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Nanotechnology has increasingly emerged as a promising tool for exploring new approaches, from treating
complex conditions to early detection of the onset of multiple disease states. Tailored designer
nanoparticles can now more comprehensively interact with their cellular targets and various pathogens
due to a similar size range and tunable surface properties. The basic goal of drug delivery is to employ
pharmaceuticals only where they are needed, with as few adverse effects and off-target consequences
as possible. Rheumatoid arthritis (RA) is a chronic inflammatory illness that leads to progressive loss of
bone and cartilage, resulting in acute impairment, decreased life expectancy, and increased death rates.
Recent advancements in treatment have significantly slowed the progression of the disease and
improved the lives of many RA sufferers. Some patients, on the other hand, attain or maintain illness
remission without needing to continue immunosuppressive therapy. Furthermore, a large percentage of
patients do not respond to current treatments or acquire tolerance to them. As a result, novel
medication options for RA therapy are still needed. Nanocarriers, unlike standard medications, are
fabricated to transport drugs directly to the location of joint inflammation, evading systemic and negative
effects. As a result, researchers are reconsidering medicines that were previously thought to be too
hazardous for systemic delivery. This article gives an overview of contemporary nanotechnology-based
tactics for treating rheumatoid arthritis, as well as how the nanotherapeutic regimen could be enhanced
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1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterised by significant synovial joint inflammation and
osteocyte and cartilage destruction. This results in long-term
impairment, inability to interact effectively in social life and
daily employment, and greater death rates, all of which have
a significant influence on the patient's quality of life." RA is
a group of joint diseases characterised by chronic joint
inflammation that affects the smaller joints of hands and foot,
such as wrists, fingers, and toes.” The following are the main
clinicopathological features: inflammatory cells infiltrate the
joint, creating synovial inflammation and hyperplasia, a spike
in inflammatory factors, and invasion of neighbouring carti-
lage, resulting in bone erosion and cartilage tissue loss.* Despite
significant advances in understanding and experience in the
treatment of RA in recent years, effective therapy for RA
continues to be a challenge.* Presently, the primary goals of
pharmacological therapy are to relieve RA symptoms and reduce
disease activity. The European League Against Rheumatism
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recommends a number of medicines to treat RA.* The guide-
lines recommend the onset of early treatment with therapeutic
drugs such as synthetic and biological disease-modifying anti-
inflammatory drugs (DMARDs), which include biological
DMARD:s like certolizumab pegol, etanercept, and adalimumab
as well as traditional synthetic DMARDs like leflunomide,
methotrexate (MTX), and also sulfasalazine. Certolizumab
pegol encapsulated in nanocarriers with PEGylation augments
the time required to reach half of its concentration to fourteen
days and it also depicts encouraging outcomes in RA patients.®
This emphasises that DMARDs play a critical role in pharma-
cological approaches to RA treatment that cannot be
substituted. Glucocorticoids (GCs) can, however, be utilized as
a bridge treatment till traditional synthetic DMARDs show
detectable therapeutic properties.”

The pharmacological therapy of RA leads to several compli-
cations. There are reported adverse effects on the gastrointes-
tinal tract, hepatic, cardiac and renal function because of
prolonged usage of DMARDs, NSAIDs (non-steroidal anti-
inflammatory drugs) and glucocorticoids. It is necessary to
surmount the limitations of these therapeutic agents while
curing RA.**' Many nanoparticles have recently been discov-
ered to be capable of delivering RA medicines via influencing
immune cells such as macrophages in inflamed joints.***. This
method increases the drug solubility and makes it more
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Several triggers create inflammation and recruit
leukocytes into the synovial tiissue
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Fig. 1 Pathophysiology of RA and role of various immune cells.

bioavailable, prevents overdosage and improves patient adher-
ence.” Targeted drug delivery systems are pharmaceutical
constructs that help achieve specific delivery of drugs or
bioactive molecules to cells or tissues that express a tissue-
specific molecular marker that separates them from healthy
tissues in the body.'***

These delivery systems penetrate the epithelial barriers and
release the drugs, and then these bioactive molecules move
across multiple biological barriers to make it to the site of
action.” An excellent drug delivery strategy ensures that an
effective drug is bioavailable at the desired location.'® The drug
concentration at the target location should be within the ther-
apeutic window, which is the range between the drug's
minimum effective and hazardous concentrations.”” Modern
drug delivery research and tactics have progressed significantly;
yet, many medications have unfavourable side effects as a result
of interactions with organs of the body that are not the intended
targets for the drug.” As a result of some groundbreaking
discoveries, advanced treatments are available for RA patients,
for example, methotrexate for RA therapy is significantly effec-
tive but is known to have a wide range of side effects if taken for
a long duration." Several cellular receptors and targets have
been studied to understand the cellular pathways and molec-
ular targets for targeted therapy, such as using small interfering
RNA (siRNA) as a therapeutic substance to downregulate these
signalling-specific genes®>*'. Applied nanotechnology is
a promising interdisciplinary research field that combines the
expertise of engineers and scientists, resulting in recent
advances demonstrating the tremendous potential of nano-
particles in medical applications,”* and nanomedicine is rapidly
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evolving with the ability to target specific and effective drug
delivery. It addresses the limitations of conventional therapy,
which is confirmed by some preclinical and clinical research
showing drug delivery at a specific site, reduced side effects and
improved treatment outcomes.* It is an encouraging area for
cell-specific and regulated transport of micromolecules and
macromolecules in treatment, as it aids in the establishment of
stable interactions with ligands, change in the size and shape,
ability to combine hydrophilic and hydrophobic materials, and
improved carrier capacity.>* Nanosystems allow for site-specific
and targeted drug delivery while lowering drug consumption,
reducing the risk of off-target side effects. In high-risk individ-
uals, these systems may be approved for long-term use of
NSAIDs and GCs. Inhibitors of signal transduction pathways
that govern inflammation, such as Janus kinase (JAK), splenic
tyrosine kinase (Syk), and activated B-cell nuclear factor-k light
chain enhancer (NF-kB), have recently been added to the pool of
targeted pharmaceutical therapy.” As discussed in Fig. 1, there
is a recruitment of various immune cells at the site of synovium
inflammation and proinflammatory cytokines released recruit
macrophages that further add to the inflammatory milieu.?® The
anti-rheumatoid effects of nanoparticles for the treatment of RA
and schemes to modulate the pro-inflammatory systems are
summarised and several research findings that are of clinical
application are discussed, in the present review article.
Numerous advancements have been made in drug delivery over
the last few decades, and there is an ever-increasing need to
connect the published studies in order to gain a better under-
standing and provide a fundamental baseline for future
research on fresh concepts.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 1, the localized dendritic cells act as
antigen-presenting cells (APCs) and activate the T cells that are
recruited at the site of inflammation due to inflammatory
signals. T cells then further get converted to Th1 (T helper cells
1) that produce pro-inflammatory cytokines like tumour
necrosis factor (TNF) and interferon gamma (IFN-y) that ulti-
mately recruits macrophages which adds to the pro-
inflammatory cytokine milieu by secreting TNF and interleu-
kins such as Interleukin-1 (IL-1) and Interleukin-6 (IL-6). These
cytokines induce matrix metalloproteinase (MMP) and the
receptor activator of the nuclear factor-kB (RANK) ligand in the
fibroblast which activates osteoclasts for bone destruction. Also,
Th 2 (T helper cells 2) activates B cells to secrete auto-antibodies
like rheumatoid factor (RF), which again helps in macrophage
recruitment and the inflammation is sustained.

2. Limitation of traditional RA therapy
and role of nanomedicines in the last
decade

The main drawbacks of the traditional medicinal dosage of RA
were poor adherence to patients, a rapid half-life, poor
bioavailability, and inadequate solubility, all of which might be
resolved by looking for novel dosage approaches.>” Microparti-
cles, nanoparticles, nanodispersions, nanocapsules, nano-
emulsions, nanosuspensions, and other novel delivery
approaches for RA therapies boost drug efficacy by delivering
the drug at a higher concentration to the target location. As
demonstrated in Fig. 2, nanomedicine has grown significantly
in use for RA therapy over the last 10-15 years.
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In a pilot investigation, indomethacin-loaded polymeric
micelles based on amphiphilic polyphosphazene showed
promising results, indicating that this type of amphiphilic
copolymer can be employed as injectable nano-carriers for
hydrophobic medicines.”” Later, actarit, a poorly soluble medi-
cation, was loaded into solid lipid nanoparticles (SNLs) for
intravenous delivery, reducing side effects such as gastrotoxicity
and kidney dysfunction. After intravenous treatment in mice,
the total targeting efficiency (TEC) of actarit-loaded SLNs
increased from 6.31% to 16.29% in the spleen, whereas the
renal distribution of actarit was dramatically reduced compared
to actarit solution.”® Following that, polymeric nanocapsules
were employed to deliver indomethacin, which showed
enhanced anti-inflammatory potential in long-term treated rat
models of inflammation, as well as improved gastrointestinal
well-being.>® Because RGD is an inflammation-targeting moiety,
MTX-loaded poly(pr-lactic-co-glycolic acid) (PLGA)-Gold (Au)
half-shell nanoparticles (MTX-PLGA-Au) and conjugated
arginine-glycine-aspartic acid (RGD) peptides on the surface of
the Au half-shell increased the potential of MTX as a RA treat-
ment.> Progressively several other nanomedicines were re-
ported as potential candidates for RA therapy like MTX
combined with nanoemulsions,*® siRNA-loaded chitosan
nanoparticles,® curcumin-loaded carboxy methyl cellulose
acetate (CMCAB),* exosomes as biomimetic particles,* stimuli-
responsive liposomes,** MTX and siRNA loaded carbon nano-
tubes,* poly(amidoamine) (PAMAM) dendrimers functional-
ized with chondroitin sulphate and with anti-TNF-a to provide
anti-inflammatory properties®® and mesoporous silica nano-
particles encapsulating dexamethasone®” to deliver the tradi-
tional drugs.

