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Oral delivery of RNAi for cancer therapy
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Abstract

Cancer is a major health concern worldwide and is still in a continuous surge of seeking for effective treatments. Since the
discovery of RNAi and their mechanism of action, it has shown promises in targeted therapy for various diseases including
cancer. The ability of RNAI to selectively silence the carcinogenic gene makes them ideal as cancer therapeutics. Oral deliv-
ery is the ideal route of administration of drug administration because of its patients’ compliance and convenience. However,
orally administered RNAI, for instance, siRNA, must cross various extracellular and intracellular biological barriers before
it reaches the site of action. It is very challenging and important to keep the siRNA stable until they reach to the targeted
site. Harsh pH, thick mucus layer, and nuclease enzyme prevent siRNA to diffuse through the intestinal wall and thereby
induce a therapeutic effect. After entering the cell, siRNA is subjected to lysosomal degradation. Over the years, various
approaches have been taken into consideration to overcome these challenges for oral RNAi delivery. Therefore, understand-
ing the challenges and recent development is crucial to offer a novel and advanced approach for oral RNAIi delivery. Herein,
we have summarized the delivery strategies for oral delivery RNAi and recent advancement towards the preclinical stages.
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1 Introduction

RNA interference (RNAI) is a rapidly developing filed in
targeted delivery. RNAIi is a mechanism where there is a
selective knockdown of messenger RNA (mRNA). RNAi
was first discovered in the nematode Caenorhabditis elegans
by Andrew Fire and Craig Mello [1, 2]. It has been observed
that exogenous double-stranded RNA (dsRNA) can cause
gene suppression [1, 3]. Based on their biological roles and
structures, small non-coding RNAs are classified into three
main categories: miRNA (micro-RNA), siRNA (small inter-
fering RNA), and shRNA (small hairpin RNA) [4]. siRNA
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is a double-stranded RNA which prevents gene expression.
siRNA has been used as a targeted therapy to treat various
viral diseases and cancer [5]. siRNA suppresses the expres-
sion of oncogenic genes by targeting the mRNA expres-
sion. siRNA is a small non-coding dsRNA of about 22-25
base pair with dinucleotide overhang at 3’ which interfere
with the protein synthesis by blocking the translation [6-8].
Studies suggest that activated “Dicer,” a mammalian cyto-
plasmic enzyme, breaks down the long dsRNA to generate
small interfering RNA (siRNA). Then, each double-stranded
siRNA is fragmented into the passenger strand (sense strand)
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and the guide strand (antisense strand) (Fig. 1). Along the
same line, the guide strand is incorporated into the RNA-
induced silencing complex (RISC), while the passenger
strand is degraded. The RISC contains ssRNA, a guide
strand to look for and to bind with complementary mRNA
molecules and Argonaute 2 (AGO2) protein, which is a
member of the Argonaute family protein [9, 10]. The guide
strand of siRNA then pairs with a complementary sequence
in a mRNA molecule. Once mRNA is bound to siRNA,
mRNA will be cleaved and destroyed by Argonaute, which
causes post-transcriptional gene silencing [9, 11, 12].

As conventional chemotherapeutics cause severe tox-
icity due to nonspecific distribution, researchers are now
looking for alternative approaches for cancer therapy and
delivery [13-15]. Selective gene silencing therapy by siRNA
has been revolutionary in cancer therapy. Compared to the
conventional chemotherapeutics, siRNA has a lot of advan-
tages in cancer treatment [16]. Several studies suggest that
siRNA can significantly reduce the cancer cell by silenc-
ing responsible gene [16]. In addition, siRNA was found
to be sensitive in drug-resistant tumors like chemotherapy-
resistant prostate cancer, breast cancer, and lung cancer
[17-20]. Ongoing research is focused on identifying the
genes that can be silenced to reduce cancer cell population
or increase the sensitivity of chemotherapy. This selective
targeting is very beneficial for the clinical management of
patients by treating cancer-specific cells that do not harm
the neighboring health cells [21]. With significant progress,
several siRNA-based cancer therapeutics have moved to
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Fig. 1 siRNA-mediated gene silencing mechanism. Naked siRNA or
nanoparticle-loaded siRNA enters the cell through endocytosis. After
endosomal escaping, two strands of siRNA get separated into the
passenger and guide strand. The guide strand along with RISC binds
with the targeted mRNA and with the help of Ago2 breaks down the
mRNA for selective gene silencing

@ Springer

the clinical trial for solid tumor, mesenchymal cancer, and
pancreatic cancer (Tablel) (NCT01591356, NCT03608631,
NCT03087591, NCT00672542, NCT01437007). However,
the siRNA considered for the pre-clinical and clinical are
mostly delivered as injectables without carriers or with
liposomal nanoparticle-based carriers. Usually, biological
molecule-based therapeutics including siRNA offer higher
therapeutic potential than small molecules because of their
biocompatibility, feasibility, and less toxicity [22-24]. How-
ever, the larger molecular weight prevents their diffusion
via biological barriers due to the interaction with biological
barriers [24]. The siRNA-based targeted therapy started in
the early 2000s. RNAI is required to be administered via
injection though oral delivery is always preferable for the
patient and the manufacturing perspective due to being pain-
less, patient compliance, and non-sterilize production [25].

Oral delivery of therapeutic RNAs is still a challenge
because of the poor cellular uptake, instability under physio-
logical conditions (harsh pH of stomach), degradation under
nucleases, off-target effects, clearance by phagocytes such as
macrophages, and possible immunogenicity [5, 26, 27]. To
achieve the expected therapeutic effect of RNAi (siRNA), an
appropriate vehicle is required that can transport the RNA
to the site of action in the cells of target tissues [26]. The
successful application of siRNA for cancer therapy requires
the development of clinically suitable, safe, and effective
drug delivery systems [28]. In this review, we will discuss
the progress in the oral delivery of RNAI, different carrier
systems, challenges of oral delivery, and different ways to
overcome current challenges.

