J. E. Goodwin and D. S. Geller, Pediatr Nephrol. , 2012, 27,
1059-1066.

37 J. L. Hwang and R. E. Weiss, Diabetes Metab. Res. Rev., 2014,
30(2), 96-102.

38 D.W. Cain and J. A. Cidlowski, Nat. Rev. Immunol.,2017,17,
233-247.

39 P. Liu, G. Li, Q. Yang, et al., BMC Pharmacol. Toxicol., 2025,
26, 37.

40 A. Ahmet, A. Mokashi, E. B. Goldbloom, C. Huot,
R. Jurencak, P. Krishnamoorthy, A. Rowan-Legg, H. Kim,
L. Pancer and T. Kovesi, BMJ Paediatr. Open, 2019, 3(1),
€000569.

41 D. Peer, J. M. Karp, S. Hong, O. C. Farokhzad, R. Margalit
and R. Langer, Nat. Nanotechnol., 2007, 2(12), 751-760.

42 R. Singh and J. W. Lillard, Jr., Exp. Mol. Pathol., 2009, 86(3),
215-223.

43 D. R. Esfahani, K. M. Tangen, M. Sadeh, A. Seksenyan,
B. L. Neisewander, A. I. Mehta, A. A. Linninger, Systems
Engineers’ Role in Biomedical Research. Convection-
Enhanced Drug Delivery. In Computer Aided Chemical
Engineering, Elsevier, 2018, vol.42, pp. 271-302.

44 T. Sun, Y. S. Zhang, B. Pang, D. C. Hyun, M. Yang and Y. Xia,
Angew Chem. Int. Ed. Engl., 2014, 53(46), 12320-12364.

45 A. Karewicz, in Biomaterials for Bone Regeneration, ed. P.
Dubruel and S. Van Vlierberghe, Woodhead Publishing,
2014, pp. 351-373.

46 A. Gaffo, K. G. Saag and ]. R. Curtis, Am. J. Health Syst.
Pharm., 2006, 63(24), 2451-2465.

RSC Adv, 2025, 15, 27388-27402 | 27399


https://globalranetwork.org/project/disease-info/
https://globalranetwork.org/project/disease-info/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04258e

Open Access Article. Published on 01 August 2025. Downloaded on 4/2/2026 11:38:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

47 J. M. Scheiman, Gastroenterol Clin. North Am., 1996, 25(2),
279-298.

48 C. M. Spies, J. W. Bijlsma, G. R. Burmester and F. Buttgereit,
Curr. Opin. Pharmacol., 2010, 10(3), 302-307.

49 T. P. Warrington and J. M. Bostwick, Mayo Clin. Proc., 2006,
81(10), 1361-1367.

50 M. Czarnecka-Operacz and A. Sadowska-Przytocka, Postepy
Dermatol Alergol., 2014, 31(6), 392-400.

51 Y. Preet Singh, A. Aggarwal, R. Misra and V. Agarwal, Clin.
Rheumatol., 2007, 26(1), 84-87.

52 D. H. Solomon, R. J. Glynn, E. W. Karlson, F. Lu,
C. Corrigan, J. Colls, C. Xu, J. MacFadyen, M. Barbhaiya,
N. Berliner, P. F. Dellaripa, B. M. Everett, A. D. Pradhan,
S. P. Hammond, M. Murray, D. A. Rao, S. Y. Ritter,

