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ABSTRACT

RNA interference (RNAi) using small interfering RNA (siRNA) has shown potential as a
therapeutic option for the treatment of arthritis by silencing specific genes. However, siRNA
delivery faces several challenges, including stability, targeting, off-target effects, endosomal
escape, immune response activation, intravascular degradation, and renal clearance. A
variety of nanotherapeutics like lipidic nanoparticles, liposomes, polymeric nanoparticles,
and solid lipid nanoparticles have been developed to improve siRNA cellular uptake,
protect it from degradation, and enhance its therapeutic efficacy. Researchers are also
investigating chemical modifications and bioconjugation to reduce its immunogenicity.
This review discusses the potential of siRNA nanotherapeutics as a therapeutic option
for various immune-mediated diseases, including rheumatoid arthritis, osteoarthritis,
etc. siRNA nanotherapeutics have shown an upsurge of interest and the future looks
promising for such interdisciplinary approach-based modalities that combine the principles
of molecular biology, nanotechnology, and formulation sciences.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

via carefully formulated nanocarriers (NCs) [1]. Through RNA-
induced silencing, a wide range of genes may be targeted
including splicing variants and undruggable proteins, making

Small interfering ribonucleic acid (siRNA) nanotherapeutics
are promising therapeutic modalities that address the
unmet medical needs not fulfilled by small molecules or
antibodies in finding the cure for many deadly diseases.
It is basically post-transcriptional gene silencing (PTGS)
by delivering double-stranded RNA (dsRNA) molecules, viz.
siRNA, microRNA (miRNA), short hairpin RNA (shRNA), etc.
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it extremely relevant for therapeutic usage in various types of
diseases. The phenomenon is also known as RNA interference
(RNAI) [2].

After 20 years of extensive research, there are some
commercially available siRNA therapeutics which got
approval by the US FDA (United States Food and Drug
Administration). The first approved siRNA therapeutics was
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Onpattro (patisiran, 2018) for the treatment of polyneuropathy
in patients suffering from familial transthyretin mediated
amyloidosis [3]. This was followed by approval of Givlaari
(givosiran, 2019) to treat acute hepatic porphyria [4,5]
and Oxlumo (lumasiran, 2020) for treatment of primary
hyperoxaluria type 1 (PH1) [6] and Amvuttra (vutrisiran,
2022) for the treatment of the rare disease hereditary
transthyretin-mediated (hATTR) amyloidosis [5]. Alnylam
Pharmaceuticals developed and marketed all these above
listed siRNA therapeutics [7]. Legvio (inclisiran, 2022) [8], was
initially developed by Alnylam, but trialed and marketed
by a subsidiary of Novartis. It is important to mention here
that the above drugs’ mechanism and work are concentrated
mainly on messenger RNA (mRNA) encoding in the liver
and once the siRNA delivery limitations move past this,
it can certainly have much wider applications. The most
difficult challenge in siRNA therapeutics is getting siRNA
delivered onto the target site. There are numerous siRNA
delivery techniques, viz. lipidic NCs, chemical modification,
dendrimers, lipidoids, exosomes, etc. Some of the major
concerns in siRNA delivery are target site administration of
the siRNA, prompt degradation by nucleases in the plasma,
tissue and the cytoplasm, immune reactions, off-target effects
and inability of RNA to cross the cellular membrane even after
getting transported in the target tissue. Recent studies have
used various methods to address the problems associated
with target-specific delivery of siRNA. An interdisciplinary
approach is needed to fully utilize the potential of siRNA.
Formulation sciences help in the development of drug
delivery vehicles for new treatments and medications. The
utilization of nanotechnology principles in designing these
drug delivery NCs, viz. solid lipid nanoparticles (SLNs),
dendrimers, lipid nanoparticles, polymeric nanoparticles,
lipidoids, etc. for siRNA delivery helped in the development of
siRNA nanotherapeutics. Formulation of siRNA loaded NCs,
conjugation of siRNA to a target ligand, development of ligand
receptor pairs using cationic lipids as well as the combination
of drugs and siRNA, chemical modification of siRNA followed
by loading into the NCs are some of the strategies discussed
herein [9].

Despite the significant progress made in utilizing
nanomaterials for the treatment of arthritis, there are still
gaps in our understanding of their therapeutic mechanisms
and certain limitations hinder their widespread application.
Currently, most research focuses on small molecules
and monoclonal antibodies-based therapies working on
symptomatic treatment. The potential strategy for treating
arthritis could involve gene silencing by siRNA targeting
specific pathways involved in the pathogenesis of rheumatoid
arthritis (RA) and osteoarthritis (OA). This approach holds
promise and may represent a new direction for the treatment
of RA and OA in the future. This comprehensive review
article highlights the current efforts for RNAi-mediated gene
silencing using siRNA nanotherapeutics for the treatment
of different types of arthritis. The technique’s therapeutic
potential and major challenges being faced by researchers in
the delivery of siRNA are discussed. The recent research
conducted on siRNA nanotherapeutics for RA and OA
treatment have been exclusively reviewed and compiled
for the readers.

Table 1 - Properties of siRNA.

General Properties Specific attribute

Primary mechanism of Translation Inhibition

action

Secondary mechanism of Cleavage of mRNA

action

Synthesis Mostly Exogenous, Rarely
Endogenous

Processing Enzymes Dicer

Structure 21-23 nucleotide RNA duplex
with 2 nucleotide 3’ overhangs
Complementary Fully complementary to mRNA

Synthesis Enzyme RNA dependent-RNA
Polymerase, Dicer
Endonucleotide cleavage of
mRNA

Regulation of Protein-Coding
Gene and Transposons
Therapeutic agent

Gene regulation
mechanism
Function

Clinical application

2. siRNA mechanism of gene silencing

The siRNA is a double-stranded (ds) and non-coding RNA
molecule. The ds siRNA molecule comprises of passenger
strand and the guide strand [10]. The length of siRNA is
approximately 7.5 nm and diameter 2 nm. Some of the
properties of siRNA are listed in Table 1. siRNA is synthesized
when the long dsRNA is cleaved with the help of introduction
of ribonucleotide protein, also known as Dicer Enzymes
(RNAse III endonuclease). This ds siRNA connects to a
complex structure of proteins called RNA induced silencing
complex (RISC). Further, Argonate-2 (Ago2) helps separate
the passenger strand from the RISC-loading complex (RLC)
followed by the connection of the guide strand to the target
mRNA leading to cleavage into small mRNA fragments, thus
silencing the gene expression. The gene silencing mechanism
of siRNA is shown in Fig. 1. This ability of siRNA to silence
genes has transformed or revolutionized the treatment of a
variety of diseases [11].

3. Challenges in siRNA delivery

There are two main types of administration routes for
delivery of siRNA, the first one is localized administration and
the second one is systemic administration. In localized
administration, local delivery of siRNA refers to the
administration of siRNA directly to the target organ or
tissues, offering several advantages, such as enhanced
bioavailability at the desired site and bypassing systemic
barriers. Whereas, the systemic administration of siRNA
faces more challenges than localized delivery, when siRNA
is administered intravenously, unmodified naked siRNA
molecules are susceptible to degradation by endogenous
enzymes [12]. Additionally, their small size (around 13 kDa)
leads to rapid elimination through the kidneys. Moreover,
due to their negatively charged nature, siRNA molecules face
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Fig. 1 - Mechanism of gene silencing or gene knockdown by siRNA.
significant barriers in crossing biological membranes. As with
every new advancement, there comes a new challenge related
to its effective delivery. The siRNA delivery is also limited due S
. . . . al Yy a
to some major challenges as depicted in Fig. 2. Ta;glétmé]
3.1. Stability and targeting of siRNA Endosomal Off Target
escape effects
siRNA is quickly degraded when it enters the cytoplasm,
tissue as well as plasma. In serum, the naked siRNA half-life
ranges from a couple of mins to 1 h [13]. Hence, accumulating siRNA delivery
target sites with quantities of therapeutical significance is a challenges "
. . . . 1m- mmune
considerable challenge [14]. The small size of siRNA molecules Mc‘"bmz_cl 1y response
: . abilit e
[15] and the negative charge of siRNA stop them from pRmEERIY afivalion
entering the cell membrane, thus they can’t accumulate
intracellularly. Moreover, endocytosis-based siRNA delivery
systems must account for endosomal escape. To prevent its B S —

destruction after entering the cell cytoplasm by intracellular
RNA, siRNA must be efficiently identified and integrated into
RISC [16]. To overcome these challenges, the stability and
efficacy of siRNA complexes have been improved through the
incorporation of locked nucleic acid modifications in their
design. Studies have shown that sugar 2’-modifications are

through RES

degradation

Fig. 2 - Challenges in siRNA delivery.
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the most effective way to improve the effectiveness of siRNA.
These modifications, which include 2’-O-methyl, 2'-fluoro,
and 2’-methoxyethyl help improve the stability and binding
affinity of siRNA duplexes. They also reduce the activation of
the innate immune response [17]. These modifications have
been successfully applied in the recently approved siRNA
drug, Onpattro.