2 Evolution of oral RNAi-mediated cancer
research

The discovery of siRNA was not too long ago. At the earli-
est onset of the twenty-first century, it was discovered by
Andrew Fire and Craig Mello in 1998 [29]. Afterwards, as
researchers kept pursuing the role of siRNA, Hamilton and
Baulcombe discovered how it can contribute in post-tran-
scriptional gene silencing (PTGS) in 1999 [30]. Eventually,
it leads to being reported that a target gene can be silenced
by introducing siRNA into mammalian cells in 2001 [31].
Subsequently, various research was conducted to utilize
the properties of RNAI in the fields of biomedical research
and drug development. Statistical data shows that, between
2001 and 2005, there has been around 6122 (Fig. 2) publi-
cations made focusing on siRNA. Due to the importance of
their pioneering discovery, Fire and Mello were awarded
the Nobel prize in Medicine in 2006 [32]. The following
4 years saw a rise of siRNA-related research by about 4.6
times more where 28,443 papers were published. Following
this trend, the next decade saw 4 times more publications
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Table 1 List of the siRNA therapeutics that are in clinical trials for cancer treatment
Sponsor Target Composition Disease Route Trial no Phase
M.D. Anderson Can- EphA2 DOPC-encapsulated ~ Advanced malignant  Intravenously NCT01591356 Phase 1
cer Center siRNA solid neoplasm
M.D. Anderson Can-  KrasG12D siRNA-loaded mes-  Pancreatic cancer Intravenously NCT03608631 Phase 1
cer Center enchymal stromal
cells-derived
exosomes
Nitto BioPharma, Inc  GSTP Lyophilized lipid Non-small cell lung  Intravenous infusion ~NCTO03819387 Phase 1
nanoparticle (NBF- cancer, pancreatic
006) cancer, colorectal
cancer
Silenseed Ltd KRAS G12D Miniature bio-degra-  Pancreatic cancer Endoscopic interven- NCT01676259 Phase 2
dable polymeric tion into tumor site
matrix
City of Hope Medical TLRO receptor and CpG-conjugated Refractory or relapsed Intratumoral Injec- NCT04995536 Phase 1
Center STAT3 siRNA (CpG- B-cell non-Hodgkin  tions
STAT3 siRNA lymphoma
CAS3/SS3)
Sirnaomics TGF-p1 and COX-2  Polypeptide nanopar- Squamous cell carci- intralesional injection NCT04844983 Phase 2
ticle (STP705) noma in situ
Sirnaomics TGF-p1 and COX-2  Polypeptide nanopar- Hepatocellular Intratumoral injection NCT04676633 Phase 1

ticle (STP705)

carcinoma liver
metastases cholan-
giocarcinoma

DOPC, 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine; GSTP, glutathione-S-transferase P
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Fig.2 Graphical representation shows the number of publications on
oral siRNA delivery in each year

than its predecessor. Nearly 81,985 research articles were
published in a span of 10 years as multibillion dollar phar-
maceutical industries started investing in RNAi startups.
After nearly two decades of continuous research, siRNA-
based therapeutics like ONPATTRO® (Patisiran) and
GIVLAARI™ (Givosiran) were introduced by Alnylam
Pharmaceuticals to treat hereditary transthyretin (hATTR)
amyloidosis as well as acute hepatic porphyria (AHP)
respectively [33-35]. These US-FDA (US Food and Drug
Administration) and EC (European Commission) approved
drugs have implications on how siRNA technology can

be used to treat mutagenic disorders in the human body.
Properly strategizing delivery methods of siRNA can help
enable fight off cancer. The development of inorganic nano-
particles serving as drug carriers has made this procedure
much easier. This new direction for cancer treatment has
already been successful in reducing lung cancer, ovarian
cancer, breast cancer, liver cancer, prostate cancer, etc. as
referenced in Table 1. Already since 2020, more than 8280
articles have been published further increasing the scope of
siRNA research, and the number keeps increasing. And it is
only a matter of time till the numerous other RNAi-based
drugs and therapeutic approaches from the waiting list get
approved by US-FDA. Figure 3 represents a timeline for the
evolution of oral RNAI since its discovery.

In this review, we are focusing on the oral delivery of
RNAI. The above information gave us an idea about the
RNAI that could be used for cancer treatment. Now, we will
discuss how RNAi could be delivered orally. Oral delivery
is the most sought out means of administration for treat-
ments mainly because it can be self-administered, is easy
to transport, and has usability. However, a form of cure
for cancer orally was not prevalent until much later. The
journey of release drug delivery system was pioneered with
Spansule® back in 1952 [36], which utilized the control of
dissolution of the drug using a coating barrier that restricts
interaction with gastrointestinal fluids. From there onwards,
various other drugs were in development utilizing various
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Fig.3 Timeline for evolution
of some oral RNAi-mediated
therapeutics and their milestone

forms of release mechanisms like diffusion, osmosis, and
ion exchange. But up until the 1980s, all the drugs that were
formulated would work up to 24 h. Only after 1989 was
Lupron Depot® brought to the market as a poly lactide-co-
glycolide (PLGA)-based injectable that retains its thera-
peutic effects for up to 6 months subsequently began the
new era of PEGylation which brought in drugs like Doxil®,
Movantik®, Onpattro®, and many others, where the idea is
to attach the PEG (polyethylene glycol) to protein molecules
so that they can be prevalent in the bloodstream for a much
longer period [37, 38]. However, the downside to this form
of therapeutic treatments is these cause a reduction in effi-
cacy on successive uses.