\

PAMAM dendrimers
functionalised with an
anti-TNF a antibody
and chondroitin
sulphate

ROS-mediated
liposomal
dexamethasone

Lipid nanoparticles
with TNF-a siRNA

2018 2021

2021

L 2NN
o%e Ay
> W0 e%e !
w4 . W0e®e,’
o4 W MTX and siRNA We® ”’/
\ i cojugated carbon ..
"/ \, nanotubes Dexamethasone-

Loaded Radially
Exosome-based Mesoporous Silica
biomimetic
nanoparticles

Fig. 2 Various nanoparticles used in the last decade for enhanced drug delivery.
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3. Transport obstacles faced by
nanomedicines

Regardless of the benefits presented by nanoparticles, certain
types of obstacles faced by the drug delivery systems are stated
below in Fig. 3:*® (a) the nanoparticles that are not targeted could
be identified by the mononuclear phagocyte system available in
blood circulation and bone marrow and in organs like the spleen,
lung, and liver,* (b) due to the hydrophobicity of nanoparticles,
there might be greater adsorption of blood constituents onto the
nanoparticle shell, (c) prolonged circulation duration of the
nanoparticle is a requirement for in vivo injection till it gets to the
area of the target, and (d) when it comes to drug targeting,
atypical cell assembly can hinder the increased permeability and
retention (EPR) effect, resulting in less effective drug internal-
isation. The protein corona, elimination by the mononuclear
phagocyte system (MPS), fluid dynamics, the endothelial surface
of blood vessels, the extracellular matrix, the cellular membrane,
lysosomal breakdown, and efflux pumps are all biological
hurdles that must be surmounted*®*,*>, To overcome these
delivery obstacles, the nanoparticles have to be manipulated by
functionalizing them with molecular targets. A strategy to over-
come the RES is by undertaking an inverse targeting approach.
The inverse targeting approach aims to escape the passive uptake
of the nanoparticle by Reticulo-Endothelial Systems (RESs) and
therefore the method is denoted as inverse targeting. RES stan-
dard function is repressed by introducing a substantial quantity
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Fig. 3 Biological barriers faced by nanomedicines.
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of blank delivery systems or any other moieties like dextran
sulphate which subsequently directs to the overload of the RES
and suppression of immune response.** All the colloidal trans-
port systems like micelles, fluid crystals, vesicles, and dispersals
of nanoparticles containing smaller molecules exhibit the
potential for successful outcomes for target-specific approaches
for drug transport. The target is to improve the overlay of the drug
and release kinetics and prolong the shelf lifespan of the drug
with fewer side effects.** A drug with the colloidal mixture
displays liquid and crystal structures or amphiphilic features
which may alter the molecular interactions of the drug in the
biological system. Covering of hydrophobic particles with
hydrophilic materials decreases the uptake by the RES, thereby
permitting the carriers to reach other various sites.*

As shown in Fig. 3, a broad category of processes of transport
involves transportation within distinct compartments like in
cytoplasm and among separate compartments. Various biolog-
ical barriers like cell, nuclear, and endosomal membranes have
a major interference on drug delivery. (1) Nanoparticles collect
molecules on their surface when in contact with the biological
fluid developing the “protein corona”, which can affect their
future therapeutic execution. This biomolecular overlay gives
a particular identity to a nanoparticle, determining how they are
seen by and interact with cells and contributing to their inter-
nalization and distribution. (2) The activated macrophages of
the reticuloendothelial system help in the circulatory removal of
old blood cells and blood-borne substances into the RES
organs. A key limitation of the nanotherapeutic formulation is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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its quick phagocytosis and RES-based clearance, which reduces
the bioavailability of the particle. (3) The nanoparticles face a lot
of complex fluid forces in the bloodstream as they shift through
the curvatures and bifurcates of healthy or unhealthy blood
vessels®. (4) The extracellular matrix imparts structural integ-
rity to the tissues and contains a higher collagen content which
provides rigidity and serves as a barrier for the transportation of
nanoparticles. (5) Once the particles are extravasated from the
blood vessels to the location of the infection, they must bind to
the cell membrane resulting in the endocytosis of the particle.
The nanotherapeutic agents are then localized in late endo-
somes and the nucleus, degraded in lysosomes or recycled back
to the plasma membrane or escape this lysosomal degradation
and any other organelles. This suggests that the nanoparticles
face a range of obstacles when administered intravenously or
intradermally; however, if there is a development of nano-
medicine that targets a molecular moiety or any immune cell
involved in the pathophysiology of RA and administered at the
site of inflammation then it can surpass most of the transport
obstacles. Various studies show enhanced passive and active
targeting of drugs by modifying the surface of nanoparticles as
discussed in Sections 4.1 and 4.2.

4. Approaches to target inflammatory
synovial macrophages

According to the reported literature, the mechanism of tailored
nanoparticles to transport medicines in the treatment of RA is
still mostly unknown.* It was known that macrophages are
more common in inflamed joints and that nanocarriers may be
successfully absorbed and phagocytosed by macrophages with
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no surface modifications; therefore targeting immune cells like
macrophages using a nanocarrier system was a way that was
examined on priority.* To control macrophage-mediated
production of pro-inflammatory cytokines, some of the early
research used a low dose of clodronate, a bisphosphonate that
triggers apoptosis in phagocytic cells and is contained in lipo-
somes (unilamellar or multilamellar lipid vesicles with a mean
size of 100 nm).” Rabbits receiving weekly intra-articular
injections of low-dose liposomal clodronate saw a transitory
reduction and delay in joint swelling, but the effect did not
extend beyond the first week.>® Because greater doses of lipo-
somal clodronate generated synovitis and pro-inflammatory
effects, it is doubtful that this technique will be used in the
treatment of arthritis.*® Parenteral delivery of nanoparticle
systems has been successfully used to target macrophages.®
These methods take advantage of the fact that macrophages
play a key role in the progression of RA (by producing pro-
inflammatory cytokines) and that nanoparticles can be
consumed by macrophages via leaky inflamed capillaries into
arthritic joints, a phenomenon known as increased perme-
ability and retention (EPR). However, systemically injected
nanoparticles can be quickly eliminated by macrophages in the
reticuloendothelial system (RES), reducing the number of drug
moieties available at the location of RA-affected joints.*® As
a result, modifying nanoparticles to delay RES interaction and
selectively target different organ systems, immune cells, or
specific pathways is constantly being investigated.

4.1. Nanoparticles for passively targeting macrophages

Increased vascular permeability and macrophage infiltration
are two pathologic features of RA, both of which might provide
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Fig. 4 Schematic representation of the passive drug targeting delivery strategy for the treatment of RA by altering macrophages with nano-

particles containing a therapeutic drug.
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favourable circumstances and target cells for nanomedicine
delivery systems. The ELVIS effect (Extravasation via Leaky
Vasculature and Inflammatory Cell-mediated Sequestration)
allows the nano-drug carrier to preferentially concentrate and
release medications in synovial tissue, comparable to the
improved permeability and retention effect reported in the
therapy of tumours.** Because nano-drug particles are bigger
than 200 nm and smaller than 10 nm, they can be removed by
the spleen and renal tract. Hence, the particle size is an
important factor to consider when developing a passive target-
ing method. As a consequence, only nanoparticles conjugated
with drugs with a size range of 100 to 200 nm were able to
escape from being removed by the mononuclear phagocyte
system and the reticuloendothelial system (RES) and stay in
blood circulation for an extended period of time in RA
patients.* The following are some nanoparticle modifications
for better passive delivery of drugs and fewer off-target effects.

4.1.1. Surface modification of nanoparticles with PEG. PEG
is a hydrophilic polymer that stands for polyethylene glycol.
PEGylated nanocarriers are shown to collect more in inflam-
matory synovium and are removed to a lower level in the spleen
and liver.*® As discussed in the reported work of Heo et al,*
researchers employed dexamethasone palmitate (DXP),
a hydrophobic prodrug of dexamethasone (Dex), and DSPE-
PEG2000 to generate PEGylated DXP NPs. DXP nanoparticles
were created using the hydrophobic interaction between the
stearic acid chain of PEG lipids and the palmitic acid sequence
of dexamethasone palmitate. The nanoparticles were shown to
be extremely efficient in preventing DXP crystallisation and
avoiding poor-drug loading capacity and progressive suspen-
sion instability. Furthermore, the PEG on the nanocarrier's
shells can form a system that is indistinguishable from the MPS
and RES, allowing for long-term blood circulation.?® The ATCM
monomer benzoylaconite (BAC) has been synthesised in PEG-
modified nanomedicine to modulate macrophages in the
treatment of RA. Scientists generated a methoxy-PEG-poly(lac-
tide-co-glycolide) copolymer known as mPEG-PLGA by ring-
opening polymerization, which they dissolved in DMSO and
BAC in methanol. Finally, the mPEG-PLGA and BAC suspen-
sions were combined to form NP/BAC, BAC-loaded mPEG-PLGA
NPs.*® The nanoparticles gathered in RA joints and released
BAC, which reduced NF-B p65 overexpression, inhibited the
generation of pro-inflammatory cytokines, and reduced
inflammation (as shown in Fig. 4).