3.2 Off-Target effects

Apart from delivery issues, the RNAi paradigm of precise
silencing showed practical problems. siRNA therapy can result
in the silencing of genes that are not the desired gene targets,
this is also known as off-target gene silencing [18]. Off-target
gene silencing is undesirable as it may cause harmful gene
expression mutations and unanticipated cell transformations.
According to recent studies, homology with 6 to 7 nucleotides
in the “seed region” of the siRNA sequence is what primarily
causes off-target gene silencing. An even larger likelihood
of a siRNA duplex matching unwanted targets might result
from RISC’s poor choice of guide strand over passenger
strand. When creating siRNA-based treatments, off-target
silencing cannot be disregarded, and all prospective siRNA
sequences must undergo extensive testing. Researchers have
turned to surface-ligand modifications for more specific
targeted delivery. These modifications aim to overcome the
off-target effects associated with the enhanced permeation
and retention (EPR) effect, which is not significant enough
and may potentially have harmful consequences in the
long run. Recent advancements in siRNA formulation have
incorporated antibody conjugation, chemical modifications,
receptor-targeted delivery to improve targeting specificity and
reduce off-target effects. Also, the use of antibody conjugation
with siRNA (antibody-siRNA complex) has shown potential in
reducing the off-target effects [19].

Further, the use of chemical modification with siRNA
can also help inhibit off-target effects. Specifically, surface
modifications with peptide ligands, such as cyclic arginyl-
glycyl-aspartic acid (cRGD), facilitate the targeting of blood
vessels which provides nutrients. cRGD, exhibits a strong
preference for binding to avp3 and avpg5 integrins found
overexpressed in endothelial cells of angiogenic origin [20].
cRGD binds to integrin receptors with more affinity than linear
RGD, making it a preferred option for surface modification.
In a study utilizing functionalized chitosan nanoparticles
that targeted PLXDC1 (a receptor abundantly expressed
in tumor vasculature), the modified cRGD nanoparticles
inhibited tumor growth by approximately 90%, exhibiting a
60% increase in efficacy than non-modified nanoparticles
[21].

Finally, receptor targeted delivery focuses on targeting
particular receptors that are articulated in the tissue type.
By using GalNAc (N-acetyl galactosamine) conjugation and
targeting the specific receptor, it confirms specific delivery
to the desired tissue, diminishing the risk of unintentional
effects on non-targeted tissues. Givosiran, an FDA-approved
medication uses GalNAc conjugation to modify the 3’
terminus sense strand of siRNA. This conjugate binds to
the asialoglycoprotein (ASGPR) receptor, via receptor binding
with terminal galactose moieties and subsequent endocytosis

[22]. In vivo studies have shown that this conjugate increases
RNAI activity by approximately 5-fold. Targeting transthyretin
(TTR) mRNA, considerable reduction of TTR mRNA levels
has been reported in liver cells, specifically hepatocytes.
Furthermore, the GalNAc conjugate with a phosphorothioate
(PS) linkage modification improves protection against 5'-
exonuclease degradation and requires meagre siRNA dose.
Further investigations have suggested that both monovalent
and tri-antennary GalNAc conjugations improve the binding
affinity and gene silencing efficiency [23].

3.3. Immune response activation

The innate immune system provides a rapid, nonspecific
response to protect from recognizing pathogens and eliminate
them. As we have discussed earlier, siRNA (less than 30
nucleotides) avoids nonspecific stimulation of the interferon
response by avoiding the immune system. However, further
studies revealed that the production of cytokines by immune
response elicited by siRNA both in vivo and in vitro [24]. This
immune response can be triggered by the siRNA itself or by the
vehicles used for in vivo siRNA delivery, such as cationic lipids
[25]. Studies have shown that certain siRNA can stimulate the
production of pro-inflammatory cytokines and interferon in
immune cells through toll-like receptors (TLRs) and protein
kinase R (PKR) pathways [26]. The immune response triggered
by siRNA is often attributed to the presence of guanosine-
cytosine (GC) rich sequences [27], which can activate various
immune signaling pathways, including nuclear factor kappa
B (NF-«B), interferon regulatory factors, and TLR-dependent
or TLR-independent pathways (such as TLR7, TLR8 and TLR9).
These pathways recognize siRNA as dsRNA and initiate
inflammatory and antiviral responses. To avoid immune
stimulation and enhance the therapeutic potential of siRNA-
based treatments, various strategies have been explored as
discussed below.

Chemical modifications of the ribose backbone have been
employed to reduce the immune response in some studies.
Modifying the 2’-OH group with 2’-H (2’-deoxy), 2'-F, or 2’-O-
methyl (2'-O-Me) substitutions can alter the innate immune
response and allow siRNA to evade immune detection
while maintaining their intended activity [28]. Additionally,
combining deoxyribonucleic acid (DNA) analogues, 2-
F-modified RNAs and locked nucleic acids has shown
promise in enhancing silencing efficiency while reducing
immunostimulatory characteristics. Nucleobase structure
modifications have also been investigated to mitigate the
pro-inflammatory effects of siRNA delivery. Methylation of
specific nitrogenous bases, such as 5-methyl-cytidine and 5-
methyluridine, has demonstrated the potential to reduce the
immunological response induced by siRNA [29]. By avoiding
specific sequences, particularly those rich in uridine and
guanosine, the immunological response can be reduced
[30]. In the TLR-independent pathway, cytoplasmic RNA
sensors like retinoic acid-inducible gene I (RIG-I), melanoma
differentiation-associated gene 5 (MDAS5) and PKR play
crucial roles. RIG-I and MDAS activate downstream signaling
molecules that lead to the production of type I interferons
and pro-inflammatory cytokines. PKR, on the other hand, is
activated by binding to dsRNA, regardless of the sequence [31].
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Therefore, inhibiting the TLR pathway or chemically
modifying the siRNA duplex to prevent activation of
the innate immune system can help mitigate unwanted
immune responses. These approaches aim to enhance
siRNA efficacy while minimizing immunostimulatory effects,
thereby improving the therapeutic potential of siRNA-based
treatments.

3.4. Intravascular degradation and renal clearance

The degradation of siRNA by plasma nuclease enzyme is
the first biological obstacle after injection. The systemic
circulation of naked siRNA is unstable and more sensitive to
A-type nucleases which are found both extracellularly and
intracellularly [32]. Additionally, siRNA has a relatively short
half-life of 10 min to 1 h due to quick renal elimination
[33]. The rapid breakdown of siRNA by nucleases presents in
plasma or tissues within a short timeframe of mins to hours
limits the potential applications of siRNA-based therapies [34].
This is due to the comparatively lesser molecular weight of
siRNA, which is approximately 13 kDa and 7 nm in length, it is
passed through the kidney easily [35]. Hence, the modification
of siRNA, conjugation with polymer, siRNA-cationic polymer,
and cationic comb-type copolymers (CCC) are needed to
reduce its degradation via nucleases, improves the in vivo
characteristics and encourage appropriate therapeutic action.

The modifications of sugar backbone oligoribonucleotide
bases to enhance stability, prevent degradation in blood
vessels and increased resistance of enzymatic degradation
have been reported in the literature [36]. For example,
base modification replacement of uridine with rF (2,4-
difluorotoluyl ribonucleoside) substitutions has been found to
improve resistance against degradation by nucleases present
in the serum [37]. Modification of sugar, interchange of CHjs
group or fluoride atom in the place of ribose 2'-OH group
in both the sense and antisense strands of siRNA has been
shown to enhance their resistance against endonucleases.
This modification not only improves the stability of siRNA
molecules but also enhances their therapeutic potency [38].
In the case of modification of backbone, replacing PS with
morpholino oligomers has shown a more potent and longer
half-life of siRNA duplex [39].

When siRNA was conjugated with cholesterol, its half-
life increased to 90 min and plasma retention was increased
owing to plasma protein binding [40]. This cholesterol-siRNA
conjugation also increased nuclease resistance, improved
serum stability and circulation time [41]. However, naked
siRNA doesn’t demonstrate any silencing activity within
the cell. The addition of cholesterol to siRNA not only
improves its stability and circulation but also facilitates its
intracellular delivery and gene silencing efficacy [42]. On
the other hand, conjugation with polyethylene glycol (PEG)
polymer also increases the half-life of siRNA with improved
pharmacokinetics profiles [43].

One more approach is siRNA cationic polymer, which has
retained more than a 100-fold increase in concentration in
blood as compared to naked siRNA. Besides, cationic CCC
was found to improve siRNA stability against nucleases and
plasma components. Complexing siRNA with CCC has a
prolonged duration in blood circulation compared to naked

siRNA or siRNA complexed with polyethyleneimine (PEI)
modification [44].

3.5.  Entrapment through reticuloendothelial system (RES)

RES poses the biggest threat to nucleic acid therapies due to
phagocytosis [45]. In RES, the macrophages quickly remove
siRNA-loaded nanoparticles that are being opsonized [2]. Once
in circulation, siRNA therapies must be shielded from the
mononuclear phagocyte system (MPS) phagocytic cells [46]. So,
the siRNA nanoparticles in bloodstream get transported very
quickly to RES organs. The sluggish processing and removal
of these carriers, however, causes its prolonged retention in
the organs. In cases where the target organ is one that is
rich in RES [12], the process of RES filtration specifically based
on siRNA treatments might be beneficial. RES absorption and
biodistribution may be inhibited by a variety of elements,
including carrier size, charge, and surface characteristics.
Theoretical considerations suggest that carriers possessing
a negative charge are more prone to elimination from the
bloodstream compared to carriers with a positive or neutral
charge [12].