Rutherford, J. A. Sparks, ]J. Stratton, D. H. Suh,

K. Tedeschi, K. M. M. Vanni, N. P. Paynter and

M. Ridker, Ann. Intern. Med., 2020, 172(6), 369-380.

. M. Hamed, I. M. Dighriri, A. F. Baomar, B. T. Alharthy,

E. Alenazi, G. H. Alali, R. H. Alenazy, N. T. Alhumaidi,

H. Alhulayfi, Y. B. Alotaibi, S. S. Alhumaidan,

A. Alhaddad, A. A. Humadi, S. A. Alzahrani and
R. H. Alobaid, Cureus, 2022, 14(9), €29518.

54 S. Ben-Lulu, Y. Pollak, J. Mogilner, J. Bejar, G. C. A and
1. Sukhotnik, PLoS One, 2012, 7(9), e45221.

55 U. U. Mohd Nordin, N. Ahmad, N. Salim and N. Yusof, RSC
Ady., 2021, 11, 29080-29101.

56 G.Mason, J. Wilking, K. Meleson, C. Chang and S. Graves, J.
Phys.: Condens. Matter, 2006, 18, R635.

57 A. Gupta, H. B. Eral, T. A. Hatton and P. S. Doyle, Soft
Matter, 2016, 12(11), 2826-2841.

58 M. Jaiswal, R. Dudhe and P. K. Sharma, 3 Biotech, 2015, 5(2),
123-127.

59 S. Costa, M. Basri, N. Shamsudin and H. Bin Basri, J. Chem.,
2014, 2014, 1-8.

60 H. H. Tayeb, R. Felimban, S. Almaghrabi and
N. Hasaballah, Colloid Interface Sci Commun., 2021, 45,
100533.

61 S. Chuo and S. Mohd-Setapar, Nanotechnology for the
Preparation of Cosmetics Using Plant-Based Extracts, 2022,
pp. 355-371.

62 S. K and A. Kumar, Innov. Food. Sci. Emerg., 2022, 76,
102914.

63 N. Ahmad, R. Ramsch, M. Llinas, C. Solans, R. Hashim and
H. A. Tajuddin, Colloids Surf., B, 2014, 115, 267-274.

64 R. H. Miller, K. Méader and S. Gohla, Eur. J. Pharm.
Biopharm., 2000, 50(1), 161-177.

65 S. M. Abdel Samie and M. Nasr, in Drug Delivery Aspects, ed.
R. Shegokar, Elsevier, 2020, pp. 227-245.

66 R. H. Miiller, M. Radtke and S. A. Wissing, Adv. Drug Deliv.
Rev., 2002, 54(1), $131-S155.

67 S. Weber, A. Zimmer and ]J. Pardeike, Eur. J. Pharm.
Biopharm., 2014, 86(1), 7-22.

68 W. Mehnert and K. Méder, Adv. Drug Delivery Rev., 2012, 64,
83-101.

69 E. Prabhakaran, A. Hasan and P. Karunanidhi, Biomed. Res.
Bull., 2011, 2(1), 80-102.

53

NODHRT® P

27400 | RSC Adv, 2025, 15, 27388-27402

View Article Online

Review

70 R. M. Shah, F. Malherbe, D. Eldridge, E. A. Palombo and
I. H. Harding, J. Colloid Interface Sci., 2014, 428, 286-294.

71 S. V. Khairnar, P. Pagare, A. Thakre, A. R. Nambiar,
V. Junnuthula, M. C. Abraham, P. Kolimi, D. Nyavanandi
and S. Dyawanapelly, Pharmaceutics, 2022, 14(9), 1886.

72 H. Mohammed, R. Khan, V. Singh, N. Akhtar, G. Sulaiman,
S. Albukhaty, A. A. H. Abdellatif, M. Khan, S. Mohammed
and A. Al-Subaiyel, Nanotechnol. Rev., 2023, 12(1), 20220517.

73 A. Priyadarshani, J. Nanomed. Biother. Discovery, 2022,
14(15), 6759.

74 R. C. Srivastava, A. N. Nagappa, Surface Activity in Drug
Action, Elsevier, 2002, p. 21.

75 B. Mukherjee, S. Chakraborty, L. Mondal, B. Satapathy,
S. Sengupta, L. Dutta, A. Choudhury and D. Mandal,
Nanobiomaterials in Cancer Therapy, 2016, 203-251.

76 B. A. Witika, K. E. Bassey, P. H. Demana, X. Siwe-Noundou
and M. S. Poka, Int. J. Mol. Sci., 2022, 23(17), 9668.

77 K. M. Kazi, A. S. Mandal, N. Biswas, A. Guha, S. Chatterjee,
M. Behera and K. Kuotsu, J. Adv. Pharm. Technol. Res., 2010,
1(4), 374-380.

78 S. Moghassemi and A. Hadjizadeh, J. Control Release, 2014,
185, 22-36.

79 N. I. Mohamad Saimi, N. Salim, N. Ahmad, E. Abdulmalek
and M. B. Abdul Rahman, Pharmaceutics, 2021, 13(1), 59.

80 B. Silver, The Physical Chemistry of MEMBRANES: an
Introduction to the Structure and Dynamics of Biological
Membranes, Springer Netherlands, 2012.

81 N. O. Sahin, in Nanomaterials and Nanosystems for
Biomedical Applications, ed. M. R. Mozafari, Springer
Netherlands, Dordrecht, 2007, pp. 67-81.