Small interfering RNA (siRNA)-assisted gene silencing has
also been employed in the treatment of RA.** Chemical modi-
fication is necessary to alleviate these shortcomings due to its
lower stability and permeability. Another significant macro-
phage kinase that can induce pro-inflammatory macrophage
polarisation is Bruton's tyrosine kinase (BTK). Furthermore,
reducing BTK expression in these macrophages can lower
inflammatory cytokines, halt RA development, and decrease the
RA symptoms.®°

4.1.2. Modifications of nanoparticles with chitosan. Chi-
tosan is a natural-based polysaccharide loaded with amino
chemical moieties that are extensively exploited in biomedicine
because it is biocompatible and exhibits bioactivity. It is also

3484 | Nanoscale Adv, 2022, 4, 3479-3494
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non-toxic and biodegradable. The study of chitosan by-prod-
uct's amphiphilic characteristics has recently piqued interest.*
Chitosan amphiphilic copolymers, such as glycol chitosan,
which is produced via hydrophobic alteration of chitosan, could
be circulated in an aqueous suspension and have a long circu-
lation time. In a study, siRNA aimed to target the Notch pathway
was encapsulated in a thiolated glycol-chitosan polymer that
achieves extended cycle physical characteristics in vivo and
freely assembles in inflamed joints (as indicated in Fig. 4).°>

4.1.3. Biomimetic nanocarriers. According to the current
research, PEGylated polymer nanoparticles induce a strong
immune response that can boost blood clearance.®® As a result,
a biomimetic drug delivery method based on natural nano-
particles was developed, which camouflaged nanoparticles as
autologous elements to degrade their ability to elicit a robust
immune response, evade immune defence, increase the circu-
lation duration, augment aggregation at the target site, expand
therapeutic efficacy, and reduce toxic and off-target effects.*

L-aspartic acid is a necessary amino acid comprising
intriguing features for functionalizing iron oxide nanoparticles.
It is also affordable and biocompatible. It is widely utilised in
drug and chemical synthesis, and it has a substantial medical
application. The high zeta potential, hydrodynamic size, and
low polydispersity index of these nanoparticles, together with
their non-toxic effect, considerably boost the possibility of using
them in in vitro and in in vivo biomedical sectors such as cell
labelling, medication and diagnostic delivery therapies. This
research lays the framework for the efficient synthesis of
aspartic acid(AA)-iron oxide nanoparticles (IONPs) for future in
vitro and in vivo studies (pending) of AAs-coated IONP conju-
gates with medicines, drug candidates, and molecular probes.®
Triptolide (TPT), a TCM single unit, was coated on poly-gluta-
mic acid-grafted di-ter¢-butyl-L-aspartate hydrochloride, which
was formed by the amidation chemical reaction between
aspartic acid and poly-glutamic acid in one study. Nanoparticles
accumulating in RA joints via the ELVIS effect were picked up by
activated macrophages and free TPT, which reduced pro-
inflammatory cytokines such as TNF, IL-6, and IL-1.°® Nano-
carriers could be used as endogenous vesicles that combine
with biological cellular plasma membranes, reducing mono-
nuclear phagocyte system elimination and boosting circulation
time. They activate macrophages by recognising CD44 (cluster
of differentiation 44) or macrophage antigen 1 (Mac-1), stick to
the endothelium to target the inflammatory region of RA for
drug administration, and depict macrophage mimics to coop-
erate with NF-kB and colony-stimulating factor (CSF) receptor
activator (RANKL) for osteoclast prevention®°.

As shown in Fig. 4, when administered intravenously,
nanocarriers aggregate in the RA joints because of the ELVIS
effect. Consequently, the nanocarriers are taken up by stimu-
lated macrophages and specifically transport the therapeutic
agents like celastrol, benzoylaconitine, methotrexate and
Notch1 siRNA via pH, ROS and redox-responsive methods. This
procedure diminishes the secretion of TNF, MCP-1 (monocyte
chemoattractant protein-1), IL-6, and IL-1, thus decelerating the
advancement of RA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4.2 Nanoparticles for actively targeting macrophages

Active drug delivery represents particular communications
between the therapeutic agents and nano-carrier with the cells
of the target, frequently via a certain ligand-receptor commu-
nication.*® The interactions between the ligand and receptor are
feasible when these constituents are in direct contact with each
other.” The carrier system transporting the drug moves to
a targeted location with the help of surface modification that
was functionalized on the surface and not get biologically taken
up by the RES. The alteration method involves a coating of the
surface with a biological bonding agent, non-ionic surfactant
and specific cell or antibodies or by albumin protein. Particular
interactions of the ligands on the external area of nanoparticles
and specific receptors present on the target cells have enabled
the intake of the complex of the receptor and nano-carrier by
receptor-based endocytosis and vesicle-based transportation via
endosomes.” Active targeting approaches have been estab-
lished to surmount the limitations and improve the accumu-
lation of nanocarriers at the inflamed joint. The main
procedure of active targeting is attained via surface alterations
of nano-drugs with location-targeting ligand molecules. RA-
affected cells exhibit an elevation in the membrane receptors
or surface protein levels on their exterior that improves the
proficient internalization of nano-carriers via receptor-aided
engulfment, which aids the nanoparticles to enter inside the
cells. The drug-loaded nano-carriers can arrive in the affected
cells via such ligand and receptor-mediated interaction. After
reaching the targeted tissue area, the nano-carriers may employ
cytosolic action after the intake by the cell or at the level of the
cyto-membrane.” The release of the drug from its vehicle may
occur on the surface of the cell, in the extracellular matrix, or
through the lytic and digestive enzymes existing in the lyso-
somal organelles. This ensures the discharge of the drug into
the cytosol without the attachment of the colloidal carrier
moiety.” The proteins or the receptors must be salvaged back to
the exterior membrane of cells. Such a mode of targeted drug
delivery comprises of some vital components like nanoparticles
onto which the targeted drug can be attached, like ligands or
antibodies (IgG) are functionalised on the surface and it
augments the target of nanoparticles towards that specifically
targeted antigenic proteins or the cell membrane receptors.”
Scientists used small ligands such as folate, class A scavenger
receptors (SR-As), and galactose for nano-drug modification to
target different specific receptors overly expressed on the exte-
rior of macrophages, such as folate receptors, class A scavenger
receptors (SR-As), and galactose receptors, which then targeted
macrophages.”

Different targets are linked with a considerable number of
factors engaged in synovial fluid inflammation and they have
been investigated for RA therapy. One such target is the folate
receptor, which is expressed highly in macrophages residing in
the synovium of RA affected joints.” The chemical conjugation
of folate to different molecules by the carboxyl group permits
the formation of folate conjugates which are taken inside by
receptor aided endocytosis. Many studies have recognized the
CD44 receptor expressed in a high amount in the synovial

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

macrophages, lymphocytes, and fibroblasts of RA-affected
patients as a potential target by linking with its ligand mole-
cules like hyaluronic acid. CD44 is a type of adhesion related
receptor broadly allocated in epithelial cells and stimulated
lymphocytes.”” CD44 expression was upregulated in the
macrophages present in inflamed joints and fibroblasts. Hya-
luronic acid is a polysaccharide actively utilized in delivery
systems for drugs or in engineering of tissues as a ligand
molecule for the CD44 receptor.”® Some studies have prepared
hyaluronic acid linked lipid nanoparticles with prednisolone
(PD) by covering GC-PD in hyaluronic acid-coated small lipid
nanoparticles. This showcases increased stability and drug
loading efficiency, as well as the ability to safeguard the
unstable therapeutic drugs from degradation.

A PEGylated liposome targeting macrophages was created by
Duan et al. The anti-RA FDA authorised medication, metho-
trexate, was encapsulated into the lipid bilayer of liposomes,
while siRNA encapsulated in calcium phosphate nanoparticles
was packed in the polar liposomal core. The transmembrane
transport capacity and drug delivery features of these drug-
loaded nanocarriers were improved. For years, MTX has been
used to treat RA as a single agent or together with other medi-
cations. Long-term usage of MTX, on the other hand, causes
side effects and drug resistance. As a result, combining siRNA
with MTX for RA treatment could have a synergistic impact.
Because siRNA could not be stable on its own, numerous ways
of siRNA transport, such as polyethyleneimine (PEI) and den-
drimers, have been devised. The ability of such particles to
preserve siRNA and mediate cellular uptake into target cells has
been demonstrated; however, a strong positive charge is detri-
mental to siRNA activity. As a result, the authors developed
calcium phosphate nanoparticles (CaP) for siRNA delivery in
this work. They built a PEGylated liposome that can load siRNA/
CaP in its core while MTX is loaded in the lipid envelope of the
liposomes to boost the stability of the siRNA/CaP complex and
load the MTX. Additionally, the PEGylated liposome was later
functionalized with folic acid (FA) and could only target active
macrophages that overexpressed folate receptors. This resulted
in the expression of NF-kB p65, which is implicated in the
inflammatory signalling cascade, being silenced, lowering
inflammatory cytokines, and encouraging the conversion of M,
macrophages to M, macrophages for RA therapy. Combinato-
rial nanoparticles were more successful than individual medi-
cations at blocking NF-kB signalling pathways and reducing the
expression of pro-inflammatory cytokines.”” Nanoparticles
modified with PEG agglomerate widely in RA joints, enter the
cell membrane via Sta-R8 (stearic acid-octa-arginine), and are
absorbed by active macrophages via folate receptor-aided
endocytosis. Polyketal (PK) also acts as a pH-sensitive switch,
dissolving in an acidic environment and releasing methotrexate
to prevent the release of pro-inflammatory cytokines. Folic acid-
modified silver nanoparticles are also being investigated in
order to target M; macrophages and drive the release of Ag" ions
due to glutathione's action. This caused M; macrophages to go
into apoptosis and reduced reactive oxygen species, allowing
them to switch from M; to M,, reducing inflammation and
improving efficacy.*® Similarly, liposome loaded prednisolone
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Fig. 5 Schematic of various strategies to utilize the hydrophobic
bilipid layer and hydrophilic core of liposomes for efficient delivery of
RA therapies.

with surface modification of PEG has been under clinical trial
phase II since 2016; however, no progress has been made ever
since (NCT02495662).

4.2.1. Liposomes in actively targeting synovial macro-
phages. Liposomes are sphere-shaped nanocarriers comprising
a bilayer membrane of phospholipids as the exterior surface
and a polar core.** Liposome's chemical and physical properties
make them a good delivery vehicle since therapeutic agents can
be enclosed in the polar cavity or between the bilipid outer
layers. For the treatment of rheumatoid arthritis, liposomes
have been widely used. PEG is a hydrophilic polymer that can
reduce liposome recognition and uptake by the RES, resulting
in prolonged liposome circulation in the body.** To boost the
therapeutic efficacy of dexamethasone in RA, stealth polymeric
liposomes can be used as nano-carriers. In arthritic animals,
liposomes can preferentially collect in inflamed joints, inhib-
iting high levels of pro-inflammatory characteristics in RA joints
and reducing inflammation and joint enlargement. This shows
that polymer stealth liposomes can be used as a new medication
delivery technology for a variety of medicinal purposes.> iRGD-
peptide-functionalized echogenic liposomes (iELPs) were also
exploited to load methotrexate comprising indocyanine green
fluorescent probes for tracing fluorescence, and the release of
drugs was triggered by ultrasound having a lower frequency.
iELPs combine with the v3 integrin in the synovial joint,
significantly improving the efficacy of the drug. The infiltration
of immune cells and formation of newer blood vessels in joint
tissue were considerably decreased compared to untreated RA
mice® (Fig. 5).