The NCs for siRNA delivery can be tailored with hydrophilic
polymers like PEG, polyethylene oxide and poloxamers to
give them stealth properties, prolonging their presence
in the bloodstream. This modification prevents protein
adsorption, opsonization and ensures cargo stability. The
stealth properties are most effective for carriers with sizes less
than 200 nm. However, excessive PEGylation can compromise
the carrier’s ability to facilitate siRNA uptake into cells by
neutralizing its positive surface charge [12]. Therefore, a
specific PEGylation strategy is required to maintain both
evasion of the RES and efficient cellular uptake of siRNA.
Despite these advancements, further research is needed to
optimize the size and molecular size of PEG for designing an
ideal siRNA delivery system. Understanding these parameters
will enhance the development of efficient and targeted siRNA
therapies.

3.6.  Impermeability of membrane

siRNA is unable to cross through the cell owing to its
negative charge, size and excessive hydrophilic nature.
As a result, to overcome this obstacle, effective delivery
of siRNA requires modification. The siRNA, net negative
charge can be hidden by complexing it with cationic
polymers or lipids [47]. Additionally, these negatively charged
cellular membranes and positively charged nanoparticles
interact to cause internalization [48]. Alternative methods
for effectively delivering siRNA include combining it with
aptamers, ligands or immunoglobulins that recognize specific
target cell antigens. These conjugates bind to the cells,
where siRNA is picked up through endocytosis mediated by
receptors. This process results in the creation of endosomes
and subsequent transport of siRNA in the cytoplasm.
Numerous carriers are utilized, including cationic polymers
and peptides, because of the hydrophilic and negatively
charged nature of siRNA. Due to the variety of their
physiochemical characteristics and activities, peptides have
drawn interest as they exhibit tremendous potential as siRNA
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carriers. Cell-penetrating peptides (CPPs) [49], non-covalent
multifunctional peptide complexes and endosome-disrupting
peptides are few kinds of peptides that can be employed
depending on the purpose.

3.7. Endosomal escape

A significant barrier still exists after the siRNA has been
internalized because it cannot escape endosomes. Therefore,
for effective endosomal escape and siRNA gene silencing,
a carrier or alteration that permits endosomal membrane
breakdown is required. The transition from the extracellular
to the endosomal milieu has been exploited by many
modern delivery systems. The ability to traverse from the
extracellular to the endosomal environment has facilitated
the development of numerous delivery systems in recent
times. Due to their large buffering capacity, it has been
demonstrated that protonable cationic polymers may
enhance the delivery efficiency of siRNA [50]. To evade the
endosomal trap, siRNA carrier formulations can also contain
versatile endosomolytic agents, viz. polymers, proteins,
peptides, and small compounds like chloroquine [51]. These
carriers elevate the concentrations of counter-ions, leading
to osmotic swelling, endosomal membrane breach and
subsequent release of siRNA into the cytosol [52].

Different approaches have been utilized to promote
the efficient release of siRNA from endosomes, enhancing
siRNA delivery systems. PEI acts as a “proton sponge,”
facilitating siRNA release by inducing chloride ion influx
and endosomal disruption. However, its cytotoxicity
increases with size [53]. Poly (lactic-co-glycolic acid)
(PLGA), a biodegradable copolymer, improves siRNA activity,
provides sustained release and enhances cellular uptake.
Combining PEI and PLGA in layer-by-layer complexes
enhances endosomal escape [54]. Protonation of amino acids
like arginine and lysine destabilizes cellular membranes,
aiding siRNA release into the cytoplasm [55]. A PEG-based
cleavable polymeric system, comprising lipid nanoparticles
stabilized by PEG-conjugated vinyl ether lipids, allows
for endosomal fusion and siRNA release in the acidic
environment. Incorporating fusogenic molecules, such as
dioleoylphosphatidylethanolamine (DOPE) [56] and fusogenic
protein-based carriers like Hemagglutinin 2 (HA2 and
glutamic-acid-alanine-leucine-alanine = (GALA) peptides,
promote endosomal escape by destabilizing the endosomal
membrane. These approaches contribute to the development
of promising platforms for siRNA delivery by improving
endosomal release and enhancing siRNA therapeutic efficacy
[57]. Some of the extracellular and intracellular barriers of
siRNA effective delivery are depicted in Fig. 3 [58]. Hence,
the delivery of siRNA has several difficulties, that need to be
taken care of, while designing siRNA nanotherapeutics for
the treatment of diseases.

4, Overcoming challenges of siRNA delivery
using nanotherapeutics

The important attributes that are prerequisites for an
effective siRNA delivery system are its non-immunogenicity,

Extracellular _
Barriers

« Arrival at the correct intracellular site of action
(cytosol)

+ Endosomal trap

+ Off-target effects

Intracellular _
Barriers

Fig. 3 - Types of barriers for siRNA delivery.

biocompatibility and degradable nature. For siRNA to be
properly delivered to target cells or tissues, the delivery
techniques should also protect active ds siRNA molecules
against assault by serum nucleases. After systemic
administration, specificity in target tissue must be ensured
by the delivery techniques to prevent fast hepatic or renal
clearance. Once siRNA is internalized into target cells through
endocytosis, the delivery vehicle should facilitate its release
from endosomes into the cytoplasm. This will allow siRNA
and the endogenous RISC to interact [59]. Hence, there is a
need to design effective NCs or delivery vehicles for siRNA
that are non-viral to achieve cellular, tissue bioavailability and
stability. Also, siRNA nanotherapeutics have been successfully
developed by researchers in the last two decades. Some of
these approaches to designing effective NCs for siRNA
delivery are described below:.

4.1.  Lipid-based siRNA nanotherapeutics

Lipid-based nanoparticles (LNPs) possess significant potential
for siRNA delivery owing to biocompatibility with limited
toxicity as compared to their other counterparts like
inorganic and synthetic nanoparticles. Because of their
better pharmacokinetic profiles, high transfection efficiency
into the mammalian cells and electrostatic interaction
with nucleic acids, cationic lipids have become appealing
raw material for siRNA delivery vehicles. The structure
of lipid-based siRNA nanotherapeutics is depicted in
Fig. 4.

4.1.1.  Stable nucleic acid lipid particles (SNALPs)

SNALPs comprise of an ionizable lipid of 1,2-dilinoleyloxy-
N, N-dimethyl-3-aminopropane (DLin-DMA). It is an ether
analog of ionizable lipid having oleic acid chains, viz. 1,2-
dioleoyl-3- (N, N-dimethylamino) propane (DODAP). It has
been reported that ionizable lipids with linoleic acid chains,
such as DLin-DMA, exhibit superior siRNA initiation vis
oleic acid chains like in DODAP [60,61]. Further studies
revealed that the linker moiety and head of ionizable lipid in
LNP fabricated with 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-
[1,3]-dioxolane (DLin-KC2-DMA) demonstrated better in vivo
results. Further, the addition of 1,2-distearoyl-sn—glycero-3-
phosphocholine (DSPC), cholesterol PEG2000 derivatives are
helper lipids that improve the stability of LNPs. Generally, the
LNPs for nucleic acid delivery are fabricated by microfluidic
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Fig. 4 - Structure of lipid-based siRNA nanotherapeutics.

mixing of lipids in ethanol and siRNA in citrate buffer. This
was followed by dialysis to remove ethanol. This technique
has shown optimum particle size, high efficiency of siRNA
encapsulation and mass manufacture. The structure of LNPs
reveals reverse micelles of a hydrophobic core made of DLin-
KC2-DMA. The Cryogenic transmission electron microscopy
(cryo-TEM) and small-angle X-ray techniques have shown that
at pH 4.0, the siRNA/DLin-KC2-DMA complex is sandwiched
within the lipid bilayer [62,63]. However, as the pH approaches
neutral, the ionizable lipids form an amorphous oil phase in
the middle of the LNP [64].

Cationic lipids of the 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) type are frequently employed in
laboratories and can be purchased commercially. A liposomal
siRNA/DOTAP/Cholesterol platform was developed by Kim
et al. in 2007 for siRNA targeting hepatitis B virus (HBV)
delivery to the liver [65]. Yagi et al. demonstrated the use of
cationic DOTAP, egg phosphatidylcholine and PEG lipid in a
24:14.8 wt ratio to form a siRNA delivery complex [66]. For in
vivo delivery and testing in several disease models, SNALPs
have been produced by various researchers across the globe.
For instance, a lipid bilayer composed of cationic lipids along
with fusogenic acid contains siRNA in the center of SNALPs. To
boost hydrophilicity and stability in the serum, PEG is applied
to the surface of the SNALP. Compared to unformulated siRNA,
siRNA-SNALP complex has a substantially longer half-life.
Using a mouse replication model for HBV, an HBV targeted
siRNA-SNALP (dose-3 mg/kg/d) caused a selective reduction
in HBV mRNA [67]. Additionally, a single systemic dosage
(2.5 mg/kg) of an Apolipoprotein B (ApoB) specific siRNA

loaded in SNALPs demonstrated more than 90% silencing
impact of ApoB mRNA in cynomolgus monkey’s liver [61].