Soon afterwards, the inclusion of nucleic acid-based
therapeutics entered the procedure because of its increased
possibilities and the ability to treat and repair numerous
genetic disorders and reduced complicacies with drug dis-
covery. Even though the world saw opportunities with non-
oral-based measures, there has not been much success with
oral-based nucleic acid drug delivery. The challenges mainly
reside in the biological barriers of the GI tract, resulting in
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a compromised therapeutic outcome. Taming nanoparticle-
based coatings is the key to overcoming these hurdles. Since
the 1990s, polymeric nanomaterials like PEI-based nanopar-
ticles have garnered much attention as it is known to interact
with negatively charged nucleic acids, improving cellular
internalization [39]. Jones et al. (1997) first delivered the
oral plasmid DNA with PLGA nanoparticle [40]. The first
successful oral siRNA was delivered by a group of research-
ers in 2009 for the suppression of systemic inflammation.
They entrapped the TNF-a siRNA within beta-1,3-D-glucan
particle [41]. Then began the development of PEI/siRNA
complexes to silence tumor necrosis factor a (TNFa) via oral
administration to treat inflammatory bowel disease or IBD
[42]. Ballarin-Gonzaélez et al. (2013) first proved that siRNA
loaded in chitosan nanoparticle can distribute in different
organs even 1 h after gavage whereas naked siRNA cannot
[43]. In search for nontoxicity and effective absorption in
the GI tract, researchers stumbled upon Chitosan-based NPs,
like oligonucleotide (ODN)-loaded chitosan-modified poly
(D,L-lactide-co-glycolide) nanospheres (CS-PLGA NSs) for
the treatment of ulcerative colitis (UC) [44]. Other notable
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researches on chitosan-based components included the oral
delivery of Map4k4 siRNA to treat dextran sulfate sodium
(DSS)-induced UC by galactosylated trimethyl chitosan-
cysteine (GTC/TPP) NPs [45].

Lipid-based nanoparticles also entered into the research
table due to its easy binding structure. This served as the
baseline for developing Lipofectamine™, which is mostly
used for gene transfection in laboratories [46], besides also
proving to be highly stable in gastrointestinal environments
making it suitable for oral delivery [47]. To date, this has
been the most used method of RNA-based drug delivery
coupled with other materials for oral administration.

3 Barriers in oral delivery

Successful delivery of siRNA is challenged by their own
physicochemical properties and various biological barriers
in the gastrointestinal (GI) tract [48, 49]. The focus is to pro-
tect the siRNA and maintain their stability from the route of
administration to the site of action and to transport through
the intracellular layer by avoiding the enzymatic degrada-
tion. siRNA is hydrophilic and negatively charged which
minimizes the membrane permeability [50]. The charge and
large size also affect the diffusion through intestinal layer.
To overcome this obstacle, the conjugation of siRNA with
bioactive and biocompatible molecule and the synthesis of
hydrophobic siRNA had been successfully reported [51].

3.1 Physiological properties of different parts
of the Gl tract

The gastrointestinal (GI) tract comprises of mouth, esopha-
gus, stomach, small intestine, and large intestine. Each of
these segments has its own properties and poses as a barrier
in a different way. Oral cavity has been a popular site of
the local delivery of drugs. The esophagus does not con-
sider as ideal drug delivery place due to first transition time.
The stomach on the other hand is a place of drug degrada-
tion. Low pH, thick mucus layer (50-140 um), and gastric
enzyme make the stomach unfavorable for oral delivery [52].
The retention time however depends on the gastric empty-
ing. For delivering any drug in the stomach, it needs to be
stable in low pH to prevent enzymatic degradation and pass
through the thickest mucus layer of the GI tract [53]. The
mucous layer is very viscous, and it has a net negative charge
due to the presence of sulfate and sialic acid which prevents
the diffusion across the layer.

The small intestine is considered the most favorable site
for drug absorption due to its long retention time, exten-
sive surface area, high epithelial permeability, and sys-
temic absorption. Especially in Peyer’s patches (a lymphoid
system in the small intestine), there is less mucous layer

which favors the absorption of hydrophobic molecule [54,
55]. However, the intestinal enzyme and mucus layer hinder
the absorption. Large intestine residence time is up to 20 h;
however, the fecal matter and bacteria create problem in suc-
cessful drug delivery.

3.2 Mucus layer as a barrier for RNAi-based oral
therapeutics

The mucus layer is a protective layer for the underlying
mucus membrane of the eye, respiratory tract, stomach,
and genital tract. The mucus layer protects the mucosa from
hydrochloric acid of the stomach, pathogens, or other foreign
particles and also presents as a barrier for the diffusion of
drug or drug carrier. It also acts as a lubricant and maintains
the moisture of the GI tract. Mucus is mainly composed of
water (90-95%) and mucin (2-5%) [54]. Mucin is a high
molecular weight glycoproteins responsible for forming an
entangled network and gives the gel-like properties to the
mucus [56]. There are two layers of mucus over the epi-
thelium, adjacent adherent mucus and upper loose mucus
layer [57]. Mucus is secreted continuously from the gob-
let cell and mucous cell in the intestine and the stomach,
respectively [58]. The continuous degradation and shedding
of mucus along with peristalsis movement of the GI tract
depict a dynamic barrier for the drug. To overcome this
barrier, the drug has to be diffused upstream to reach and
cross the epithelium. In addition, the shear-thinning proper-
ties of mucous enable the upper layer of mucus to coat and
lubricate the intestinal content and form a slippage plane
[54, 59]. The mucin network forms a mesh-like filter for the
larger molecules (mesh size 100 to 2000 nm, depending on
the body part). For the particle larger than the mesh size,
it presents as a barrier and hinders their passage through
the mucus (Fig. 4). The unstirred water layer and viscosity
also contribute to the steric properties of the mucus barrier.
Though the steric barrier does not affect the particle smaller
than the mesh size, it can get constrained by the interactive
filter where the particles bind with the different components
of mucus and get trapped [60]. The polyanionic mucin acts
as an interactive filter for the negatively charged DNA and
bacterial polysaccharide [61, 62]. Furthermore, the hydrogen
bonds from the carbohydrates produce ionic interaction and
polyvalent bond with the particle and prevent diffusion [56,
59, 63].