4.2.2. Polymer-based nanocarriers used in actively target-
ing synovial macrophages. Polymer nanocarriers are biocom-
patible, can target specific tissues, and are extensively used for
drug delivery. The therapeutic agents for RA can be linked to the
surface or loaded in polymer nanoparticles to deliver it to RA
joints. The most commonly used method is the surface
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alteration of nanoparticles with PEG.** This approach can
augment the stability of nano-drugs, and it can also reduce
immunogenicity and escape from elimination from the body.
Polycaprolactone-polyethylene glycol-polycaprolactone
(PCLPEG) micelles are aimed at delivering a low dosage of
dexamethasone to treat arthritis. The micelles survived in the
systemic circulation for a long time and were extensively
aggregated at the location of inflamed joints. The delivery of
dexamethasone via micelles could efficiently decrease the
swelling, bone destruction and inflammatory factor expression
in blood and joints. The adverse effects of PCLPEG micelles on
body mass, T-cell and B-cell counts and glucose concentration
in blood, were significantly lower compared to bare dexameth-
asone, and the complement system activating ability is
comparatively weaker.**

An alginate nanoparticle comprising IL-10 plasmid DNA and
the surface of the nanocarrier are modified with Tuftsin peptide
to target macrophages. Tuftsin-modified alginate nanoparticles
were aggregated in the inflamed paws of arthritic rodents as
observed with the help of near-infrared imaging.** MRI and
histological assays exhibited that the nanoparticles significantly
decreased the expression of pro-inflammatory cytokines (TNF-,
IL-1 and IL-6) in joint tissue and prohibited the progression of
inflammation and joint destruction. Following the treatment
with nanoparticles, macrophages polarised from M, to M,. This
research looked into a new way to treat RA. For poly(-
caprolactone)-poly(ethylene glycol)-poly(caprolactone) (also
known as PCLPEGPCL), a ring-opening copolymerization
procedure was used to make a triblock copolymer that was used
to make methotrexate-loaded nano-cells.’” Nanocarriers are also
placed in a hydrogel, with eucalyptus oil functioning as
a penetrant for dermal administration, which can improve
patient compliance while lowering hepatic toxicity. Nano-
particles administered to RA mice can aggregate in inflamed
joints more effectively than plain methotrexate, lower inflam-
matory factor expression levels, and restore the mice's behav-
ioural response capabilities.®®

4.2.3. Metallic nanoparticles used in actively targeting
synovial macrophages. Metal nanoparticles could be utilized by
altering it with various functional groups and are utilized in
biomedical applications. Currently, Au, Fe, and cerium nano-
particles are frequently utilized for the treatment of RA.** RGD-
linked Au half-shell nanocarriers comprising methotrexate are
synthesized for the specialized chemo-photo-thermal treatment
of RA and these peptides can target sites of inflammation.*®
Under NIR (near-infrared) radiation, the Au half-shell produces
heat to increase the rate at which the drug is released, mean-
while transferring heat and the drug to the inflamed joint. In
combination with NIR, nanocarriers comprising a low dosage of
methotrexate exhibit better improvement in collagen-induced
arthritic mice than methotrexate used alone. The complex of
hyaluronate-gold nanoparticles/tocilizumab has been investi-
gated in collagen-induced arthritic mice. Tioconazole is an IL-6
receptor inhibitor that can disrupt the function of IL-6 in the
progression of RA, and hyaluronic acid shields cartilage and
promotes joint lubrication. The HA-Au-NP/-TCZ complex was
studied using ELISA, histological exams, and western blot to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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determine protein concentration. The results obtained were
substantial.”* The use of manganese ferrite/ceria co-modified
mesoporous silica nanocarriers (MFCMSNs) to treat RA is also
being investigated. Hypoxia and inflammation could be
reduced by injecting these MFCMSNSs. Nanoparticles can down-
regulate M; macrophages and drive M, macrophage transition
by scavenging ROS and producing oxygen. Silica nanospheres
have the potential to release methotrexate in a long-term
manner, improving therapeutic efficacy.””

5. Effects of nanoparticle targeting
synovial macrophages in RA

The mutual regulation of different cytokines forms a compli-
cated network in the pathogenesis of RA. Cytokines are tiny
molecular proteins that operate as intercellular communication
mediators. Throughout the inflammatory process, they play
a critical role in responding to numerous stimuli. The devel-
opment of RA is thought to be caused by an imbalance of pro-
inflammatory and anti-inflammatory cytokines. Over-
production of pro-inflammatory cytokines, as well as a lack of
anti-inflammatory cytokines, can easily result in RA** (Fig. 6).
Fig. 6 discusses the strategies undertaken to modulate
macrophages: (A) drug-loaded nanoparticles can target pro-
inflammatory cytokines such IL-1, IL-6, IL-8, IL-1, and IL-17
released by macrophages for their activation, (B) some strate-
gies target switching of the M; macrophages to the M, type,

NF-kB activation leads
to Pro-inflammatory
gene induction

. ° e
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which is anti-inflammatory in nature, and (C) meanwhile
several drugs leads to apoptosis of inflammatory M; macro-
phages, such as SOD-superoxide dismutase, QCT-quercetin,
CQ-chloroquine, NO-nitric oxide, NF-kB-nuclear factor-kappa
B, siRNA-small inhibitory RNA, RES-resveratrol, IL-10-
interleukin-10, Mecl-1-myeloid cell leukaemia-1, MTX-
methotrexate, and Cel-Celastrol.

The basic causes of RA are pro-inflammatory cytokines. As
a result, targeting pro-inflammatory cytokines has been sug-
gested as the main treatment strategy for RA. Also known as M;
macrophages, activated macrophages boost inflammation and
speed up the clearance of intracellular infections, and in RA, M,
macrophages are overproduced, causing increased inflamma-
tion and bone damage.** Repolarising M; macrophages into M,
macrophages has gained awareness in the therapy of RA.
Downregulation of apoptosis can lead to a larger number of
macrophages in RA. Hence, targeted inhibition of macrophages
and activating apoptosis can augment the treatment regimen.**

6. Microenvironment-specific
nanoparticles

Therapeutic agents that modify the interstitial space or the
stromal environment can expand the drug infiltration. A less
common strategy to improve drug delivery involves the use of
priming agents that modulate the host environment in ways
that support drug accumulation specific to the target area. To

Pro- inflammatory
o cytokines (IL-1, IL-6,
IL-17, IL-8, IL-1B)
released

Glucocorticoids, anti-inflammatory drugs like
Methotrexate, Chinese medicine monomers SOD,
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Fig. 6 Roles of different drugs either targeting pro-inflammatory cytokines, or inducing macrophage polarisation or inducing the apoptosis of

inflammatory macrophages.
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obtain targeted drug delivery by priming methods to avoid the
drug uptake by healthy cells, the following strategies can be
undertaken: suppression of resident macrophages in the liver
and spleen reduces nanoparticle uptake in healthy organs,
inhibition of the complement system may reduce nanoparticle
recognition and clearance by the mononuclear phagocyte
system, minor hypothermia augments vascular permeability,
inhibition of fibroblasts diminishes the production of extra-
cellular matrix elements, and target cell apoptosis expands the
interstitial space, leading to improved target distribution of
nanoparticles.” There are various stimuli-sensitive nano-
particles that release the therapeutic agents at the site of
inflamed joints in response to the disease-modified
microenvironment.

6.1 Stimuli-responsive nanoparticles and dual delivery
system

Target-specific delivery approaches are stimulated by various
stimulants such as thermal regulations, pH, and oxidation-
reduction potential and a few ailments have dual stimulants
nearby the preferred surroundings at the same moment. Smart
drug transport approaches are potential candidates for
temperature-sensitive and pH-reactive stimulated areas of drug
transport.®” Several bifurcated polymers hold the capability of
combining binary stimulation that have been formulated
exhibiting rational applications in various diseases.”® Various

View Article Online
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studies have concluded the sustained and maintained release of
drug delivery systems by enzyme-degradable polymers sensitive
to varying pH, temperature responsive hydrogels, dual receptive
micelles for varying redox environments, and high-intensity
focused ultrasound. Hydrolases like proteases, lipases and
glycosidases, and oxidoreductases are utilized in the enzyme
link to overcome the challenges faced because of variations in
pH and enzymatic reactions in between each tissue which can
essentially be exploited and serve as triggers for gradually
releasing the active drug in the site of action. This would
increase the cellular internalization of the nanoparticles at
different penetration depths of NPs to release the drug at the
site of action. Flurbiprofen encapsulated polymeric nano-
particles responded to a change in pH levels at the site of
inflammation. Chitosan glycerin borax was used to formulate
thermo-sensitive hydrogels to encapsulate dexamethasone that
decreased the pain and progression of inflammation in mice
models. Polyethylene glycol—phenylboric acid—triglycerol
monostearate was used as a dual stimuli vehicle for targeting
dexamethasone at the inflammation area, by pH stimuli and
elevated levels of MMPs.**°.