4.1.2. Multifunctional envelope-type nano device system for
SiRNA delivery

The idea of a multifunctional envelope-type nano-device
(MEND) for nucleic acid delivery was developed to overcome
different delivery barriers by incorporating functional
moieties in one nanoparticle [68]. MEND consists of a
lipid bilayer modified with peptides, encapsulating siRNA
in its inner phase with diverse functions. One notable
modification of MEND is the incorporation of octaarginine
(R8), enabling cellular uptake through macropinocytosis and
efficient release of nucleic acids into the cytoplasm [69]. The
integration of fusible or pH-responsive lipids into the lipid
membranes help in improving the intracellular dynamics.
Harashima’s group developed pH-responsive ionizable
first-generation lipid (YSKO05), second-generation (YSK13)
and third generation lipid (CL4H6). YSKO5, resembles the
structure of DODAP, contains a tertiary amine, unsaturated
fatty acid chains, and a pKa of 6.4, YSKO5-MEND exhibits
high membrane fusion and gene knockdown activity [70].
YSK13-MEND, demonstrated over a 4-fold decrease in the
ED50 (0.015 mg/kg) for knockdown of blood-clotting factor
VII (FVII) compared to YSKO5-MEND [71]. Through systematic
studies on ionizable lipid structures, CL4H6 was developed
with a pKa of 6.25. The head group structure of ionizable
lipids was identified as a primary determinant of pKa,
crucial for the distribution and endosomal escape of LNPs.
Interestingly, the hydrophobic tail structure was found to
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have no significant effect on the apparent pKa. Furthermore,
intravenous injection of CL4H6 LNPs in mice resulted in an
ED50 of 0.0025 mg/kg for FVII knockdown, demonstrating a
substantial improvement in gene-silencing efficiency through
the systematic study of ionizable lipid structure [72].

4.1.3. Lipidoid nanoparticles

The delivery of siRNA has also been studied using lipidoid
nanoparticles composed of molecules resembling lipids.
The flexibility of lipidoid structure allows for improved
in vivo kinetics, effectiveness, and safety of lipidoids
[73]. Lipidoids can be screened to see how changes in
their partial structure affect their properties as lipidoids
with minimal experimentation. Over the past decade,
Anderson’s group has conducted three screening studies
on lipidoids for siRNA delivery. Each study evaluated the
effectiveness of nanoparticles in achieving FVII knockdown
via intravenous injection in mice. Love et al. developed
C12-200 lipidoid nanoparticles, with an ED50 (0.01 mg/kg) of
siRNA [74]. Whitehead and his team focused on enhancing
biocompatibility and identified 304013 nanoparticles,
achieving gene knockdown with an ED50 (0.01 mg/kg)
without severe cytokine induction or inflammation even
at high siRNA doses (1 mg/kg) [75]. Dong et al. screened
a peptide-based lipidoid library and discovered cKK-E12
nanoparticles with an impressive ED50 (0.002 mg/kg) for FVII
knockdown, surpassing DLin-MC3-DMA-LNP [76].

During the screenings, lipidoid nanoparticles composition
includes lipidoid, DSPC, cholesterol and DMG-mPEG2000 at
specific molar ratios, with particle size of less than 90 nm.
Like LNPs, it is found that lipidoid nanoparticles are coated
with ApoE in the bloodstream and are taken up by hepatocytes
through hepatic low-density lipoprotein (LDL) receptors. The
small particle size likely facilitates their accumulation in the
liver by passing through fenestrae in hepatic vessels. However,
the exact delivery mechanism is not fully understood. Recent
studies have traversed the use of lipidoid nanoparticles
for siRNA delivery into the inflammation sites [77] and
oral administration for intestinal diseases [78], expanding
their potential applications beyond liver targeting in siRNA
therapeutics [79].

4.1.4. Solid lipid nanoparticles (SLNs)

SLNs are composed of solid lipids gaining significant attention
in drug delivery for therapeutic and cosmetic applications
due to their high biocompatibility. SLNs have a solid lipid
core surrounded by a lipid membrane, they can encapsulate
lipophilic drugs and facilitate sustained drug release [80].
SLNs have been extensively studied for siRNA delivery. One
approach involves incorporating cationic lipids into SLNs,
forming electrostatic complexes with siRNA. These siRNA
complexed SLNs have shown potential for treating cancer
and liver diseases. Another method is the hydrophobic
ion-pairing (HIP) technology to incorporate siRNA into the
hydrophobic SLN core via ionic complexes with cationic lipids
[81]. For example, siRNA/DOTAP encapsulated into a triolein
core, followed by the addition of phosphatidylcholine and
PEGylated lipids. Studies have shown that siRNA can be
released from SLNs for up to 10 d in mice, with effective gene-
silencing capabilities in vitro. Moreover, SLNs offer promising

prospects for siRNA delivery, providing sustained release and
efficient gene-silencing capabilities in various applications
[82].

4.1.5. Exosomes

Exosomes are natural endogenous vesicles capable of carrying
nucleic acids and proteins, have emerged as safe, efficient
and promising siRNA delivery carriers [83,84]. Exosomes have
shown tissue-specific accumulation and surface molecule
variations depending on the cell type that produces them. To
reduce safety concerns and immunogenicity, it is preferable
to use exosomes produced from the recipient’s own cells
when delivering siRNA. Although exosomes are native
siRNA delivery carriers, some studies have successfully
encapsulated siRNA within exosomes obtained from human
serum via electroporation. These exosomes have effectively
delivered siRNA into human monocytes and lymphocytes,
demonstrating the use of recipient-derived exosomes as
siRNA carriers [85].

Alvarez-Erviti et al. reported the use of modified dendritic
cells (DCs) to produce exosomes containing the rabies
viral glycoprotein (RVG) peptide, which enables neuronal
cell targeting. siRNA encapsulated in these RVG peptide-
expressing exosomes successfully silenced the BACE1 gene
in the brain, exposing their potential to cross the blood-
brain barrier (BBB) and deliver therapeutic cargo to neuronal
cells [86]. The exosome database ExoCarta (www.exocarta.org)
provides details on the proteins, mRNAs, miRNAs, and lipids
that make up exosomes [87]. Exosome investigations should
lead to the development of artificial exosomes or exosome
mimics that can carry siRNA to targeted tissues.

4.1.6. Cationic lipoplexes & liposomes

Cationic lipoplexes and liposomes have been extensively
studied as transfection agents among all lipid-based systems
due to their potential to show charge-based interactions
with the cell membrane [88]. In the context of siRNA
distribution, various cationic transfection agents such
as Lipofectamine 2000, DOTAP, Lipofectamine RNAIMAX,
HiPerfect and Cardiolipin analogues, have been investigated
[89]. However, upon administration to mice, these carriers
have demonstrated dose-dependent toxicity along with
an increase in inflammation. The study showed that
Lipofectamine, DOTAP and nonionic/anionic liposomes
exhibited harmful effects in decreasing order [90].

Numerous formulation characteristics of liposomes
enhance the effectiveness of siRNA delivery. There are several
instances in the literature that demonstrate the use of both
neutral and cationic lipids in creating siRNA delivery systems.
The structure of cationic head, tail length of lipid and the
type of linker, all have an impact on the transfection ability
and toxicity associated with siRNA encapsulated by cationic
liposomes. The development of such systems facilitates
the endocytic uptake of siRNA enabling its intracellular
release at the targeted site. It has been reported that the
nitrogen/phosphorous molar ratio and concentration of
nucleic acid are critical attributes to fabricate safe lipoplexes.
Further, it has been reported that DOTAP or DC-Cholesterol
associated with DOPE and complexation with PEG were
developed as safe and effective lipoplexes [91].
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4.2.  Bioconjugate siRNA

Another strategy to improve the effectiveness of siRNA in
vivo is using biomolecules that can be chemically modified
or incorporated into nanoparticles for covalent coupling
with siRNA. Various biomolecules, such as dendrimers,
peptides, lipophilic molecules, ligands, cholesterol, aptamers,
antibodies, and biopolymers can be conjugated to siRNA
to improve its delivery. The cell targeting, cell-penetrating
peptides or biofunctional peptides can be covalently linked
to siRNA [92]. Covalently attaching drugs to the peripheral
groups of PAMAM (poly amidoamine) dendrimers have
been utilized to improve the effectiveness and solubility of
therapeutics, minimize non-specific toxicity, and achieve
a controlled and prolonged release of the drug [93]. The
controlled modification of poly-amidoamine dendrimer
surfaces with targeting ligands reduces cytotoxicity, improves
transfection efficiency, and enhances targeting capability
[94]. In a study by Choi et al. a self-crosslinked fusogenic
KALA peptide and a cell-penetrating peptide, Hphl were
functionalized with siRNA conjugated with branching PEG
to suppress gene expression in MDA-MB-435 in cell lines
using a polyelectrolyte complex micelle [95]. Intratracheally
administered siRNA against the p38 mitogen-activated
protein kinase (MAPK) and the HIV TAT cell-penetrating
peptide were used to try and inhibit innate immune responses
in the lung [96].

When administered systemically, cholesterol-conjugated
siRNA enhances intracellular activity and facilitates cellular
uptake through LDL receptor-mediated endocytosis, taking
advantage of the natural uptake of cholesterol by hepatocytes
and lipoproteins. Target-specific siRNA conjugated with
cholesterol has shown improved serum stability and
increased suppression of liver apoB mRNA levels for apoB
[97].

Antibodies can be directly linked to siRNA for targeted
delivery to specific cell types or tissues. Antibody-
based therapeutics such as pertuzumab, cetuximab and
trastuzumab have been routinely administered with excellent
results. Trastuzumab emtansine (T-DM1), an antibody-drug
conjugate combining trastuzumab with the anti-microtubule
agent DM, is a notable example of antibody conjugation.
Antibodies attached to small molecules of chemotherapy
have also shown therapeutic effects [98]. Some laboratory
and in vivo studies demonstrated superior siRNA targeting
with KRAS2 (Kristen rat sarcoma viral oncogene homolog or
alternatively Kristen murine sarcoma virus2 homolog) and an
anti-EGFR (epidermal growth factor receptor) antibody [98,99].