3.3 Enzymatic degradation as a barrier
for RNAi-based oral therapeutics

Biological compounds undergo enzymatic degradation
in the GI tract by proteases. Nucleic acid compounds like
siRNA get degraded by nuclease (Fig. 5). Nuclease is an
essential enzyme for DNA repair, DNA replication, base
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Fig.4 Illustration of mucus
layer as a barrier for drug
delivery. Positively charged,
hydrophilic small molecule can
diffuse through mucus layer

to get absorbed through the
epithelium. Large molecule can-
not pass the mucus barrier due

to steric barrier. Furthermore, a . 00
molecule of any size can inter- e
act with different components
of mucus and get trapped there.
Both naked siRNA and siRNA
loaded in carrier must pass the
mucus barrier to enter the epi-
thelium. The image was adapted
from “Drug Diffusion Through
Mucus Barriers” BioRender.
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Fig.5 The scheme shows how nuclease enzyme breaks down the
naked siRNA. However, nanocarrier or chemical modification can
prevent the payload of siRNA from enzymatic degradation

excision repair, and mismatch repair mechanism. Nucle-
ase enzyme is also capable of breaking the phosphodiester
bond of nucleic acid. Nuclease and nucleosidases are the
nucleic acid-degrading enzyme, secreted from the pan-
creas. It was found in a study that plasmid DNA is com-
pletely degraded in a diluted GI fluid [64]. To avoid the
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Epithelium

breakdown, the physicochemical characteristic of siRNA
needs to be changed, or it needs to be delivered with a car-
rier that can prevent the degradation by nuclease enzyme
[65]. For instance, siRNA has been modified with 2'-flouro
(2'-F) pyrimidines to increase the plasma half-life of sSiRNA
in mice plasma [66]. Another study reported that 2'-O-MOE-
modified oligonucleotides were stable in rat duodenum for at
least 8 h; however, the plasma concentration was only 0.3 to
5.5% compared to intravenous administration [67].

3.4 Barriers for cellular internalization

Another challenge for siRNA molecule faces is the uptake
by intestinal epithelium and reaching the circulation. The
brush border of the intestine presents a large amount of
polar carbohydrates and charged amino acid side chains
which provides a high negative charge to the microvilli at
the enterocytes [68]. As siRNA is also negatively charged,
the enterocyte repulses the siRNA molecule which makes it
harder to attach with the cell. Even if siRNA overcomes the
repulsion, the hydrophilic nature of it permeates the lipo-
philic phospholipid bilayer of enterocytes. After crossing
all those barriers, nucleic acid reaches the intestinal epithe-
lium. There are four general pathways that are being utilized
to facilitate the absorption [69]: (i) transcellular pathway
(through epithelial cells), (ii) paracellular pathway (between
adjacent cells), (iii) transcytosis and endocytosis, and (iv)
lymphatic absorption through M-cells of Peyer’s patches.
siRNA-based therapeutics <5 kDa can be transferred
through paracellular pathway, where if the mass is more than
that then endocytosis is the only option. In the endocytosis
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process, cells engulf the molecule and form endosome, and
the molecule is delivered via endosome to the lysosome for
degradation with lysosomal enzyme (Fig. 6). Thereafter, it
goes to the Golgi apparatus for processing, or some of it goes
back to the plasma membrane [70-72]. One of the major
advantages of using siRNA as a therapeutic is that they work
within the cytoplasm; therefore, it is not required for them
to cross the nuclear barriers. In addition, if it successfully
passes all the barriers, it goes under first-pass metabolism.

4 Carriers for oral delivery of siRNA

Naked siRNAs are comparatively less stable in the blood-
stream (degradation by endogenous enzymes) compared to
the packaged one. The possible reasons are immunogenic
in nature and not permissible to cells through membranes
due to the larger size (~13 kDa) as well as the high nega-
tive charge [73]. A suitable carrier enables the delivery of
siRNA to the target cells to achieve the optimal silencing
effect of the specific gene of interest. Due to their high trans-
duction efficiency, viral vectors such as adenoviruses, herpes
simplex-1 viruses, retroviruses, and lentiviruses are widely
used as RNA carriers. However, viral vectors have the chal-
lenges like immunogenicity—the possibility of an immune
response, which could neutralize the viral vector and thus
limit the delivery, off targeting due to broad viral tropism,
toxicity, mutagenesis, patient’s compliance, bulk production
constrains, and high cost. Whereas, non-viral biomaterial-
based gene delivery vectors offer the advantages such as spe-
cific targeting possibility, ease of production, safer profile,

Fig.6 The mechanism on

how siRNA enters the cell by
endocytosis and forms endo-
some. The endosomal content
gets degraded by the lysosomal
enzyme, and it then goes to

the Golgi network for process- o %
ing. The image was adapted Lysosome A \
from “Cellular Environment \_/
(Background)” BioRender.com — Early
(2022). Retrieved from https:// endosome
app.biorender.com/biorender- Late

endosome

templates

greater loading capacity, low cost, higher production yield,
and repeated administration capability [74, 75]. Two dec-
ades after the discovery of RNAI, some of the siRNA thera-
peutics, for instance, Onpattro (patisiran), have gotten FDA
approval and are now used in clinics [76, 77]. In this review,
we will discuss the emerging application of non-viral vector
in RNAI delivery, in vitro and in vivo.

Major non-viral siRNA vectors such as inorganic nano-
materials, polymeric nanomaterials, dendrimers, micelles,
liposomes, hydrogels cationic lipids, and peptides are dis-
played in Fig. 7. To activate the RNAi pathway and knocking
down the gene, the siRNA must cross all the barrier and go
into the specific site of action. To achieve that expected ther-
apeutic outcomes, the siRNA needs to be delivered either by
chemical modification or with any carrier. Systemic delivery
of siRNA, especially with cholesterol conjugates, liposomes,
and polymer-based nanoparticle approaches, has also been
widely explored with moderate success.