In reaction to diverse stimuli from the micro- or macro-
environment, stimulus-sensitive polymers change their phys-
ical properties abruptly.’* Changes in the form, physical state,
solubility, hydrophilic/lipophilic balance, solvent interactions,
and conductivity are all responsible for important polymer
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Fig. 7 Various nanoparticles are used in drug delivery systems and the release of drugs based on a specific stimulus.
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transitions. Simple chemical reactions such as reduction,
oxidation, acid-base interaction, or hydrolysis of units linked to
the polymer chain are the driving forces underlying these
modifications. The polymers can return to their original state if
the trigger is withdrawn, and therefore some of the changes are
reversible. External stimuli can trigger irreversible link rupture,
resulting in degradation and a significant conformational shift
in the polymer structure.'® Polymeric nanoparticles (PNPs)
make up a large proportion of stimuli based nanoparticles, like
nanocapsules, nanospheres, liposomes, micelles, dendrimers,
etc.

Various delivery systems ranging from gold nanoparticles to
polymeric and liposomal-based delivery systems are widely
accepted. As shown in Fig. 7, the nanoparticles are decorated
with a targeting ligand and directed to a specific RA marker. On
reaching the site of action, the nanoparticles can be made
sensitive to a particular stimulus like pH, temperature, heat,
enzymatic degradation, ultraviolet light, etc, which mediates
a site-specific and more profound delivery of nanocarriers.

Systemic side-effects may arise if the premature and rapid
release of the drug takes place from the nanoparticles. Simi-
larly, a very relaxed release of the therapeutic molecule may
shrink the effectiveness of the medicine, elevate the toxic effects
due to prolonged exposure and lead to multiple drug resistance.
This strategy helps in enhancing the effectiveness and the bio-
accessibility of the drug. This area is keenly investigated to
attain target delivery and regulated and monitored release of
the encapsulated drug. Both endogenous and exogenous
stimuli can be utilized. Some endogenous stimuli are pH
varying-sensitive,’” ROS (reactive oxygen species) level-
sensitive,'?*1°*1% environmental redox level-sensitive, respon-
sive to a particular enzyme'® and thermo-sensitive delivery
strategies'” pertaining to a few disease locations. Widely
utilized exogenous stimuli contain photo-triggered**'***** and
thermo-triggered strategies.”* Magnetic field-activated***** and
X-ray generated"*'** drug delivery schemes are also utilized in
the device of such trigger-responsive structures. Different
stimuli-responsive techniques holding sensitive fragments can
be utilized for transferring therapeutic agents to a specific
tissue and attaining a drug release as and when required. The
characteristics and structures of the trigger-responsive nano-
particles can be altered via endogenous or exogenous triggers
for enhanced intake by the cellular compartments and the
permeation efficacy (as discussed in Fig. 7).

For the monitored release of the drug at the area of pain
triggered by ultrasound, a particular sonosensitizer can be
triggered to generate ROS. It acts as a remote-controlled release
inside the body. Such ultrasound triggers exploit the idea of
using localised heat at the site of delivery which in turn
discharges the cargo as the delivery system is disrupted.** The
product generated after the ultrasonic trigger interacts with the
membrane of the liposome and releases drugs due to the per-
oxidation of unsaturated lipids present in the membrane.**”
Such a strategy gives flexibility to regulate the concentration and
extent of local anaesthesia release, also no other tissue injury
was detected.”® It was suggested that the sonosensitizer
discharges ROS when an ultrasonic trigger was given to the
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liposome. The elevated levels of ROS then subsequently perox-
idates the unsaturated membrane lipids, which ultimately leads
to the release of the pre-determined anaesthetic. An external
trigger like the magnetic field, luminescence, heat, and sound is
of minor influence, inconvenient and realistically not very
practical compared to internal triggers like temperature, pH,
redox potential, and an enzyme. The encapsulation of medic-
inal molecules in nanoparticles formed of pH-sensitive building
blocks is required in the traditional design of stimuli-based
nanocarriers. In an acidic environment, however, drug
delivery systems have a tendency to release drugs suddenly
rather than gradually.**®

Furthermore, the delivery techniques face a limitation of
appropriate medication loading capacity. Poor compatibility
between enclosed cargo and nanocarriers could be the source of
these events.”” As a result, it's critical to start looking for new
ways to improve the design of stimuli-dependent nanoparticles.
Ketals were used to make a dexamethasone prodrug with vari-
ously structured moieties. These prodrugs are laden onto DSPE-
mPEG2000 to devise nanoparticles for RA therapy. Improved
interaction between dexamethasone and DSPE-mPEG2000 was
observed and better stability with an augmented encapsulation
percentage was attained by altering the drug with stearyl alcohol
and other long-chain fatty acids like 2-nonadecanol.**

The photo-sensitive drug delivery scheme is dependent on
the light-absorbing qualities of the nanoparticles, that face
a transition of phase after irradiation of light. A response is
generated mainly to UV and NIR light. These nanoparticles can
control the spatio-temporal activation during the drug release,
along with water solubility. Two primary approaches can be
used, (a) release of all the drugs together or (b) release at
different time points,"** because of the tendency of some
nanoparticles to exhibit modifications in the structure due to
light stimulation, and some nanoparticles can reverse back to
the original state like azobenzene derivatives.’”* Redox-
dependent nanoparticles are a developing area for the formu-
lation of novel drug delivery systems.'* Arias et al. created
magnetically sensitive iron/ethylcellulose nanocarriers encap-
sulated with diclofenac sodium for the therapy of RA.***

7. Conclusions

Although targeted therapy is commonly regarded from
a molecular view, specific cell populations can be targeted
through the alteration of drug transport in the body. In addition
to the design of nanocarriers, priming strategies represent
a promising approach for improving drug delivery. Despite the
fact that targeted medications have been beneficial in treating
RA, different targeted carriers have a number of drawbacks,
including a poor safety profile. Toxicity might result from the
spread of carriers to non-target tissues. Surface PEGylation of
nano-medicines can help them avoid being recognised by the
RES, extending their bioavailability in the bloodstream and
increasing their aggregation at the site of inflammation. This
promotes the nanocarriers to penetrate and absorb the tissues.
The majority of the procedures utilised to make nanoparticles
for RA treatment are complicated, with high clinical expenses.
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Despite the fact that exogenous biomaterials are not hazardous
to humans, they can trigger an immunological response.
Modern research can target these flaws in RA medication
delivery methods and attempt to overcome them. This review
study focused on the gains achieved in research on nanocarriers
in RA treatment, as well as the drawbacks of present pharma-
ceuticals and the benefits of nanomedicines, as well as the
methodologies and implications of altering immune cells with
nanoparticles to better guide future findings.

Conflicts of Interest

There are no conflicts to declare.

Acknowledgements

The authors wish to sincerely thank The Gujarat Institute for
Chemical Technology (GICT) for providing the financial
support. SN would like to acknowledge Ahmedabad University
for providing the infrastructure and fellowship to assist her
research work.

References

1 E. A. Littlejohn, and S. U. Monrad, Early diagnosis and
treatment of rheumatoid arthritis, Primary Care: Clinics in
Office Practice, 2018, vol. 45, (2), pp. 237-255.

2 M. Zheng, H. Jia, H. Wang, L. Liu, Z. He, Z. Zhang, et al.,
Application of nanomaterials in the treatment of
rheumatoid arthritis, RSC Adv., 2021, 11(13), 7129-7137.

3 J. S. Smolen, F. C. Breedveld, G. R. Burmester, V. Bykerk,
M. Dougados, P. Emery, et al., Treating rheumatoid
arthritis to target: 2014 update of the recommendations of
an international task force, Ann. Rheum. Dis., 2016, 75(1),
3-15.

4 1.-S. Kim and I.-J. Oh, Drug release from the enzyme-
degradable and pH-sensitive hydrogel composed of
glycidyl methacrylate dextran and poly (acrylic acid), Arch.
Pharmacal Res., 2005, 28(8), 983-987.

5 J. Bullock, S. A. Rizvi, A. M. Saleh, S. S. Ahmed, D. P. Do,
R. A. Ansari, et al., Rheumatoid arthritis: a brief overview
of the treatment, Medical Principles and Practice, 2018,
27(6), 501-507.

6 M. Stevenson, R. Archer, ]J. Tosh, E. Simpson, E. Everson-
Hock, ]J. Stevens, et al, Adalimumab, etanercept,
infliximab, certolizumab pegol, golimumab, tocilizumab
and abatacept for the treatment of rheumatoid arthritis
not  previously treated with  disease-modifying
antirheumatic drugs and after the failure of conventional
disease-modifying antirheumatic drugs only: systematic
review and economic evaluation, Health Technology
Assessment, 2016, 20(35), 1-610.

7 K. Chatzidionysiou, S. Emamikia, J. Nam, S. Ramiro,
J. Smolen, D. van der Heijde, et al, Efficacy of
glucocorticoids, conventional and targeted synthetic
disease-modifying antirheumatic drugs: a systematic
literature review informing the 2016 update of the EULAR

3490 | Nanoscale Adv., 2022, 4, 3479-3494

View Article Online

Review

recommendations for the management of rheumatoid
arthritis, Ann. Rheum. Dis., 2017, 76(6), 1102-1107.

8 M. Oray, K. Abu Samra, N. Ebrahimiadib, H. Meese and

C. S. Foster, Long-term side effects of glucocorticoids,
Expert Opin. Drug Saf., 2016, 15(4), 457-465.

9 G. Schett, P. Emery, Y. Tanaka, G. Burmester, D. S. Pisetsky,

E. Naredo, et al.,, Tapering biologic and conventional
DMARD therapy in rheumatoid arthritis: current evidence
and future directions, Ann. Rheum. Dis., 2016, 75(8), 1428-
1437.

10 F. Buttgereit, Views on glucocorticoid therapy in

rheumatology: the age of convergence, Nat. Rev.
Rheumatol., 2020, 16(4), 239-246.

11 S. Dolati, S. Sadreddini, D. Rostamzadeh, M. Ahmadi,

F. Jadidi-Niaragh and M. Yousefi, Utilization of
nanoparticle  technology in rheumatoid arthritis
treatment, Biomed. Pharmacother., 2016, 80, 30-41.

12 S. Xiao, Y. Tang, Z. Lv, Y. Lin and L. Chen, Nanomedicine-

advantages for their use in rheumatoid arthritis
theranostics, J. Controlled Release, 2019, 316, 302-316.