82 X. Ge, M. Wei, S. He and W. E. Yuan, Pharmaceutics, 2019,
11(2), 55.

83 A. Y. Waddad, S. Abbad, F. Yu, W. L. Munyendo, J. Wang,
H. Lv and J. Zhou, Int. J. Pharm., 2013, 456(2), 446-458.

84 S. Verma, S. Singh, N. Syan, P. Mathur and V. Valecha, J.
Chem. Pharm. Res., 2010, 2, 496-509.

85 D. A. Seleci, M. Seleci, J.-G. Walter, F. Stahl and T. Scheper,
J. Nanomater., 2016, 2016, 33.

86 S. Chen, S. Hanning, J. Falconer, M. Locke and J. Wen, Eur.
J. Pharm. Biopharm., 2019, 144, 18-39.

87 M. Masjedi and T. Montahaei, J. Drug Delivery Sci. Technol.,
2021, 61, 102234.

88 S.Jha, P. K. Sharma and R. Malviya, Recent Pat. Drug Delivery
Formulation, 2016, 10(3), 177-183.

89 L. Sercombe, T. Veerati, F. Moheimani, S. Y. Wu, A. K. Sood
and S. Hua, Front. Pharmacol, 2015, 6, 286.

90 M. Leitgeb, Z. Knez and M. Primozi¢, J. Supercrit. Fluids,
2020, 165, 104984.

91 S. G. Ong, L. C. Ming, K. S. Lee and K. H. Yuen,
Pharmaceutics, 2016, 8(3), 25.

92 X. Wu, X. Dai, Y. Liao, M. Sheng and X. Shi, J. Mol. Model.,
2021, 27(4), 111.

93 Z. Paveli¢, N. Skalko-Basnet and I. Jalsenjak, Int. J. Pharm.,
2005, 301(1—2), 140-148.

94 D.E. Large, R. G. Abdelmessih, E. A. Fink and D. T. Auguste,
Adv. Drug Deliv. Rev., 2021, 176, 113851.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04258e

Open Access Article. Published on 01 August 2025. Downloaded on 4/2/2026 11:38:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

95 R. Pajewski, N. Djedovic, E. Harder, R. Ferdani,
P. H. Schlesinger and G. W. Gokel, Bioorg. Med. Chem.,
2005, 13(1), 29-37.

96 J. A. Silverman and S. R. Deitcher, Cancer Chemother.
Pharmacol., 2013, 71(3), 555-564.

97 S. Vemuri and C. T. Rhodes, Pharm. Acta Helv., 1995, 70(2),
95-111.

98 P. Liu, G. Chen and J. Zhang, Molecules, 2022, 27(4), 1372.

99 H. Daraee, A. Etemadi, M. Kouhi, S. Alimirzalu and
A. Akbarzadeh, Artif. Cells, Nanomed., Biotechnol., 2016,
44(1), 381-391.

100 G. Cevc and D. Gebauer, Biophys. J., 2003, 84(2), 1010-1024.

101 G. Cevc, in Handbook of Biological Physics, ed. R. Lipowsky
and E. Sackmann, North-Holland, 1995, vol. 1, pp. 465-490.

102 S. Rai, V. Pandey and G. Rai, Nano Rev. Exp., 2017, 8(1),
1325708.

103 R. Fernandez-Garcia, A. Lalatsa, L. Statts, F. Bolas-
Fernandez, M. P. Ballesteros and D. R. Serrano, Int. J.
Pharm., 2020, 573, 118817.

104 G.F. Balata, M. M. Faisal, H. A. Elghamry and S. A. Sabry, J.
Drug Delivery Sci. Technol., 2020, 60, 101921.

105 V. Garg, H. Singh, S. Bimbrawh, S. K. Singh, M. Gulati,
Y. Vaidya and P. Kaur, Curr. Drug Delivery, 2017, 14(5),
613-633.

106 S. Jain, N. Patel, M. K. Shah, P. Khatri and N. Vora, J. Pharm.
Sci., 2017, 106(2), 423-445.

107 E. R. Bendas and M. 1. Tadros, AAPS PharmSciTech, 2007,
8(4), E107.

108 H. P. Nandure, P. Puranik, P. Giram and V. Lone, Int. J.
Pharm. Res. Allied Sci., 2013, 2(3), 18-30.

109 P. Verma and K. Pathak, J. Adv. Pharm. Technol. Res., 2010,
1(3), 274-282.

110 P. Shinde, A. Page and S. Bhattacharya, Front. Nanotechnol.,
2023, 5, 1087413.

111 I. M. Abdulbaqi, Y. Darwis, N. A. Khan, R. A. Assi and
A. A. Khan, Int. J. Nanomed., 2016, 11, 2279-2304.

112 N. Chauhan, P. Vasava, S. L. Khan, F. A. Siddiqui, F. Islam,
H. Chopra and T. B. Emran, Ann. Med. Surg., 2022, 82,
104595.