Aptamers, nucleic acid-based targeting agents, can also
be coupled with siRNA. These synthetic single-stranded
(ss) DNA/RNA ligands are designed to bind to specific
targets selectively and effectively [100]. Aptamers can be
employed to deliver siRNA/shRNA molecules that specifically
target retineic-acid-receptor-related orphan nuclear receptor
gamma (RORyt). By replacing the targeted genes, such
as GATA3, Tbet and signal transducer and activator of
transcription (STAT) 3, with siRNA/shRNA, the CD4 aptamer
offers a flexible approach to introduce gene silencing
molecules into CD4* T cells. This enables the manipulation of
various subsets of Th cells. To assess the potential advantages

in autoimmune diseases, additional animal and clinical
trials involving CD4-AshR-RORyt chimeras are needed [101].
Aptamers targeting transmembrane receptors have gained
attention as active targeting moieties, like siRNA. Hence, these
strategies involving biomolecule conjugation with siRNA hold
promise for improving siRNA delivery and enhancing its
therapeutic efficacy.

4.3. Polymeric nanoparticles

To overcome the limitations of nucleic acid formulations,
siRNA is often incorporated into nanoparticles, which offer
improved serum stability, better distribution, and controlled
release. Natural biodegradable nanoparticles have shown
significant therapeutic effects. There are two types of
polymers commonly used in siRNA delivery research, viz.
natural polymers, and synthetic polymers. Examples of
natural polymers include albumin, chitosan, cyclodextrin,
gelatin, atelocollagen, etc. [102,103]. Synthetic polymers
extensively studied for siRNA delivery include PLGA, PEI and
PEG [104].

Cyclodextrin polymer (CDP) was the first nanoparticle
delivery technology used in clinical trials for siRNA, where
it was utilized as the basic material. CDP is derived from
the breakdown of cellulose by bacteria. It is a polycationic
oligosaccharide used by pharmaceutical companies to deliver
small compounds [105]. Self-assembled CPD containing
human transferrin (Tf) and PEG, referred to as CALAA-01,
has shown better capacity to target cells from siRNA delivery
formulation [106]. This method was then put to the test in
a clinical phase experiment. Chitosan-based systems are
another type of polymeric nanoparticles commonly used in
nanomedicine. Chitosan is a polysaccharide derived from
chitin, composed of N-acetyl-D-glucosamine (deacetylated
unit) and - (1-4)-linked D-glucosamine (acetylated unit). Due
to their positive charge, chitosan nanoparticles can easily
interact with negatively charged siRNA through electrostatic
interactions, facilitating the formulation process [107]. When
atelocollagen/siRNA complexes were injected intratumorally,
tumor development of an orthotopic xenograft cancer model
was inhibited [108]. Natural polymers are advantageous for
siRNA administration because they are biodegradable, have
little immunological stimulation, and are simple to condense
with nucleic acids. Despite having higher transfection
efficiency, macromolecules containing cationic lipids may
still cause cytotoxicity and an immunological response. Its
adaptability for loading siRNA, biological compatibility,
and the combined administration of small molecule
treatments with siRNA, is due to the polymer’s ability to
change a chemical bond [109]. Several natural polymers,
including gelatin, chitosan, sodium alginate, albumin and
lectins, are employed for the delivery of therapeutic siRNA
[110].

Poly(€-caprolactone), PLGA, polycaprolactone and
polyglutamic acid are examples of synthetic polymers used
for the transport of siRNA [111]. Polymeric NCs have shown
to be more adaptable to surface and chemical alterations,
integration of small functionalities is one of the unique
features of polymeric nanoparticles for the effective delivery
of siRNA.
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4.4.  Other nanoparticle delivery systems for therapeutic
siRNA

The two main categories of nanoparticles used for siRNA
delivery are organic or soft nanoparticles and inorganic
or hard nanoparticles. In the case of hard or inorganic
nanoparticles, they are often coated with polymers to enhance
their solubility.

4.4.1. Organic or soft nanoparticles

Organic nanoparticles are made from natural organic
materials or synthetic organic materials such as self-
aggregating surfactants or polymers. Common examples
of organic nanoparticles include dendrimers, polymer
nanoparticles, nanoemulsions and liposomes. Liposomes,
composed of organic lipid molecules in a bilayer structure,
can have various charges. Although neutral liposomes are
commonly preferred, their limited entrapment efficiency is
a drawback. To address this, the zwitterionic compound 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) is often
used in the preparation of liposomes [46]. The resemblance
of liposomes to natural biological membranes is the unique
advantage of this NC making it the most widely used
biocompatible NC. The liposome like particles can carry both
hydrophilic and lipophilic drugs and are ideal NCs for siRNA
delivery.

4.4.2. Inorganic or hard nanoparticles

These nanoparticles fall into the category of non-
biodegradable, bio-persistent inorganic and insoluble
nanoparticles. They include metals and their oxides,
carbon-based compounds such as nanotubes, fullerenes,
and fibers [112]. Magnetic nanoparticles, specifically super
paramagnetic iron oxide nanoparticles (SPION), are a type

of inorganic nanoparticle [113] and gold nanoparticles
are adaptable enough to be employed as both medicinal
agents and delivery systems. It has been observed that the
magnetic nanomaterials relevant for nucleic acid delivery are
either positively charged particles alone or the formulations
including positively charged lipids or polymers containing
both positively and negatively charged particles. Quantum
dots are a relatively new type of nanocrystal made of colloidal
semiconductors, known for their exceptional -electrical
and optical properties, making them efficient carriers for
siRNA. Nanodiamonds (NDs) are among the most advanced
delivery technologies being investigated for siRNA therapies.
In a study, a fluorescent cationic coated ND vector was
synthesized for siRNA delivery into Ewing sarcoma cells
in culture. The coatings were done using polyallylamine
hydrochloride (PAH) and PEI. This vector depicted larger
efficiency in inhibiting the gene expression, and lesser
toxicity. A larger adsorption affinity of siRNA was observed
with PAH-coated NDs and ND-PEI carriers exhibit lesser
toxicity. Also, slower dissociation of the siRNA:ND-PAH
complex than of the siRNA:ND-PEI ones and hence a lower
siRNA-associated biological activity [114]. Carbon nanotubes,
particularly those containing nanoneedles, are extensively
researched due to their potential to induce cell death [46].
Fig. 5 depicts the structure of organic and inorganic
nanoparticles.

4.5.  Chemical modification of siRNA

The modification geometries of siRNA have been attempted to
increase its stability for sustained circulation in vivo. Several
modifications have been applied to different locations within
the siRNA duplex to enhance nuclease tolerance. A popular
technique is substituting the phosphodiester (PO4) group with
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a PS group at the 3’ end [115]. Additional modifications such
as adding a fluoro group (2'-F), O-methyl group (2'-O-Me),
or 2-methoxyethyl group (2’-O-MOE) have extended RNAi
effects and half-lives in cultured cells and plasma [16].
Other methods include using 2’,5-phosphodiester links, a
2'-O-alkyl alteration combined with 4/-thiolation and the
locked nucleic acid substitution with the 2'- and 4/-positions
connected by a methylene bond [116]. Small compounds
like 2,4-dinitrophenol (DNP) have also been used to modify
siRNA, increasing its nuclease resistance and membrane
permeability.

Chemically modified siRNA demonstrated in vivo
absorption and targeted downregulation of endogenous
proteins [42]. However, the breakdown of synthetic
compounds used in the modifications can lead to the
production of toxic metabolites. Concerns such as off-
target effects, decreased RNAi activity and decreased
therapeutic index may arise from chemical modifications
[117]. Additionally, the breakdown of a modified siRNA into
non-naturally occurring chemicals in the body raises safety
concerns regarding the potential toxicity of these metabolites.

5. Potential of siRNA delivery in the treatment
of arthritis

The word “arthritis” comes from the Greek language, meaning
“disease of the joints”. It is generally characterized by joint
inflammation (acute or persistent) with severe pain and
structural damage to bone and cartilage degradation. The
most noticeable signs include stiffness, pain, reduced range
of motion and joint abnormalities. More than 100 different
forms of arthritis have been identified like OA, RA, ankylosing
spondylitis, psoriatic arthritis, etc. The classification of
arthritis is depicted in Fig. 6. This review article is mainly
focused on siRNA therapeutics under the research and
development pipeline in OA and RA.

5.1. Rheumatoid arthritis

RA is a chronic systemic inflammatory disease of
autoimmune origin characterized by inflammation of the
synovial tissue, leading to stiffness, swelling and pain
in the joints that ultimately leads to cartilage damage.
There are multiple factors involved, viz. smoking, genetics,
environmental factors, etc. that increase the predisposition

of an individual towards RA [118]. According to the Arthritis
Foundation (AF), the number of adults diagnosed with
arthritis is close to 60 million, whereas approximately 300,000
children are affected by juvenile arthritis. Women are more
prone to RA as compared to men and account for 75% of the
total cases. Although RA may afflict persons of any age, it
often appears in those between the ages of 30 and 50.