13 G. R. Burmester and J. E. Pope, Novel treatment strategies

in rheumatoid arthritis, Lancet, 2017, 389(10086), 2338-
2348.

14 J.x Liu, S. Li, W. Cai and J. Su, Nanomaterials manipulate

macrophages for rheumatoid arthritis treatment, Front.
Pharmacol., 2021, 12, 1570.

15 K. K. Jain, Drug delivery systems-an overview, Drug Delivery

Syst., 2008, 1-50.

16 A. P. Singh, A. Biswas, A. Shukla and P. Maiti, Targeted

therapy in chronic diseases using nanomaterial-based
drug delivery vehicles, Signal Transduction Targeted Ther.,
2019, 4(1), 1-21.

17 Y. Perrie and T. Rades, FASTtrack Pharmaceutics: Drug

Delivery and Targeting, Pharmaceutical press, 2012.

18 P. Imming, C. Sinning and A. Meyer, Drugs, their targets

and the nature and number of drug targets, Nat. Rev.
Drug Discovery, 2006, 5(10), 821-834.

19 L. R. James, Z.-Q. Xu, R. Sluyter, E. L. Hawksworth, C. Kelso,

B. Lai, et al., An investigation into the interactions of gold
nanoparticles and anti-arthritic drugs with macrophages,
and their reactivity towards thioredoxin reductase, J.
Inorg. Biochem., 2015, 142, 28-38.

20 G. M. Chalbatani, H. Dana, E. Gharagouzloo, S. Grijalvo,

R. Eritja, C. D. Logsdon, et al, Small interfering RNAs
(siRNAs) in cancer therapy: a nano-based approach, Int. J.
Nanomed., 2019, 14, 3111.

21 S. Dhanasekaran and S. Chopra, Getting a handle on smart

drug delivery systems—A comprehensive view of
therapeutic targeting strategies, Smart Drug Delivery
System, 2016, vol. 1, pp. 31-62.

22 S.T. Jahan, S. Sadat, M. Walliser and A. Haddadi, Targeted

therapeutic nanoparticles: an immense promise to fight
against cancer, J. Drug Delivery, 2017, 2017, 9090325.

23 R. S. Kadam, D. W. Bourne and U. B. Kompella, Nano-

advantage in enhanced drug delivery with biodegradable
nanoparticles: contribution of reduced clearance, Drug
Metab. Dispos., 2012, 40(7), 1380-1388.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00229a

Open Access Article. Published on 26 2022. Downloaded on 07/12/2025 18:22:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

24 A. A. Yetisgin, S. Cetinel, M. Zuvin, A. Kosar and O. Kutlu,
Therapeutic nanoparticles and their targeted delivery
applications, Molecules, 2020, 25(9), 2193.

25 C. T. Pham, Nanotherapeutic approaches for the treatment
of rheumatoid arthritis, Wiley Interdiscip. Rev.: Nanomed.
Nanobiotechnol., 2011, 3(6), 607-619.

26 X. Yang, Y. Chang and W. Wei, Emerging role of targeting
macrophages in rheumatoid arthritis: Focus on
polarization, metabolism and apoptosis, Cell Proliferation,
2020, 53(7), €12854.

27 M. Movahedi, M. E. Beauchamp, M. Abrahamowicz,
D. W. Ray, K. Michaud, S. Pedro, et al, Risk of incident
diabetes mellitus associated with the dosage and duration
of oral glucocorticoid therapy in patients with rheumatoid
arthritis, Arthritis & Rheumatology, 2016, 68(5), 1089-1098.

28 J. Ye, Q. Wang, X. Zhou and N. Zhang, Injectable actarit-
loaded solid lipid nanoparticles as passive targeting
therapeutic agents for rheumatoid arthritis, Int. J. Pharm.,
2008, 352(1-2), 273-279.

29 A. Bernardi, A. Zilberstein, E. Jiger, M. Campos,
F. Morrone, J. Calixto, et al, Effects of
indomethacin-loaded nanocapsules in experimental

models of inflammation in rats, Br. J. Pharmacol., 2009,
158(4), 1104-1111.

30 S. B. Mello, E. R. Tavares, A. Bulgarelli, E. Bonfa and
R. C. Maranhdo, Intra-articular methotrexate associated to
lipid nanoemulsions: anti-inflammatory effect upon
antigen-induced arthritis, Int. J. Nanomed., 2013, 8, 443.

31 S.]J. Lee, A. Lee, S. R. Hwang, J.-S. Park, J. Jang, M. S. Huh
and et al., TNF-a gene silencing using polymerized siRNA/
thiolated glycol chitosan nanoparticles for rheumatoid
arthritis, Mol. Ther., 2014, 22(2), 397-408.

32 Synthesis of curcumin loaded CMCAB nanoparticles for
treatment of rheumatoid arthritis, International conference
on chemical, environmental and biological sciences (CEBS),
ed. Dewangan A. K., Varkey S. and Mazumder S., CEBS
Dubai, 2015.

33 F. Yan, Z. Zhong, Y. Wang, Y. Feng, Z. Mei, H. Li, et al,
Exosome-based biomimetic nanoparticles targeted to
inflamed joints for enhanced treatment of rheumatoid
arthritis, J. Nanobiotechnol., 2020, 18(1), 1-15.

34 Y. Komano, N. Yagi, I. Onoue, K. Kaneko, N. Miyasaka and
T. Nanki, Arthritic joint-targeting small interfering RNA-
encapsulated liposome: implication for treatment strategy
for rheumatoid arthritis, J. Pharmacol. Exp. Ther., 2012,
340(1), 109-113.

35 C. Kofoed Andersen, S. Khatri, J. Hansen, S. Slott, R. Pavan
Parvathaneni, A. C. Mendes, et al., Carbon Nanotubes—
Potent Carriers for Targeted Drug Delivery in Rheumatoid
Arthritis, Pharmaceutics, 2021, 13(4), 453.

36 I. M. Oliveira, C. Gongcalves, E. P. Oliveira, R. Simon-
Vazquez, A. da Silva Morais, A. Gonzalez-Fernandez and et
al.,, PAMAM dendrimers functionalised with an anti-TNF
o antibody and chondroitin sulphate for treatment of
rheumatoid arthritis, Mater. Sci. Eng. C, 2021, 121, 111845.

37 S.]. Kim, Y. Choi, K. T. Min and S. Hong, Dexamethasone-
Loaded Radially Mesoporous Silica Nanoparticles for

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Sustained Anti-Inflammatory Effects in Rheumatoid
Arthritis, Pharmaceutics, 2022, 14(5), 985.

38 H. Wang, Y. Zhou, Q. Sun, C. Zhou, S. Hu, C. Lenahan and
et al., Update on nanoparticle-based drug delivery system
for anti-inflammatory treatment, Frontiers in
Bioengineering and Biotechnology, 2021, 9, 106.

39 Targeting tumor associated macrophages:
challenge for nanomedicine, Seminars in immunology, ed.
Andon F. T., Digifico E., Maeda A., Erreni M., Mantovani
A., Alonso M. ]., et al ., Elsevier, 2017.

40 R. Singh and J. W. Lillard Jr, Nanoparticle-based targeted
drug delivery, Exp. Mol. Pathol., 2009, 86(3), 215-223.

41 J. K. Patra, G. Das, L. F. Fraceto, E. V. R. Campos,
MdP. Rodriguez-Torres, L. S. Acosta-Torres and et al.,
Nano based drug delivery systems: recent developments
and future prospects, J. Nanobiotechnol., 2018, 16(1), 1-33.

42 F. Cengelli, D. Maysinger, F. Tschudi-Monnet, X. Montet,
C. Corot, A. Petri-Fink and et al, Interaction of
functionalized superparamagnetic iron oxide
nanoparticles with brain structures, J. Pharmacol. Exp.
Ther., 2006, 318(1), 108-116.

43 S. Benita, D. Friedman and M. Weinstock, Pharmacological
evaluation of an injectable prolonged release emulsion of
physostigmine in rabbits, J. Pharm. Pharmacol., 1986,
38(9), 653-658.

44 P. Deol and G. Khuller, Lung specific stealth liposomes:
stability, biodistribution and toxicity of liposomal
antitubercular drugs in mice, Biochim. Biophys. Acta, Gen.
Subj., 1997, 1334(2-3), 161-172.

45 M.-]. Lee, M.-H. Lee and C.-K. Shim, Inverse targeting of
drugs to reticuloendothelial system-rich organs by lipid
microemulsion emulsified with poloxamer 338, Int. J.
Pharm., 1995, 113(2), 175-187.

46 M.]. Gomez-Garcia, A. L. Doiron, R. R. Steele, H. I. Labouta,
B. Vafadar, R. D. Shepherd and et al, Nanoparticle
localization in blood vessels: dependence on fluid shear
stress, flow disturbances, and flow-induced changes in
endothelial physiology, Nanoscale, 2018, 10(32), 15249-
15261.

47 Y. Xie, R. G. Tuguntaev, C. Mao, H. Chen, Y. Tao, S. Wang
and et al., Stimuli-responsive polymeric nanomaterials for
rheumatoid arthritis therapy, Biophys. Rep., 2020, 6(5),
193-210.

48 N. K. Jain, V. Mishra and N. K. Mehra, Targeted drug
delivery to macrophages, Expert Opin. Drug Delivery, 2013,
10(3), 353-367.

49 E. Russo, N. Gaglianone, S. Baldassari, B. Parodi, I. Croce,
A. Bassi and et al, Chitosan-clodronate nanoparticles
loaded in poloxamer gel for intra-articular administration,
Colloids Surf,, B, 2016, 143, 88-96.