113 T. M. Candido, C. A. De Oliveira, M. B. Ariede,
M. V. R. Velasco, C. Rosado and A. R. Baby, AAPS
PharmSciTech, 2018, 19(4), 1773-1780.

114 E. Esposito, L. Calderan, A. Galvan, E. Cappellozza,
M. Drechsler, P. Mariani, A. Pepe, M. Sguizzato, E. Vigato,
E. Dalla Pozza and M. Malatesta, Int. J. Mol. Sci., 2022,
23(23), 15112.

115 N. Akhtar, N. Akhtar, F. Menaa, W. Alharbi, F. S. S. Alaryani,
A. M. Algahtani and F. Ahmad, Gels, 2022, 8(6), 335.

116 B. Kumar and P. K. Sahoo, Nanomed. J., 2022, 9(4), 273-280.

117 H. Avasarala, S. Dinakaran, B. Boddeda, S. Dasari,
V. Jayanthi and P. Swaroopa, Braz. J. Pharm. Sci., 2022, 58,
DOI: 10.1590/s2175-97902022e19317.

118 S. Kumar, A. Kumar, N. Kumar, P. Singh, T. U. Singh,
B. R. Singh, P. K. Gupta and V. K. Thakur, Vet. Res.
Commun., 2022, 46(4), 1033-1049.

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

View Article Online

RSC Advances

119 M. Sguizzato, P. Mariani, F. Spinozzi, M. Benedusi,
F. Cervellati, R. Cortesi, M. Drechsler, R. Prieux,
G. Valacchi and E. Esposito, Antioxidants, 2020, 9(6), 485.

120 B. Kapoor, S. K. Singh, M. Gulati, R. Gupta and Y. Vaidya,
Sci. World J., 2014, 2014, 978351.

121 S. B. Mello, E. R. Tavares, M. C. Guido, E. Bonfa and
R. C. Maranhao, Clinics, 2016, 71(1), 54-58.

122 J. Albuquerque, C. C. Moura, B. Sarmento and S. Reis,
Molecules, 2015, 20(6), 11103-11118.

123 R. Arora, A. Kuhad, I. P. Kaur and K. Chopra, Eur. J. Pain,
2015, 19(7), 940-952.

124 B. Acharya, et al., Int. J. Mol. Sci., 2024, 25(22), 12019.

125 Y. Luo, et al., J. Mater. Chem. B, 2020, 8, 931-945.

126 S. Yanagisawa, K. Nagasaki, C. Chea, T. Ando,
N. F. Ayuningtya, T. Inubushi, A. Ishikado, H. Imanaka,
E. Sugiyama, I. Takahashi, M. Miyauchi and T. Takata,
PLoS One, 2022, 17(2), €0263254.

127 M. Zhou, J. Hou, Z. Zhong, N. Hao, Y. Lin and C. Li, Drug
Deliv., 2018, 25(1), 716-722.

128 S. Shilpi, S. V. Upadhaye, R. Shivvedi, E. Gurnany,
P. Chimaniya, A. Singh, M. Chouhan and K. Khatri, Asian
J. Pharm. Pharmacol., 2019, 5(3), 495-502.

129 R. Arora, A. Kuhad, I. Kaur and K. Chopra, Eur. J. Pain, 2014,
19, 940-952.

130 S. Rajaram, S. Anusuriya, S. R. Dharmalingam and
K. Chidambaram, J. Evol. Med. Dent. Sci., 2020, (9), 2289-
2295.

131 S. Mujeeb and A. krishna sailaja, J. Bionanosci., 2017, 11(3),
169-176.

132 M. Paradkar and S. Vaghela, Drug Delivery Lett., 2018, 08(2),
159-168.

133 J. M. Metselaar, M. H. Wauben, J. P. Wagenaar-Hilbers,
0. C. Boerman and G. Storm, Arthritis Rheum., 2003,
48(7), 2059-2066.

134 J. M. Metselaar, L. M. Middelink, C. H. Wortel, R. Bos,
J. M. van Laar, H. E. Vonkeman, R. Westhovens,
T. Lammers, S. L. Yao, M. Kothekar, A. Raut and
J. W. ]J. Bijlsma, J. Control Release, 2022, 341, 548-554.