5.1.1. Pathogenesis of RA

An increased immunological response of T-cells is a defining
feature of RA. Inflammatory cytokines, such as interleukin-1
(IL-1), IL-6, IL-17 and tumor necrosis factor-a (TNF-«) are
produced by T-cells, synovial fibroblasts and macrophages.
These cytokines can destroy bones by stimulating osteoclasts.
Subsets of T-helper (Th) cells are Thil, Th2 and Th17 cells.
Through the action of IL-1, IL-6, IL-21 and transforming
growth factor (TGF), T cells can become Th1l7 cells. IL-
17 produced by Thil7 cells stimulates osteoclasts by
causing the receptor activator of NF-«B ligand (RANKL)
to be produced in synovial fibroblasts. This is achieved
by influencing several immune cells and inflammatory
mediators. Chondrocytes, synovial fibroblasts, and synovial
macrophages all generate matrix metallopeptidase (MMP) and
a disintegrin and metalloproteinase with thrombospondin
motifs 5 (ADAMTS), which cause damage of cartilage [119].
Several signaling pathways of the kinase inhibitors such
as MAPK, phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT), NF-«B and janus kinase/signal transduction and
transcription activation protein (JAK/STAT), among others,
have been shown to be effective therapeutic alternatives in
RA. Fig. 7 depicts the pathogenesis of RA in detail.

5.1.2. Symptoms of RA

Multiple joints can be affected by RA. Patients with RA may
also notice that the same joints on both sides of their body
are affected. For instance, both knees and wrists can be
affected. RA typically manifests itself in small joints such as
finger bones or wrist. Additionally, it can also affect the lungs,
eyes and skin. The major symptoms of RA include joint pain
and stiffness, redness of joints, loss of motion, weight loss,
weakness and fever.

5.1.3. Treatment of RA

At present there is no permanent treatment available
for RA. Therapeutic approaches used in treatment
include non-steroidal anti-inflammatory drugs (NSAIDs),
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corticosteroids, disease modifying anti-rheumatic drugs
(DMARDs), biological-disease modifying anti-rheumatic
drugs (bDMARDs), IL-6 inhibitors, TNF-« inhibitors, etc. These
treatments can help in partially treating the symptoms
associated with RA. However, they also have some side
effects and may not help in prolonging survival [119]. All
the above treatments provide some disease modification
and symptomatic relief from pain and inflammation but
don’t offer any permanent solution to the problem of RA.
The gene silencing potential of siRNA has shown promising
results in reversing the disease progression of RA if effective
delivery of siRNA is achieved. siRNA has several unique
characteristics like rapid design of sequences for gene
knockdown and its synthesis not requiring specific complex
cellular expression. These characteristics have increased
the interest of researchers and the pharmaceutical industry
in developing siRNA therapeutics for RA treatment. The
combination of drugs and siRNA in therapy holds promise
for the treatment of RA. There are numerous ways to
overcome the challenges faced during delivery of siRNA
to the cells which have already been discussed above in
Section 4.

5.1.4. Limitations of nanoparticles or nanomaterials in the
context of RA

Despite the significant progress made in utilizing
nanomaterials/nanoparticles for the treatment of RA,
there are still gaps in our understanding of their uptake
mechanisms and certain limitations hinder their widespread
application. Further exploration and research are necessary
to investigate the biocompatibility of NCs and their metabolic
pathways within the body. Additionally, achieving precise
control over drug release rates and retention times should
be a key focus for future advancements [120]. The major
limitations include poor water solubility, poor hydrophobicity

and limited bioaccumulation. However, these limitations can
be overcome by selection of suitable polymers.

As nanotechnology continues to advance, we anticipate
that advanced nanomaterials will play a pivotal role in the
treatment of RA. These materials offer unique properties
and capabilities that can be harnessed to overcome current
challenges. By optimizing the design of NCs, researchers
can improve their compatibility with biological systems,
enhance drug delivery efficiency and minimize adverse
effects. The precise control of drug release rates and
retention times is a critical aspect that requires further
investigation. By tailoring the design and composition of NCs,
it may be possible to achieve controlled and sustained drug
release, leading to prolonged therapeutic effects and reduced
dosing frequencies. This approach can enhance patient
compliance and minimize side effects. Furthermore, a deeper
understanding of the interactions between nanomaterials and
the immune system is crucial. This knowledge will aid in the
development of NCs that can evade immune surveillance and
effectively target specific sites of inflammation. Additionally,
elucidating the metabolic pathways of nanomaterials within
the body will contribute to their safe and efficient utilization.
Currently, most research focuses on single-targeted therapies.
However, a potential strategy for treating arthritis could
involve targeting multiple pathways simultaneously. By using
multiple drugs that synergistically block various pathways
involved in the pathogenesis of RA, we may be able to alleviate
the disease progress and enhance therapeutic outcomes. This
approach holds promise and may represent a new direction
for the treatment of RA in the future.

In the end, while there are still uncertainties and
limitations surrounding the use of nanomaterials for
RA treatment, the future holds great promise. Through
continued research and development, we can advance our
understanding of nanomaterial biocompatibility, metabolic
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pathways, and therapeutic mechanisms. By targeting multiple
pathways simultaneously and achieving precise control over
drug release, nanomaterials have the potential to deliver
molecules like siRNA or mRNA for specific targeting of
signaling pathways involved in the pathogenesis of RA.

5.1.5. Some recent work on siRNA nanotherapeutics related to
RA

Interdisciplinary approach-based modalities, such as siRNA
nanotherapeutics, are emerging as a promising area of
research for the treatment of RA worldwide. Table 2 provides
a brief overview of recent studies on siRNA nanotherapeutics
in the context of RA as per the timeline.

5.2. Osteoarthritis

OA is a multifaceted and age-related, distinct form of arthritis
that is linked to the breakdown of articular cartilage. It is
also a degenerative joint condition. Some of the symptoms
of this chronic condition are pain, localized tissue damage
and cartilage damage. OA has become a concerning chronic
disease due to the global increase in life expectancy and
more elderly population [146]. It is generally recognized that
reactive oxygen species (ROS) play a crucial role in cartilage
degradation and chondrocyte mortality [147].

5.2.1. Pathogenesis of OA

In the early stages of articular cartilage degeneration,
hypertrophic chondrocytes play a significant role. These cells
release MMPs and ADAMTS contributing to OA development.
The Runt-related transcription factor 2 (Runx2), regulated
by hedgehog signaling, is a crucial transcription factor in
chondrocyte hypertrophy. On the other side, parathyroid
hormone (PTH) inhibits chondrocyte hypertrophy. Various

factors including HIF-2 (hypoxia-inducible factor-2), TLR4
signaling Notch 1, NF-«B and Hesl encourage the release
of different degrading enzymes, such as MMPs & ADAMTS.
However, miR-140 helps preserve cartilage by inhibiting
the production of ADAMTS-5. Cartilage specific protein,
carminerin is involved in chondrocyte calcification. All these
changes are involved in the progression and pathogenesis
of OA related degeneration of joints [119]. Fig. 8 depicts the
pathogenesis of OA.

5.2.2. Symptoms of OA

OA joint pain is commonly aggravated by activity and
relieved by rest. The key signs indicating an OA diagnosis
include pain, reduced function, stiffness, joint instability and
buckling or giving way. Patients may also report decreased
mobility, deformity, edema and crepitus, as per age (OA is
rare before the age of 40) without systemic symptoms like
fever. In addition, persistent pain might cause psychological
discomfort [148].

5.2.3. Treatment of OA
Generally, OA treatments primarily address pain and
inflammation symptoms using steroidal or NSAIDs

drugs. However, as our understanding of OA underlying
mechanisms has improved, new treatment targets called
disease-modifying OA drugs (DMOADs) have emerged.
They help in reducing the resulting structural damage to
avoid permanent impairment. The goal of the DMOADs
currently undergoing clinical trials is to re-establish the
stability of matrix metabolism. DMOADs efficiently manage
the degenerative changes in osteoarthritic cartilage by
concentrating on matrix-degrading enzymes, inflammatory
cytokines, the Wnt pathway and OA-related pain [146].
Numerous DMOADs are in phase II/III clinical trials and



Table 2 - siRNA based nanotherapeutics for treatment of RA.