4.1 Nanoparticle as a RNAi carrier

The siRNA-based targeted therapy started in the early 2000s
and introduced solution to the concerns such as low intra-
cellular uptake, limited stability, and non-targeted immune
stimulation. Ligand-targeted nanoparticle delivery systems
combining multiple functions improved the drug delivery
scenario [78]. Nanocarriers facilitate longer blood reten-
tion time, stability, cell penetration property, target-specific
delivery, pH-sensitive release, and prevent intracellular
endosomal uptake. Organic nanocarriers are biocompat-
ible, biodegradable, stable, and non-immunogenic in nature.
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Fig.7 The scheme displayed major carriers that have been used and
considered a potential vehicle for RNAi delivery

They include liposomes, micelles, dendrimers, polymeric
nanoparticles, and carbon nanomaterials (graphene, carbon
nanotubes, and fullerene). Polymeric nanocarriers include
both natural polymers and synthetic polymers [79].

4.1.1 Liposomes as a RNAi carrier

Consideration of lipid as carrier for RNAI has received huge
attention recently due to the FDA approval of mRNA-based
COVID-19 vaccine along with many other promising out-
comes as reported recently. Lipid nanoparticles are used in
RNAI delivery due to the protective effect from degradation,
biocompatibility, enhanced cellular uptake, and controlled
release capability. To address the non-specific delivery,
targeting ligands like folate, transferrin, peptides, oligosac-
charides, monoclonal antibodies, and aptamers could be
incorporated into the lipid nanoparticles [80]. Liposomes are
excellent drug carriers (40-500 nm in size) which are made
of natural or synthetic lipids and surfactants. The presence
of a lipid membrane and aqueous core enables them to carry
both lipophilic and hydrophilic agents, and its morphology
mimics the cell membrane in nature. Liposomes offer excel-
lent gene transfer possibilities with genetic materials such
as DNA, ribozymes, DNAzymes, aptamers, (antisense) oli-
gonucleotides, and siRNAs [81]. Depending on the avail-
ability of various phospholipids and intercalating molecules
also surface modification with PEG, numerous liposomes
could be designed with desired composition, size, surface
charge, and morphology to improve the delivery process and

@ Springer

imaging purposes. Phagocytic uptake and cellular membrane
adhesion and fusion are the predominant uptake mecha-
nisms of liposomes [82, 83]. With dramatic progress in the
recent year, numerous liposomal siRNA delivery systems
like ALN-VSPO2 (targeting KSP and VEGF genes), siRNA-
EphA2-DOPC (targeting EphA2 gene), Atu027 (targeting
PKN3 gene), ALN-PCSO02 (targeting PCSK9) are in clinical
trials [84].

Liposome structures for siRNA are mainly of four
types—Ilipoplexes, stable nucleic-acid-lipid particles
(SNALPs), lipopolyplexes, and membrane/core nanoparti-
cles (MCNPs). Lipolexes are multilamellar structures made
of cationic liposomes, where siRNA is embedded between
lipid bilayers. Commercial liposomes like Lipofectin, Lipo-
fectamine, and LipoRNAIMAX form efficient lipoplexes.
SNALPs are neutral in surface charge, and the lipids used
are sensitive to acidic pH.

Lipopolyplexes are liposomes containing polyplexes (cat-
ionic polymer/siRNA complexes). The core—shell structure
of MCNP has a solid core made of one or more inorganic
porous nanoparticles (calcium phosphate or silica) and
lipid bilayer as the shell. For the siRNA transfer, cationic
liposomes are used widely; DOTMA and DOTAP poly-1-
lysine, PEI, and poly(2-(dimethylamino)ethyl methacrylate)
are the most used lipids in siRNA delivery. However, anionic
lipids and neutral lipids are also tested in siRNA delivery
where neutral liposomes showed excellent tumor accumula-
tion and endosomal escape with improvable siRNA delivery.
Which clearly indicate the role of surface charge of the car-
rier systems in siRNA delivery [84, 85].

Another tumor-targeted siRNA delivery by a nanoscale
quaternary polyplex (NQP) is developed with a core—shell
structure, which has an ATP-responsive core with a pH-
responsive shell. The introduction of siSTAT3-loaded NQP
to tumor-bearing mice and the ex vivo fluorescence imaging
analysis confirmed the tumor accumulation of the nanosys-
tem. Also, further analysis methods have been established
the effective gene silencing and tumor growth inhibition
[86]. PEG modification can improve the systemic stability
of siRNA lipoplexes. In an in vitro gene silencing investiga-
tion on lung cells, regardless of the PEG-derivative type,
the PEGylations of cationic liposome/siRNA complexes
displayed enhanced systemic stability without losing trans-
fection activity [87]. In another investigation, six nanoli-
posomes made of different cationic lipids were tested in vitro
and in vivo for cellular delivery functions in lung cells/tis-
sues using myeloid cell leukemia sequence 1-specific siRNA
(siMcll). Cationic lipids were used including 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), 1,2-di-O-octa-
decenyl-3-trimethylammonium propane (DOTMA), and
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EDOPC).
The different nanoliposomes showed comparable siRNA
delivery efficiency in vitro; however, in vivo pulmonary
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cellular delivery functions of the fluorescent nanoliposomes
exhibited differences. The ECL nanoliposomes made of
cationic dioleoyl-sn-glycero-3-ethylphosphocholine and
cholesterol exhibited the lowest cytotoxicity in vitro and the
highest pulmonary cellular delivery in vivo. Compared to the
naked siRNA, the siRNA in ECL nanoliposomes showed a
26-fold increased delivery efficiency and remarkable silenc-
ing effect on overexpressed lung tissue proteins [88, 89].

In 2013, the lipid nanoparticle was first used for siRNA-
mediated non-cytotoxic gene silencing in intestinal epithe-
lium. They proved that lipid nanoparticles increase the cel-
lular uptake and prevent the pH degradation of siRNA [90].
Later, the same group of researchers delivered the siRNA
loaded in lipid nanoparticle in mice. It showed that lipid
nanoparticle can retain in the mice intestine for at least 8 h
after delivery [91]. Lipidic aminoglycoside derivatives are
utilized in the oral delivery of extra cellular miRNA in mice
models for introducing epigenetic manipulations under stress
[92]. Likewise, lipidic aminoglycoside derivatives were also
used for the oral delivery of breast milk miRNA for young
rat models [93]. In the case of dietary miRNA, the absorp-
tion process is dependent on systemic RNA interference
defective protein 1 (SID-1), which helps the transport of
exogenous RNA to the cytoplasm [94].