50 A. éeponis, E. Waris, J. Monkkonen, L. Laasonen,
M. Hyttinen, S. A. Solovieva, et al., Effects of low-dose,
noncytotoxic, intraarticular liposomal clodronate on
development of erosions and proteoglycan loss in
established antigen-induced arthritis in rabbits, Arthritis
& Rheumatism., 2001, 44(8), 1908-1916.

the new

Nanoscale Adv., 2022, 4, 3479-3494 | 3491


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00229a

Open Access Article. Published on 26 2022. Downloaded on 07/12/2025 18:22:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

51 P.Van Lent, L. Van den Bersselaar, A. Van den Hoek, M. Van
de Ende, C. Dijkstra, N. Van Rooijen, et al., Reversible
depletion of synovial lining cells after intra-articular
treatment with liposome-encapsulated dichloromethylene
diphosphonate, Rheumatol. Int., 1993, 13(1), 21-30.

52 N. Van Rooijen, A. Sanders and T. K. van den Berg,
Apoptosis of macrophages induced by liposome-mediated
intracellular delivery of clodronate and propamidine, J.
Immunol. Methods, 1996, 193(1), 93-99.

53 J. Hwang, K. Rodgers, J. C. Oliver and T. Schluep, a-
Methylprednisolone conjugated cyclodextrin polymer-
based nanoparticles for rheumatoid arthritis therapy, Int.
J. Nanomed., 2008, 3(3), 359.

54 P. Kumari, B. Ghosh and S. Biswas, Nanocarriers for cancer-
targeted drug delivery, J. Drug Targeting, 2016, 24(3), 179~
191.

55 H. Kang, S. Rho, W. R. Stiles, S. Hu, Y. Baek, D. W. Hwang,
et al., Size-dependent EPR effect of polymeric nanoparticles
on tumor targeting, Adv. Healthcare Mater., 2020, 9(1),
1901223.

56 M. Lorscheider, N. Tsapis, F. Gaudin, I. Stolfa, S. Abreu,
S. Mura, et al., Dexamethasone palmitate nanoparticles:
An efficient treatment for rheumatoid arthritis, J.
Controlled Release, 2019, 296, 179-189.

57 R. Heo, D. G. You, W. Um, K. Y. Choi, S. Jeon, J.-S. Park and
et al., Dextran sulfate nanoparticles as a theranostic
nanomedicine for rheumatoid arthritis, Biomaterials,
2017, 131, 15-26.

58 L. An, Z. Li, L. Shi, L. Wang, Y. Wang, L. Jin, et al,
Inflammation-targeted celastrol nanodrug attenuates
collagen-induced arthritis through NF-kB and Notch1
pathways, Nano Lett., 2020, 20(10), 7728-7736.

59 Z. Yu, F. Reynaud, M. Lorscheider, N. Tsapis and E. Fattal,
Nanomedicines for the delivery of glucocorticoids and
nucleic acids as potential alternatives in the treatment of
rheumatoid arthritis, Wiley Interdiscip. Rev.: Nanomed.
Nanobiotechnol., 2020, 12(5), €1630.

60 J. Rip, E. K. Van Der Ploeg, R. W. Hendriks and
O. B. J. Corneth, The Role of Bruton's Tyrosine Kinase in
Immune Cell Signaling and Systemic Autoimmunity, Crit.
Rev. Immunol., 2018, 38(1), 17-62.

61 C. P. Jimenez-Gomez and J. A. Cecilia, Chitosan: A Natural
Biopolymer with a Wide and Varied Range of
Applications, Molecules, 2020, 25(17), 3981.

62 M. ]. Kim, J. S. Park, S. J. Lee, J. Jang, J. S. Park, S. H. Back
and et al., Notch1 targeting siRNA delivery nanoparticles for
rheumatoid arthritis therapy, J. Controlled Release, 2015,
216, 140-148.

63 M. Mohamed, A. S. Abu Lila, T. Shimizu, E. Alaaeldin,
A. Hussein, H. A. Sarhan, et al.,, PEGylated liposomes:
immunological responses, Sci Technol Adv Mater., 2019,
20(1), 710-724.

64 K. Jin, Z. Luo, B. Zhang and Z. Pang, Biomimetic
nanoparticles for inflammation targeting, Acta Pharm. Sin.
B, 2018, 8(1), 23-33.

65 M. Salehiabar, H. Nosrati, S. Davaran, H. Danafar and
H. K. Manjili, Facile Synthesis and Characterization of L-

3492 | Nanoscale Adv,, 2022, 4, 3479-3494

View Article Online

Review

Aspartic Acid Coated Iron Oxide Magnetic Nanoparticles
(IONPs) For Biomedical Applications, Drug Res., 2018,
68(5), 280-285.

66 L.Zhang,]. Chang, Y. Zhao, H. Xu, T. Wang, Q. Li and et al.,
Fabrication of a triptolide-loaded and poly-gamma-
glutamic acid-based amphiphilic nanoparticle for the
treatment of rheumatoid arthritis, Int. J. Nanomed., 2018,
13, 2051-2064.

67 R. Li, Y. He, Y. Zhu, L. Jiang, S. Zhang, J. Qin and et al.,
Route to Rheumatoid Arthritis by Macrophage-Derived
Microvesicle-Coated Nanoparticles, Nano Lett., 2019, 19(1),
124-134.

68 J. G. Visser, A. D. P. Van Staden and C. Smith, Harnessing
Macrophages for Controlled-Release Drug Delivery:
Lessons From Microbes, Front. Pharmacol., 2019, 10, 22.

69 F. Canal, M. J. Vicent, G. Pasut and O. Schiavon, Relevance
of folic acid/polymer ratio in targeted PEG-epirubicin
conjugates, J. Controlled Release, 2010, 146(3), 388-399.

70 N. Gaspar, G. Zambito, C. Lowik and L. Mezzanotte, Active
Nano-targeting of Macrophages, Curr. Pharm. Des., 2019,
25(17), 1951-1961.

71 F. S. Anarjan, Active targeting drug delivery nanocarriers:
ligands, Nano-Struct. Nano-Objects, 2019, 19, 100370.

72 S. Behzadi, V. Serpooshan, W. Tao, M. A. Hamaly,
M. Y. Alkawareek, E. C. Dreaden, et al., Cellular uptake of
nanoparticles: journey inside the cell, Chem. Soc. Rev.,
2017, 46(14), 4218-4244.

73 S. Olsnes and K. Sandvig, How protein toxins enter and kill
cells, Immunotoxins, 1988, 39-73.

74 K. Ulbrich, K. Hola, V. Subr, A. Bakandritsos, J. Tucek and
R. Zboril, Targeted drug delivery with polymers and
magnetic nanoparticles: covalent and noncovalent
approaches, release control, and clinical studies, Chem.
Rev., 2016, 116(9), 5338-5431.

75 S. Pirmardvand Chegini, J. Varshosaz and S. Taymouri,
Recent approaches for targeted drug delivery in
rheumatoid arthritis diagnosis and treatment, Artif. Cells,
Nanomed., Biotechnol., 2018, 46(2), 502-514.

76 P. Kumar, P. Huo and B. Liu, Formulation Strategies for
Folate-Targeted Liposomes and Their Biomedical
Applications, Pharmaceutics, 2019, 11(8), 381.

77 S. Pandey, A. Mahtab, N. Rai, P. Rawat, F. J. Ahmad and
S. Talegaonkar, Emerging Role of CD44 Receptor as
a Potential Target in Disease Diagnosis: A Patent Review,
Recent Pat. Inflammation Allergy Drug Discovery, 2017,
11(2), 77-91.

78 Y. Jiao, X. Pang and G. Zhai, Advances in Hyaluronic Acid-
Based Drug Delivery Systems, Curr. Drug Targets, 2016,
17(6), 720-730.

79 W. Duan and H. Li, Combination of NF-kB targeted siRNA
and methotrexate in a hybrid nanocarrier towards the
effective  treatment in rheumatoid arthritis, J.
Nanobiotechnol., 2018, 16(1), 58.

80 Y. Yang, L. Guo, Z. Wang, P. Liu, X. Liu, J. Ding and et al.,
Targeted silver nanoparticles for rheumatoid arthritis
therapy via macrophage apoptosis and Re-polarization,
Biomaterials, 2021, 264, 120390.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00229a

Open Access Article. Published on 26 2022. Downloaded on 07/12/2025 18:22:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

81 A. Akbarzadeh, R. Rezaei-Sadabady, S. Davaran, S. W. Joo,
N. Zarghami, Y. Hanifehpour, et al, Liposome:
classification, preparation, and applications, Nanoscale
Res. Lett., 2013, 8(1), 102.

82 G. Bozzuto and A. Molinari, Liposomes as nanomedical
devices, Int. J. Nanomed., 2015, 10, 975-999.

83 H. Wu, Y. He, H. Wu, M. Zhou, Z. Xu, R. Xiong, et al., Near-
infrared fluorescence imaging-guided focused ultrasound-
mediated therapy against Rheumatoid Arthritis by MTX-
ICG-loaded  iRGD-modified echogenic liposomes,
Theranostics, 2020, 10(22), 10092-10105.

84 E. Kabia, R. Mbau, K. W. Muraya, R. Morgan, S. Molyneux
and E. Barasa, How do gender and disability influence the
ability of the poor to benefit from pro-poor health
financing policies in Kenya? An intersectional analysis,
International Journal for Equity in Health, 2018, 17(1), 149.

85 Q. Wang, J. Jiang, W. Chen, H. Jiang, Z. Zhang and X. Sun,
Targeted delivery of low-dose dexamethasone using PCL-
PEG micelles for effective treatment of rheumatoid
arthritis, J. Controlled Release, 2016, 230, 64-72.

86 S.Jain, T. H. Tran and M. Amiji, Macrophage repolarization
with targeted alginate nanoparticles containing IL-10
plasmid DNA for the treatment of experimental arthritis,
Biomaterials, 2015, 61, 162-177.

87 E. Khodaverdi, A. Golmohammadian, S. A. Mohajeri,
G. Zohuri, F. S. Mirzazadeh Tekie and F. Hadizadeh,
Biodegradable In Situ Gel-Forming Controlled Drug
Delivery System Based on Thermosensitive Poly(epsilon-
caprolactone)-Poly(ethylene glycol)-Poly(epsilon-
caprolactone) Hydrogel, ISRN Pharmacol., 2012, 2012,
976879.