Strategy Formulation Target pathways Characterizations Animal model Route Outcomes Ref.
CH nanoparticles CH/ TNF-a siRNA Particle size: CIA Intraperitoneal Use 2'-O-Me-modified Dicer substrate [121]
siRNA nanoparticles 350 and 450 nm injection siRNA shown least severe arthritic scores,
reduced activation of type I interferon,
minimal cartilage destruction and
inflammatory cell infiltration.
DCs Ag-loaded DCs, siRNA Knockdown of CD40, - CIA Intravenously Gene knockdown of CD40, CD80 and CDS, [122]
CD80, and CD86 injected Downregulation of IL-2, IFN-y, TNF-« and
IL-17 and increased FoxP3+ cells with
regulatory activity.
Encapsulation RGD peptide PLGA STAT1 siRNA Particle size: 250.5 nm, Mouse model Intradermally Protected siRNA from serum degradation [123]
nanoparticles, siRNA Zeta potential: —0.13 injected by nanoparticles, inhibition of
mV macrophage and DC activation by
decrease level of STAT1 mRNA and
increase level of mannose receptor 1
(Mrc-1) and IL-10 mRNA
Co-delivery PLGA siRNA and COX-2 Particle size: 90 nm - - Inhibit the expression of certain genes [124]
nanoparticles dexamethasone loaded  siRNA-complexed, and proteins improve arthritis features in
PLGA nanoparticles TNF-a, iINOS C28/12 cells.
PEGylation on siRNA/ TNFa /ws Particle size: 100 nm CIA mice Intravenously Decrease level of CD11b cells present in [125]
cationic bilayer wrapsome injected macrophages and neutrophils in the
inflamed synovium.
Polymeric G4 and G7 PAMAM TNF-a = Rat model = Dextran nanogels and PAMAM [126]
nanoparticles dendrimers as well as dendrimers: safe and efficient siRNA
dextran nanogels delivery systems for high gene silencing,
low toxicity and reduced off-target.
Encapsulation cyclic ~ anti-TNF siRNA (siTNF) TNF-«, IL-17, IL-23, Particle size: Psoriasis like Intra-articular Inhibit gene expression of TNF«, NF-«B, [127]
cationic head Capsaicin NF-«B and Ki-67 163 +£ 9 nm mouse mode injection IL-17, IL-23 and Ki-67.
lipid-polymer hybrid  (Cap)-encapsulated Zeta Potential:
NCs (CyLiPns) 35.14 + 8.23 mV
- VE-cadherin siRNA SAINT-C18 Particle size: Acute systemic Intravenously Surface-modified with antibodies, [128]
based liposomes 106 + 48 nm inflammation injected E-selectin or VCAM-1, downregulation of
(SAINT-O-Somes Zeta potential: mice both the target gene mRNA and protein
3.8+ 5mV without exerting cellular toxicity.
tGC polymer Poly siRNA-tGC- TNF-« Particle size: CIA Intravenously Rapid cellular uptake of psi-tGC- [129]
nanoparticles 370 nm injected nanoparticles and TNF-« gene silencing

Zeta Potential:
4.01 +0.72 mV

efficacy microcomputed tomography and
specific nanoprobe show targeted,
accumulation at joint site.

(continued on next page)
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Table 2 (continued)

Strategy Formulation Target pathways Characterizations Animal model Route Outcomes Ref.
Magnetic targeting PEI-SPIONP (45 nm) IL-2/IL-15RB siRNA Particle size: Rat arthritis Intravenously PEI-SPIOs effectively targeted [130]
with nanocarrier siRNA 161.5 + 3.5 nm model Injected macrophages and T cells while delivering
Zeta potential: IL-2/IL-15Rb siRNA to inflamed joints. In
+26.32 + 5.34 mV CIA treatment, combining magnetic field
PDI: 0.262 exposure increased the
anti-inflammatory effect.
tGC nanoparticles tGC loading siRNA Notch1 TNF-« Particle size: CIA Intradermallyi Inhibit Notch1, slow down the [131]
nanoparticles 230 nm njected inflammation, bone erosion and cartilage
Zeta Potential: damage.
6.29 £ 0.512 mV
Peptide modified NF-«B subunit siRNA NF-«Bp65 subunit Particle size: 50 nm CIA Intradermally Peptide modified micelles with [132]
polymeric micelle (siRelA) RelA Injected arginine-histidine improved siRNA
uptake and decreased inflammatory
cytokine level (TNF-g, IL-6 and IL-12) in
synoviocytes as well as accumulation
of siRNA in the arthritic paws, effectively
suppressing RelA mRNA expression,
inflammatory cytokines and improving
clinical symptoms.
Biodegradable TNF-a shRNA (siRNA) TNF-« Particle size: 80 nm CIA Intravenously PDAPEI effectively delivered TNF-o ShRNA  [133]
Cationic Polymer Zeta Potential: 57 mV injected to macrophages, reducing TNF-«
PDAPEI (pH 5.4) and —9 mV expression with lower cytotoxicity and
(pH 9.4) higher transfection efficiency.
Co-delivery glucocorticoid NF-«B Particle size: 98 nm CIA Intradermally Inhibit conversion of macrophages (M1) to  [134]
copolymers of dexamethasone and Zeta potential: Neutral injected the anti-inflammatory M2 state, targeting
PCL-PEI and PCL-PEG  siRNA in inflamed joints, reducing inflammation
without harmful effect of kidney or liver
function. Inhibition of activation of NF-«<B
in inflammatory tissue.
Ligand Modified CH using PEG,  Silencing TNF-« Particles size: murine CIA Intraperitoneal Folate-PEG-CH-DEAE15/siRNA lower [135]
folic acid and DEAE expression 259 + 3 nm, injection TNF-« protein concentrations and
Zeta potential: decreased inflammation.
283+ 0.8 mV
PEGylation SNPs that are PEGylated = TNF-« siRNA Particle size: CAIA model Intravenously AS-TNF-a-siRNA-SLNs show high [136]
and acid sensitive (AS) 118 + 7 nm injected encapsulation efficiency with less burst
sheddable Zeta potential: release and improve siRNA delivery to
—13.8+ 5.8 mV. inflammation sites. The therapeutic
potential was demonstrated by reduced
paw thickness, bone loss and
histopathological scores.
Hybrid nanoparticles Calcium NF-«B -targeted Particle size: 45 nm CIA Intradermally Inhibit NF-«B pathways, reducing [137]
phosphate/liposome, Zeta potential: injected pro-inflammatory cytokine expression

siRNA and MTX

—23.6 mV.

and avoiding adverse effects of MTX.

(continued on next page)
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Table 2 (continued)

Strategy Formulation Target pathways Characterizations Animal model Route Outcomes Ref.
Polymeric Targeted ligand of MCL-1, Bcl-2, Particle size: AIA rat model Intravenously Facilitated escape from the RES, [138]
nanoparticles folate-PEG-PLGA and macrophages 142.6 + 0.61 nm, injected accumulation in inflamed tissues,
DOTAP/siRNA Zeta potential: reduced pro-inflammatory cytokine
3.6 +£0.43 mV levels, minimal fibroplasia and mild
inflammatory cell infiltration.
Lipidoid-polymer Lipidoid and PLGA TNF-o, Thl response  Particle size: Murine Intra-articulari Inhibit pro-inflammatory cytokine and [139]
hybrid nanoparticles loaded siRNA 210.2 £ 9.1 experimental njection reduce inflammation.
Zeta potential: arthritis model
125+ 6.5mV
Co-delivery Indomethacin, MTX, MMP-9, Particle size: 80 nm CIA Intra-articular Reduced joint swelling and inhibited gene  [140]
In situ hydrogel siRNA inflammatory Zeta potential: injected expression (TNF-q, IL-6 and MMP-9) in
cytokines 53.50 mV plasma and joints.
Encapsulated Rituximab, siRNA BAFF-R siRNA - Intravenously Reduced arthritis score, ankle diameter, [141]
nanoparticles injected serum anti-collagen IgG level as well as
increased collagen type II and osteocalcin
expression. Decreased B cell percentage
and pro-inflammatory cytokine
production.
Co-delivery of HA-coated MCL-1 Particle size: AIA rat model Intravenously Showed superior inhibition of RA [142]
nanoparticles pH-responsive 117.07 £ 2.21 nm injected compared to individual drug-loaded
encapsulation nanoparticles, Zeta potential: nanoparticles, combining MCL-1 siRNA
dexamethasone siRNA 5.53 &+ 1.06 mV and Dex proved more effective therapies.
Microspheres loaded PLGA loaded and CADK  siRNA MCL-1 Particle size: SD rats Intravenously Sustained release of nanoparticles in [143]
with HA CH 113.6 nm injected microsphere, protected siRNA from
nanoparticles PDI: 0.154 + 0.013 /Intramuscularly  nuclease degradation and readily cross
Zeta potential: injected the cellular membrane.
15.0 £ 0.38 mV
EE:
90.02% =+ 3.02%
SWCNTs HiPco- and siRNA Notch1l Particle size: Mice Intraperitoneally ~ Accumulation in inflamed joints, improve  [144]
carboxyl-SWCNT (siRNA/MTX loaded 407.67+120.21 injected targeting specificity to neutrophils. No
nanotubes) PDI: 0.087 impact on B cells and monocytes.
PEGylation siRNA incorporated TNF-« siRNA Mcl-1 Particle size: CIA Intravenously Inhibited macrophage-based cytokine [145]
PLGA nanoparticles siRNA 192 + 12 nm, injected release and anti-inflammatory effect.
Zeta potential:
—26.7 £ 2.3 mV

CH: Chitosan; CIA: collagen-induced arthritis; MCL-1: myeloid cell leukemia-I; COX2: Cyclooxygenase-2; iNOS: inducible nitric oxide; Ki-67: Kiel-67 (monoclonal antibody); SAINT-C18: Cationic lipid
1-methyl-4-(cis-9-dioleyl)methyl-pyridinium-chloride; VCAM-1: Vascular cell adhesion molecule 1; tGC: Thiolated glycol chitosan; PDAPEL: Dopamine and PEI copolymerized nanodots; PCL: Poly-¢-
caprolactone; DEAE: Diethylethylamine; CAIA: Collagen-Antibody Induced Arthritis; MTX: Methotrexate; AIA: Adjuvant-induced arthritis; BAFF-R: B-cell activating factor receptor; HA: Hyaluronic
acid; LPCE:low-molecular-weight-polyethylenimine-cholesterol-polyethylene-glycol; PCADK: poly (cyclohexane-1,4-diyl acetone dimethylene ketal); SWCNTSs: single-walled carbon nanotubes.
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Table 3 - siRNA based nanotherapeutics for treatment of OA.