4.1.2 Micelles as a RNAi carrier

Micelles are self-assembled, core—shell structured colloidal
nanoparticles with a size range of 5-100 nm, made of block
copolymers with hydrophilic and hydrophobic groups [95].
Micelles are intelligent gene delivery systems and support
siRNA delivery in anticancer therapies. For the targeted
delivery of siRNA to BxPC3 pancreatic cancer cells, an
antibody fragment (Fab')-installed polyion complex (PIC)
micelles was designed using block copolymer of azide-func-
tionalized poly(ethylene glycol) and poly(l-lysine). The flow
cytometric analysis displayed binding affinity of the micelles
to the cells, penetrability, cellular internalization process,
and gene silencing effect [96]. Similarly, The in vitro flow
cytometry analysis of FITC labeled siRNA-PLGA hybrid
and Fab’'-PLGA hybrid micelles, displayed high permea-
bility, and targeted accumulation in CEMx174 lymphocyte
cells [97]. Another siRNA carrier for colon cancer treatment
was prepared by modifying mPEG-PCL micelle with cati-
onic DOTAP lipid, which showed inhibition of the growth
of C26 colon cancer cells in vitro and in vivo tumor models
[98]. Bile acid derived cholic acid -based block copolymers
created mixed micelles with high siRNA loading, which
showed improved cell uptake with excellent siRNA trans-
fection in HelLa and HeLLa-GFP model cells [99]. A choles-
terol-modified chitosan based micelle was utilized for the
delivery of curcumin and siRNA towards A549 human lung
cancer cells, which showed excellent cellular uptake by the

clathrin-mediated endocytosis [100]. Another synergistic
delivery system was developed by Shi et al., where a pH
sensitive triblock copolymer micelle was created for the co-
delivery of siRNA and paclitaxel to tumor cells [101].

Micelles are excellent carriers for oral delivery. Micelles
have been widely used for oral drug delivery like differ-
ent small molecules, insulin, and siRNA [102, 103]. Han
et al. reported that zwitterionic micelle mimics a virus like
structure and enables it to cross the mucus layer and epithe-
lial tight junction of the GI tract. They reported >40% oral
bioavailability of insulin with zwitterionic micelle [104]. A
group of researchers in Japan delivered anti-RelA siRNA
orally with a multifunctional peptide carrier (CH2R4H2C)-
modified methoxy polyethylene glycol-polycaprolactone
polymer micelles (MPEG-PCL-CH2R4H2C). They found
for the treatment of IBD. They found improved delivery of
MPEG-PCL-CH2R4H2C/siRNA to mice colon compared
to naked siRNA. siRNA loaded with micelle had better cell
internalization, did not degrade the harsh pH, and was not
toxic to the healthy cell [105]. Micelles have a great poten-
tial to be used as carriers for oral delivery in other GI cancer
or any other cancers.

4.1.3 Dendrimers as a RNAi carrier

Dendrimers are self-assembling nano-sized molecules with
a symmetric core, an inner shell, and an outer shell. The
exhibit features like low cytotoxicity, polyvalency, electro-
static interactions, ease of surface modification, chemical
stability, and water solubility which makes them excellent
carriers for siRNA delivery [106, 107]. Ruthenium-based
carbosilane-based metallodendrimers are investigated as
anticancer siRNA carriers in HL-60 cells [108].
Poly(amidoamine) (PAMAM) dendrimers are extensively
used in anticancer applications with its surface and internal
modifications enabling the increase in cell specificity and
transfection efficiency with the least cytotoxicity towards
healthy cells [109]. PAMAM dendrimers with a high den-
sity of cationic charges display electrostatic interactions with
nucleic acids (DNA, siRNA, miRNA, etc.), creating dendri-
plexes that can preserve the nucleic acids from degradation.
These dendrimers are also efficient for the co-delivery of
drugs and genes [110]. Co-delivery of siRNA and curcumin
was investigated by polyamidoamine (PAMAM) dendrim-
ers—PAMAM-Cur/Bcl-2 siRNA with ~82 wt% of curcumin
loading. When compared with curcumin or siRNA alone,
the dendrimers displayed a more efficient cellular uptake
and tumor cell proliferation inhibition towards HeLa cell
lines which showed the synergistic effect of these dendrim-
ers [111]. Nuclear factor erythroid 2-related factor 2 (Nrf2)
is the transcription factor regulating antioxidant and cyto-
protective gene expressions and plays a critical role in cancer
progression. Cisplatin is an anticancer drug widely used in

@ Springer



708

Cancer and Metastasis Reviews (2023) 42:699-724

different cancers. Nrf2 has the ability to surpass the chemo
resistance of bladder cancer cells and thus make them acces-
sible to the treatment, so siRNA targeting the Nrf2 gene
is loaded to the nano-micelles and tested in human kidney
HK-2 cell to evaluate the drug response in the cancer cells
[112].

Another multifunctional anticancer siRNA delivery sys-
tem was developed by using superparamagnetic iron oxide
nanoparticles and Poly(Propyleneimine) generation 5 den-
drimers with cisplatin. PEG coating and LHRH peptide
enabled the serum stability and specific targeting to cancer
cells, respectively [113]. Similarly, for the delivery of Hsp27
siRNA to PC-3 prostate cancer cells, PAMAM dendrim-
ers with a triethanolamine core are developed. The Hsp27
siRNA focus on the specific gene silencing of heat-shock
protein 27, for castrate-resistant prostate cancer therapy.
The Hsp27 gene silencing leads to the induction of caspase-
3/7-dependent apoptosis and PC-3 cell (in vitro) growth
inhibition [114].