88 W. H. De Jong and P. J. Borm, Drug delivery and
nanoparticles:applications and hazards, Int. J. Nanomed.,
2008, 3(2), 133-149.

89 M. P. Nikolova and M. S. Chavali, Metal Oxide
Nanoparticles as Biomedical Materials, Biomimetics, 2020,
5(2), 27.

90 S. M. Lee, H. J. Kim, Y. J. Ha, Y. N. Park, S. K. Lee, Y. B. Park,
et al, Targeted chemo-photothermal treatments of
rheumatoid arthritis using gold half-shell multifunctional
nanoparticles, ACS Nano, 2013, 7(1), 50-57.

91 H. Lee, M. Y. Lee, S. H. Bhang, B. S. Kim, Y. S. Kim, J. H. Ju,
et al., Hyaluronate-gold nanoparticle/tocilizumab complex
for the treatment of rheumatoid arthritis, ACS Nano, 2014,
8(5), 4790-4798.

92 J. Kim, H. Y. Kim, S. Y. Song, S. H. Go, H. S. Sohn, S. Baik, et
al., Synergistic Oxygen Generation and Reactive Oxygen
Species Scavenging by Manganese Ferrite/Ceria Co-
decorated Nanoparticles for Rheumatoid Arthritis
Treatment, ACS Nano, 2019, 13(3), 3206-3217.

93 S. Mateen, A. Zafar, S. Moin, A. Q. Khan and S. Zubair,
Understanding the role of cytokines in the pathogenesis
of rheumatoid arthritis, Clin. Chim. Acta, 2016, 455, 161-
171.

94 S. Tardito, G. Martinelli, S. Soldano, S. Paolino, G. Pacini,
M. Patane, et al., Macrophage M,;/M, polarization and

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

rheumatoid arthritis: A systematic review, Autoimmun.
Rev., 2019, 18(11), 102397.

95 1. Henc, A. Kokotkiewicz, P. Luczkiewicz, E. Bryl,
M. Luczkiewicz and J. M. Witkowski, Naturally occurring
xanthone and benzophenone derivatives exert significant
anti-proliferative and proapoptotic effects in vitro on
synovial fibroblasts and macrophages from rheumatoid
arthritis patients, Int. Immunopharmacol., 2017, 49, 148-
154.

96 C. I Colino, J. M. Lanao and C. Gutierrez-Millan, Targeting
of Hepatic Macrophages by Therapeutic Nanoparticles,
Front. Immunol., 2020, 11, 218.

97 C. Stefanadis, C. Chrysochoou, D. Markou, K. Petraki,
D. Panagiotakos, C. Fasoulakis, et al, Increased
temperature of malignant urinary bladder tumors in vivo:
the application of a new method based on a catheter
technique, J. Clin. Oncol., 2001, 19(3), 676-681.

98 Y. Pang, Q. Zhu, D. Zhou, J. Liu, Y. Chen, Y. Su, et al,
Synthesis of backbone thermo and pH dual-responsive
hyperbranched  poly  (amine-ether) s through
proton-transfer polymerization, J. Polym. Sci, Part A:
Polym. Chem., 2011, 49(4), 966-975.

99 Y. Li, R. Tong, H. Xia, H. Zhang and J. Xuan, High intensity
focused ultrasound and redox dual responsive polymer
micelles, Chem. Commun., 2010, 46(41), 7739-7741.

100 M. Wei, Y. Gao, X. Li and M. J. Serpe, Stimuli-responsive
polymers and their applications, Polym. Chem., 2017, 8(1),
127-143.

101 M. C. Koetting, J. T. Peters, S. D. Steichen and N. A. Peppas,
Stimulus-responsive hydrogels: Theory, modern advances,
and applications, Mater. Sci. Eng., R, 2015, 93, 1-49.

102 M. Li, K. Shi, X. Tang, J. Wei, X. Cun, X. Chen, et al., pH-
sensitive folic acid and dNP2 peptide dual-modified
liposome for enhanced targeted chemotherapy of glioma,
Eur. J. Pharm. Sci., 2018, 124, 240-248.

103 T. Zhang, X. Chen, C. Xiao, X. Zhuang and X. Chen,
Synthesis of a phenylboronic ester-linked PEG-lipid
conjugate for ROS-responsive drug delivery, Polym. Chem.,
2017, 8(40), 6209-6216.

104 Y. Wang, M. S. Shim, N. S. Levinson, H. W. Sung and Y. Xia,
Stimuli-responsive materials for controlled release of
theranostic agents, Adv. Funct. Mater., 2014, 24(27), 4206~
4220.

105 S. Mura, J. Nicolas and P. Couvreur, Stimuli-responsive
nanocarriers for drug delivery, Nat. Mater., 2013, 12(11),
991-1003.

106 F. Fouladi, K. J. Steffen and S. Mallik, Enzyme-responsive
liposomes for the delivery of anticancer drugs,
Bioconjugate Chem., 2017, 28(4), 857-868.

107 Y. Feng, N.-x Li, H.-l Yin, T.-y Chen, Q. Yang and M. Wu,
Thermo-and pH-responsive, lipid-coated, mesoporous
silica nanoparticle-based dual drug delivery system to
improve the antitumor effect of hydrophobic drugs, Mol
Pharmaceutics, 2018, 16(1), 422-436.

108 Q. Li, W. Li, H. Di, L. Luo, C. Zhu, J. Yang, et al, A
photosensitive liposome with NIR light triggered

Nanoscale Adv., 2022, 4, 3479-3494 | 3493


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00229a

Open Access Article. Published on 26 2022. Downloaded on 07/12/2025 18:22:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

doxorubicin release as a combined photodynamic-chemo
therapy system, J. Controlled Release, 2018, 277, 114-125.

109 L. Chen, L. Wu, F. Liu, X. Qi, Y. Ge and S. Shen, Azo-
functionalized Fe 3 O 4 nanoparticles: a near-infrared
light triggered drug delivery system for combined therapy
of cancer with low toxicity, J. Mater. Chem. B, 2016, 4(21),
3660-3669.

110 S. Cui, D. Yin, Y. Chen, Y. Di, H. Chen, Y. Ma, et al., In vivo
targeted deep-tissue photodynamic therapy based on near-
infrared light triggered upconversion nanoconstruct, ACS
Nano, 2013, 7(1), 676-688.

111 M. A. Santos, D. E. Goertz and K. Hynynen, Focused
ultrasound hyperthermia mediated drug delivery using
thermosensitive liposomes and visualized with in vivo
two-photon microscopy, Theranostics, 2017, 7(10), 2718.

112 A. Salvatore, C. Montis, D. Berti and P. Baglioni,
Multifunctional =~ magnetoliposomes  for  sequential
controlled release, ACS Nano, 2016, 10(8), 7749-7760.

113 W. I Choi, A. Sahu, F. R. Wurm and S.-M. ]Jo,
Magnetoliposomes with size controllable insertion of
magnetic nanoparticles for efficient targeting of cancer
cells, RSC Adv., 2019, 9(26), 15053-15060.

114 W. Deng, W. Chen, S. Clement, A. Guller, Z. Zhao, A. Engel,
et al., Controlled gene and drug release from a liposomal
delivery platform triggered by X-ray radiation, Nat.
Commun., 2018, 9(1), 1-11.

115 C.Yao,]. Li, X. Cao, J. R. Gunn, M. Wu, S. Jiang, et al., X-ray-
induced Cherenkov optical triggering of caged doxorubicin
released to the nucleus for chemoradiation activation, ACS
Appl. Mater. Interfaces, 2020, 12(40), 44383-44392.

3494 | Nanoscale Adv, 2022, 4, 3479-3494

View Article Online

Review

116 C. Li, J. Wang, Y. Wang, H. Gao, G. Wei, Y. Huang, et al.,
Recent progress in drug delivery, Acta Pharm. Sin. B, 2019,
9(6), 1145-1162.

117 K. Bansal, C. K. Jha, D. Bhatia and H. Shekhar, Ultrasound-
Enabled Therapeutic Delivery and Regenerative Medicine:
Physical and  Biological  Perspectives, 2021, ACS
Biomaterials Science & Engineering.

118 A. Y. Rwei, J. L. Paris, B. Wang, W. Wang, C. D. Axon,
M. Vallet-Regi, et al, Ultrasound-triggered
anaesthesia, Nat. Biomed. Eng., 2017, 1(8), 644-653.

119 H. Wang and X. Zhang, Magnetic Fields and Reactive
Oxygen Species, Int. J. Mol. Sci., 2017, 18(10), 2175.

120 Y. Xu, J. Mu, Z. Xu, H. Zhong, Z. Chen, Q. Nj, et al., Modular
Acid-Activatable Acetone-Based Ketal-Linked
Nanomedicine by Dexamethasone Prodrugs for Enhanced
Anti-Rheumatoid Arthritis with Low Side Effects, Nano
Lett., 2020, 20(4), 2558-2568.

121 C. S. Linsley and B. M. Wu, Recent advances in light-
responsive on-demand drug-delivery systems, Ther.
Delivery, 2017, 8(2), 89-107.

122 H. B. Cheng, S. Zhang, J. Qi, X. J. Liang and J. Yoon,
Advances in application of azobenzene as a trigger in
biomedicine: molecular design and spontaneous
assembly, Adv. Mater., 2021, 33(26), 2007290.

123 R. Sensenig, Y. Sapir, C. MacDonald, S. Cohen and
B. Polyak, Magnetic nanoparticle-based approaches to
locally target therapy and enhance tissue regeneration in
vivo, Nanomedicine, 2012, 7(9), 1425-1442.

124 J. L. Arias, M. Lopez-Viota, J. Lopez-Viota and A. V. Delgado,
Development of iron/ethylcellulose (core/shell)
nanoparticles loaded with diclofenac sodium for arthritis
treatment, Int. J. Pharm., 2009, 382(1-2), 270-276.

local

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00229a

	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment

	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment

	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment
	Recent advances in nanoparticle-based drug delivery systems for rheumatoid arthritis treatment