Carrier Drug/ Targeted Pathways Characteristics Animal Model Administration Outcomes Ref
Formulation Route
Adenoviral vector Ad-siRNA NF-«Bp65  NF-«Bp65 Optical density: 260  SD male rats Intra-articular Decrease NF-kBp65 expression and [149]
injection mitigate synovial inflammation by
inhibition of f IL-18, TNF-«a and cartilage
degradation.
= siRNA with Inhibitors of leptin Final concentration: Human subchondral - Blocking leptin signaling via siRNA [150]
phenotypic features  signaling TGF-A1 100 pg/ml Ob cell culture decreased the levels of OC, ALP, TGF-A1,
of OA Ob. Ob Rb in OA Ob expression. Inhibition of
leptin production in OA Ob improved the
phenotypic expression of Ob.
- SDF-1, CXCR4 siRNA, Signaling between 5 g Guinea pig OA Small subcutaneous SDF-1 entered the cartilage, leading to [151]
or CXCR4 antibody SDF-1 and CXCR4 with ~ pU6RNAi-CXCR4 model. pockets of Alzet reduced proteoglycan staining. The
AMD3100 vector transferred mini osmotic pump  blocked of SDF-1, CXCR4 signaling
into chondrocyte (44.44 mg/ml of reduced the levels of SDF-1, MMPs, GAG
AMD3100) and IL-1b in synovial fluid showing
promising therapeutics option to
decreased cartilage degeneration in OA.
- Lentivirus-mediated ADAMTS-5 knockdown - Rat model Intra-articular Downregulation of ADAMTS-5 protein [152]
siRNA injection expression and prevented the
degradation of articular cartilage.
Chondrocyte- HIF-2a, siRNA HIF-2a, ADAMTS-4, - OA-affected mice Intra-articular Downregulation of catabolic factors, [153]
homing peptide/PEI MMP-13, and MMP-9, injection (HIF-20, MMP-13 and MMP-9, ADAMTS-4,
nanoparticles VEGF, NF-«B and VEGEF, collagen type X and NF-«B).
collagen type X Decreased IL-1p levels and
cartilage integrity maintained.
Surgically MMP-13 or IL-1p stimulation, - DMM Mouse Model  Intra-articular siRNA-treated all three groups showed [154]
ADAMTS-5 siRNA MMP13 mRNA injection significant improvement in histological
expression in FLS scores compared to the control siRNA
group.
- siRNA for NR1D1 or  TGF-B8 pathway. - Mouse model - Knock down of NR1D1 that increased [155]
BMAL1 circadian rhythm BMAL1 expression, while knock down
pathway BMAL1 resulted in decreased NR1D1
levels. These changes also affected the
TGF-« signaling pathway.
= Lipofectamine 2000, NLRP1 and NLRP3 siRNA - - - Blocking NLRP1 and NLRP3, decreased the [156]

siRNA

production of LPS induced pyroptosis and
its related cytokines.

(continued on next page)
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Table 3 (continued)

Carrier Drug/ Targeted Pathways Characteristics Animal Model Administration Outcomes Ref
Formulation Route
- Lorecivivint CLK2 and DYRK1A for - MIA-induced OA rats Intra-articular Early chondrogenesis due to decreased [157]
Wnt pathway inhibition, injection CLK2. Enhanced mature chondrocyte
siRNA, NF-«B and STAT function by DYRK1A, inhibition of NF-«B
and STAT3 via lorecivivint reduced
inflammation, cytokines levels and
cartilage-degrading enzymes. All the
above finding improves cartilage
degradation and weight bearing function
of joints.
Photothermal- NHsPP Pro-inflammatory Particle size: OA mice model In situ injections Inhibits the inflammatory response [158]
triggered NO nanoparticles, NO, cytokines, macrophage 200 nm effectively by reducing the level of
(650 nm NIR laser siRNA or PTT pro-inflammatory cytokines and the
irradiation) macrophage response and also prevents
nanogenerators cartilage erosion efficiently.
- YAP siRNA IL-1B, Hippo/YAP — Surgery-induced OA  Intra-articular Knockdown of IL-18 and prevent cartilage  [159]
signaling pathway animal models. injection degradation.
Encapsulate PLGA p66shc- ROS-associated proteins Particle Size: MIA-induced OA rats Intra-articular Blocking p66shc phosphorylation reduced  [160]
nanoparticles siRNA-loaded p-p66shc expression 183.7 +£72.21 nm injection ROS in chondrocytes, alleviated pain,
nanoparticles levels Zeta potential: cartilage damage and inflammation.
41.1+4.81 mV
PLGA nanoparticles  siRNA p47phox Oxidative stress and Particle size: MIA-induced OA rats Intra-articular Inhibition of ROS generation, chondrocyte  [147]
ROS 126 + 55 nm, injection cell death can be reduced as well as
Zeta potential: decrease cartilage degradation
—23+2mV
- siRNA into Mitofusin 2 (MFN2) is - Rats with OA - Silencing MFN2 using siRNA reversed [161]
chondrocyte Parkin receptor age-related metabolic alterations,
reduced inflammation and increase
Parkin level.
Functionalized MMP13, siRNA MMP13, type Il collagen  Particle size:100 nm  Post-traumatic OA. Intra-articular Gene knockdown of MMP-13 decrease [162]
nanoparticles Methylprednisolone Zeta potential: injection gene clusters linked to tissue remodeling,
antibody neutral angiogenesis, immune responses and
proteolysis. Reduced disease progression
compared to single or weekly
methylprednisolone injections.
- GPER, siRNA AP and ARHGAP29, and - Rat OA model Intra-articular GPER suppressed the RhoA/LIMK/coflin [163]

silencing Piezol

the YAP nuclear
localization,
RhoA/LIMK/coflin
pathway

injection

pathway, actin polymerization and Piezol
by upregulating YAP and ARHGAP29
leading to reduced cartilage degeneration.

Ad-siRNANF-kBp65: Adenoviral vector-mediated NF-«B; Ob: Osteoblast; OC: Osteocalcin release; ALP: Alkaline phosphatase activity;; SDF-1: Stromal cell-derived factor-1; CXCR4: C-X-C chemokine
receptor type 4; GAG: glycosaminoglycans; FLS: Fibroblast-like synoviocyte; DMM: Disproportionate Micromelia; NLRP1 and NLRP3: Inflammasomes; CLK2: CDC-like kinase 2; DYRK1A: Dual-specificity
tyrosine phosphorylation- regulated kinase 1A; MIA: Monoiodoacetate; PTT: Photothermal Therapy; NO: Nitric oxide; NHsPP: NO-Hb@siRNA@PLGA-PEG; YAP: Yes-Associated Protein; GPER: G protein

coupled oestrogen receptor; ARHGAP29: YAP/Rho GTPase activating protein 29.
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many repurposed drugs are under investigation. In 2010, the
FDA approved the antidepressant duloxetine hydrochloride
(Cymbalta®) to alleviate OA discomfort, including lower back
pain. This has been a significant breakthrough for those who
are unable to handle NSAIDs or other medications.

5.24.
OA
siRNA nanotherapeutics are emerging as a promising area of
research for the treatment of OA worldwide. Table 3 provides
a brief overview of recent studies on siRNA nanotherapeutics
in the context of OA as per the timeline.

Some recent work on siRNA nanotherapeutics related to

6. Conclusions

The potential of siRNA nanotherapeutics in the treatment
of arthritis has shown an upsurge of interest and is
very promising in finding the cure for disease progression
in arthritis. The difficulty of effectively delivering siRNA
to specific diseased sites in vivo is well documented in
the literature and has been discussed at length in this
review. The inefficient transport of therapeutic drugs to the
local chondrocytes in avascular/articular cartilage presents
a significant obstacle to the successful development of
arthritis therapy. The use of versatile NCs in improving the
delivery of siRNA to the desired target is the upcoming
area of research in the successful development of siRNA
nanotherapeutics. In the case of arthritis, the gene-silencing
potential of customized siRNA specific to a particular pathway
involved in pathogenesis has shown a new hope for its
treatment. Knocking down/silencing of various pathogenic
pathways, such as STAT1, Notchl, NF-kB, TNF-«, JAK-
STAT and MMPs, etc. has been explored as a potential
approach. In preclinical research, various nanostructures have
been utilized as carriers for siRNA delivery. Self-assembling
nanostructures enable synchronized release of siRNA and
can achieve endosomal escape while also preventing the
oxidation of siRNA in endosomes and the bloodstream. The
combination of drugs and siRNA in therapy holds promise
for enhancing treatment outcomes, minimizing side effects
have opened new therapeutic horizons for the treatment of
arthritis. Demand for cutting-edge therapeutic approaches is
increasing and a revolutionary approach to treat the disease is
made possible by the RNAi phenomenon and its success has
led to FDA approval of five siRNA therapeutics in the last five
years. The chemical modifications of siRNA and customized
NCs have helped achieve long-term therapeutic potential at
much lesser doses of siRNA in various diseases. However, none
of the approved agents were used for the treatment of arthritis
but the technology has opened the doors for researchers to
explore the pathways involved in immune-mediated disease
like arthritis. The short duration of siRNA research and
development time as compared to small molecules, and
monoclonal antibodies holds great promise in the future
of this revolutionary technology. Further, these modalities
need to be administered quarterly or half yearly and this
will in turn help in improving patient compliance. With
more advancements in the chemical modification of siRNA
geometries and tailored NCs, the siRNA nanotherapeutics

will revolutionize the precise and personalized treatment of
inflammatory diseases like RA and OA.
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