Another PMAM 4th generation dendrimer for breast
cancer therapy was developed with methotrexate (MTX)
for the targeted delivery of siRNA to suppress high mobil-
ity group protein A2 (HMGA2)—a transcription factor
related to progression. HMGA?2 siRNA was electrostati-
cally adsorbed on the dendrimers and effectiveness on folate
receptor-expressed breast cancer cell lines such as MCF-7,
and MDA-MB-231 was assessed. The delivery of siRNA
and MTX from the dendrimers by smart release (pH and
time-dependent manner) demonstrated cell internalization
and gene silencing effects [115]. Dendrimers have been
extensively researched for successful gene delivery however
oral gene delivery with dendrimers is yet to be explored.
PAMAM dendrimers are an ideal component for oral drug
delivery as well, due to their ability to translocate through
Gl epithelium [116]. Dendrimers are one of the best delivery
cargo for oral nucleic acid delivery [117]. This area of RNAi
delivery needs more research.

4.1.4 Other nanomaterials as RNAi carrier

The other major nanomaterials used in siRNA transfer are
polymeric nanomaterials, metal/metal oxide nanoparticles,
and carbon nanomaterials.

Polymer nanomaterials-based siRNA delivery systems
along with chemical drugs are used in various anticancer
therapies successfully. The promising features of mTOR
siRNA against lung cancer are limited by its poor stability in
biological conditions. Synthesis of a modified-poly (amino-
ether) (mPAE) polymer encapsulation of the mTOR siRNA
created stable and bio-reducible nanoparticles which is capa-
ble of gene knock down and inducing apoptosis in A549 and
H460 lung cancer cells [118]. Based on electrostatic inter-
actions, various cationic polymers are used in the efficient
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delivery of siRNA. For example, nylon 3 copolymers were
used for the successful delivery of siRNA to glioblastoma
cells. These carriers exhibited high transfection efficiencies,
excellent cell internalization, protein knockdown capacities,
less cytotoxicity, and significant cellular tolerability [119].
To improve the colloidal stability of the cationic polymer-
based nanodelivery system, photocrosslinked bioreducible
nanoparticles (XbNPs) are incorporated with them. These
carriers have ester bonds, which dissociate by hydrolytic
degradation for the intracellular environmentally triggered
delivery of RNA for systemic delivery approaches. When
tested in both glioma and melanoma cells in high-serum
conditions, these XbNPs exhibited enhanced gene knock-
down compared to the non-crosslinked delivery systems.
The analysis on a metastatic melanoma model with colo-
nized lung tumors displayed the selective accumulation of
the nanosystem and safe in vivo delivery of the siRNA [120].

Similarly, to treat gastric cancer stem cells (CSCs), a
dual targeting system was developed using CSC-targeting
glioma-associated oncogene homolog 1 (G/il) siRNA nano-
particles and an intrinsic ligand of the CD44 receptor. From
the in vitro and in vivo evaluations, the targeting Glil siRNA
nanoparticles were specifically targeted towards the tumor
tissue and selectively eliminated gastric CSCs, and subse-
quently displayed higher therapeutic efficacy [121].

For glioblastoma (GBM) treatments, multiple siRNA
nanopolymeric systems have been found effective. Nano-
particle formulations with different siRNA targeting anti-
glioblastoma genes such as Robol, YAP1, NKCC1, EGFR,
and survivin were tested with the results in terms of GBM
cell death, reduction in GBM migration and suppressing
tumor progression [122].

A different siRNA delivery system for inhibiting vascu-
lar endothelial growth factor receptor-2 (VEGF R2) expres-
sion was designed with self-assembling nanoparticles. This
polyethyleneimine (PEI) and PEGylated-based nanosystem
had an Arg-Gly-Asp (RGD) peptide ligand for targeting the
tumor overexpressed integrins enabling targeted delivery
of siRNA. In vivo mouse model studies exhibited tumor-
specific uptake, inhibition towards tumor angiogenesis,
and tumor growth [21]. In 2022, oral Ephb4 shRNA was
delivered with inulin-coated Mn;O, nanocuboids in Apc
knockout colon cancer mice model. The study concluded
that inulin-coated Mn;O, protects the siRNA from degrada-
tion in intestinal milieu, does not change the property, and
produces a therapeutic effect. It also showed pH-responsive
and dual MRI contrast imaging properties [123].

4.1.5 Metal and carbon nanoparticles-based carriers
Metal, metal oxide, and carbon nanomaterials are exten-

sively used for siRNA delivery towards cancer treatment.
Gold nanoparticles are one of the mainly used as a carrier
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system in various siRNA delivery investigations. The bio-
compatibility, photo thermal potential, and bioimaging
capacity makes them excellent diagnostic and delivery sys-
tem [124-126]. Although gold nanoparticle has yet no been
used in oral RNAI delivery, it has been used in oral delivery
of recombinant insulin [127, 128]. Similarly, carbon nano-
materials such as graphene, graphene oxide, activated car-
bon nanoparticles, carbon dots, and carbon nanotubes also
play a key role in siRNA delivery [129-132]. Furthermore,
metal oxide nanomaterials such as manganese oxide, iron
oxide, silica, and metal-organic frameworks such as also
productively used for gene therapy using siRNA. Despite
the siRNA carrier capacity, metal oxide nanomaterials have
phototherapy and imaging potential due to their magnetic
properties which enable them to be good bioimaging tools
for magnetic resonance imaging and combination therapy
for theranostics applications [133—136]. Researchers have
used polyethyleneimine (PEI)-modified magnetic Fe;0,
nanoparticles to deliver the oral Bcl-2 siRNA for oral can-
cer treatment [137].