135 S. Priya, K. K. Jain, J. Daryani, V. M. Desai, H. Kathuria and
G. Singhvi, Nanoscale, 2025, 17, 65-87.

136 U. Rauchhaus, F. W. Schwaiger and S. Panzner, Arthritis
Res. Ther., 2009, 11(6), R190.

137 Q. Wang, L. He, D. Fan, W. Liang and ]. Fang, J. Mater.
Chem. B, 2020, 8(9), 1841-1851.

138 R. R. Meka, S. H. Venkatesha, B. Acharya and K. D. Moudgil,
Nanomedicine, 2019, 14(11), 1455-1469.

139 Q. Shen, H. Shu, X. Xu, G. Shu, Y. Du and X. Ying,
Pharmazie, 2020, 75(4), 131-135.

140 S. Suyjitha, P. Dinesh and M. Rasool, Eur. J. Pharm.
Biopharm., 2020, 149, 170-191.

141 O. P. Katare, S. P. Vyas and V. K. Dixit, J. Microencapsulation,
1995, 12(5), 487-493.

142 W. Hofkens, L. C. Grevers, B. Walgreen, T. J. de Vries,
P. J. M. Leenen, V. Everts, G. Storm, W. B. van den Berg
and P. L. van Lent, J. Controlled Release, 2011, 152(3),
363-369.

RSC Adv, 2025, 15, 27388-27402 | 27401


https://doi.org/10.1590/s2175-97902022e19317
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04258e

Open Access Article. Published on 01 August 2025. Downloaded on 4/2/2026 11:38:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

143 A. S. Williams, S. G. Jones, R. M. Goodfellow, N. Amos and
B. D. Williams, Br. J. Pharmacol., 1999, 128(1), 234-240.

144 A. Verma, A. Jain, A. Tiwari, S. Saraf, P. K. Panda,
G. P. Agrawal and S. K. Jain, Pharm. Res., 2019, 36(8), 123.

145 S. Taymouri, V. Hajhashemi, M. Tabbakhian and
M. Torkashvand, Iran. J. Pharm. Res., 2021, 20(4), 33-46.

146 E. Sana, M. Zeeshan, Q. U. Ain, A. U. Khan, 1. Hussain,
S. Khan, E. Lepeltier and H. Ali, Nanomedicine, 2021,
16(10), 819-837.

147 K. K. Sarwa, B. Mazumder, M. Rudrapal and V. K. Verma,
Drug Deliv., 2015, 22(5), 638-646.

148 P. Sakdiset, T. Amnuaikit, W. Pichayakorn and
S. Pinsuwan, J. Drug Delivery Sci. Technol., 2019, 52, DOI:
10.1016/j.jddst.2019.05.048.

149 G. Abdelbary, O. Khowessah, A. Abubakr and S. Abu-
Elyazid, J. Drug Delivery Sci. Technol., 2020, 57, 101771.

150 K. Kumar Sarwa, M. Rudrapal and B. Mazumder, Drug
Deliv., 2015, 22(8), 1043-1052.

27402 | RSC Adv, 2025, 15, 27388-27402

View Article Online

Review

151 C.Fan, X. Li, Y. Zhou, Y. Zhao, S. Ma, W. Li, Y. Liu and G. Li,
BioMed Res. Int., 2013, 2013, 161943.

152 M. F. Rai and C. T. Pham, Curr. Opin. Pharmacol., 2018, 40,
67-73.

153 P. Wehling, C. Evans, J. Wehling and W. Maixner, Ther. Adv.
Musculoskeletal Dis., 2017, 9(8), 183-196.

154 V. Ravalika and A. K. Sailaja, Nano Biomed. Eng., 2017, 9(3),
242-248.

155 N.Yin, X. Guo, R. Sun, H. Liu, L. Tang, J. Gou, T. Yin, H. He,
Y. Zhang and X. Tang, J. Mater. Chem. B, 2020, 8(5), 993-
1007.

156 Y. Wang, Z. Liu, T. Li, L. Chen, J. Lyu, C. Li, Y. Lin, N. Hao,
M. Zhou and Z. Zhong, Theranostics, 2019, 9(3), 708-720.

157 M. Assali, R. Shawahna, S. Dayyeh, M. Shareef and
I. A. Alhimony, Eur. J. Pharm. Sci., 2018, 122, 179-184.

158 Y. Liu, X. Zhang, Z. Zhou, Y. Xie, M. Li, J. Zhao J, et al., Asian
J. Pharm. Sci., 2023, 18(2), 127-144.

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


https://doi.org/10.1016/j.jddst.2019.05.048
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04258e

	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers

	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers
	Revolutionizing rheumatoid arthritis therapy: the potential of lipid nanocarriers