4.2 Nanogel based carriers

Nanogels are nano-sized hydrogel-like polymeric materi-
als with characteristic properties of both nanoparticles and
hydrogels. The small size facilitates the interaction of nano-
gels with cells in a specific manner which supports the inter-
nalization, and the crosslinked polymer networks enable the
functionalization or integration of various therapeutics. By
altering the chemical composition, the features of nanogels
such as size, charge, porosity, amphiphilicity, and smooth-
ness can be changed. Nanogels can be also modified as stim-
uli-responsive materials which could trigger the release of
therapeutics depending on the change in temp or pH [138].

Considering the cytocompatibility, stability, and trans-
fection efficiency, stimuli-responsive nanogels are excellent
candidates for siRNA transfer [139]. Another nanogel was
made of self-assembled cholesterol-bearing cycloamylose
with spermine group for the delivery of vascular endothe-
lial growth factor (VEGF)-specific short interfering RNA
(siVEGF) for treating renal cell carcinoma (RCC). This
nanogel was up-taken by the endocytotic pathway, result-
ing in efficient knockdown of VEGF leading to reduction of
neovascularization and interleukin production also inhibited
tumor progression [140]. Polyaspartic acid-derived amphi-
philic cationic polymers derived nanogel has shown impres-
sive result to deliver oral gene delivery in gut disease [141].
TNF-a targeting siRNA was delivered orally through poly-
cationic 2-(diethylamino)ethyl methacrylate-co-tert-butyl
methacrylate (DEAEMA-co-tBMA) nanogels (~100 nm
diameter) for the treatment of inflammatory bowel disease
[142], which creates the opportunity to use other different
RNA:I orally for GI cancers.

4.3 Nanofiber as a RNAi carrier

Nanofibers are polymer fibers with a diameter of less than
1000 nm, created mostly by electrospinning, a technique
applying a strong electric field. The polymer solution is
prepared and filled in a syringe and allowed to pass through
the needle at a specific flow rate. Depending on the electro-
static force created, the polymer forms a jet and fixes on the
electrically charged surface created by nanosized fibers. The
nanofiber size depends on the polymer composition, solvent,
viscosity of the polymer, needle size, electric charge, evapo-
ration rate, etc. The properties of nanofibers depend on the
polymer, solvent, and additives; the properties of nanofibers
also vary [143]. Nanofibers are made of natural polymers,
synthetic polymers, carbon-based materials, semiconducting
materials, and composite materials. Nanofibers are used in
as medical applications (e.g., drug delivery, wound dress-
ing, tissue engineering, regenerative medicine), energy
applications (battery, fuel cell, super capacitors, solar cells,
hydrogen storage), environmental remediation, and water
treatment [144]. Nanofibers made of natural polymers have
excellent biocompatibility and less immunogenicity, and
nanofibers made of synthetic polymers have good flexibility
and great functionalization possibility, which makes them
perfect candidates for medical applications. High surface
area, good drug loading efficiency, porous nature, con-
trolled drug release capability, and the possibility to tailor
the matrix properties are the major advantages of nanofibers
in drug delivery [145].

In cancer research, nanofibers are conjugated with anti-
cancer therapeutics for controlled release. Additionally,
nanofibers are also used in combinatorial therapy, can-
cer diagnosis, construction of in vitro 3D cancer model,
and engineering of the bone microenvironment in cancer
metastasis [146]. Nanofibers incorporated with proteins
and nucleic acids for therapeutic or diagnostic purposes
include hormones, growth factors, enzymes, antibodies,
and nucleic acids (plasmid DNA, DNA fragments, RNA)
[147].siRNA-based gene silencing is successfully imple-
mented using made of collagen, chitosan, and mesoporous
silica nanofibers [148—150]. A tumor-targeted therapy inte-
grated system for the delivery of siRNA using nanofibers
is developed by Yang et al. for cancer treatment. The com-
bination of siRNA with a peptide-conjugated-AlEgen (FC-
PyTPA) created FCsiRNA-PyTPA. When introduced to the
tumor region, in presence of MMP-2, the system cleaved to
2 units as FCsiRNA and PyTPA and internalized in cells
by macropinocytosis and caveolae-mediated endocyto-
sis respectively. The in vitro in vivo analysis proved that
self-assembled nanofibers enable lysosomal disruption and
protect siRNA for further gene silencing. This multimodal
cancer therapy enhances the therapeutic efficiency of the
individual unit by gene interference of the siRNA and ROS
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production to the tumor cells by PyTPA [151]. A localized
anticancer system was developed using chromium-doped
zinc gallate nanofibers surface modified with gold nanorods
in combination with hTERT siRNA. Gold nanorods enabled
the photo thermal effect and thus the release of siRNA to the
cytoplasm and thus the improved transfection efficiency for
which enhances the gene silencing effect up to 65%. In vitro
anticancer assays on HEpG?2 showed excellent biocompat-
ibility, whereas western blots and qPCR analysis displayed
good gene silencing efficiency [152].

Electrospinning nanofibers have great potential for oral
small and large molecule delivery. Researchers stated that
double-layered electrospun nanofiber composed of Eudragit
and chitosan has the properties of sustained release of
recombinant human growth hormone delivered to heal oral
mucositis [153]. Researchers have used self-adjuvanting
peptide nanofiber—CaCO; composite microparticles for oral
vaccine delivery [154].

4.4 Polysaccharide as a RNAi carrier

Biocompatibility, biodegradability, and low immune
response are the attracting features of natural polysaccha-
rides as a delivery system. Chitosan, hyaluronic acid, and
cyclodextrin are some of the excellent examples of natu-
ral polysaccharides used as siRNA delivery systems. The
nano state of polysaccharides displayed enhanced tissue
absorption, low immunogenic responses, extended siRNA
residence time, improved cellular internalization, and also
targeted siRNA transport. Depending on the charge of the
polysaccharide, the interaction with siRNA differs, e.g.,
chitosan is positively charged, and the strong electrostatic
interactions protects siRNA from degradation, but limits the
release time. Other challenges are low stability at physiolog-
ical pH, weak buffering capacity, and lack of cell specificity.
Whereas, hyaluronic acid is anionic polysaccharide, which
requires cationic components for the efficient interaction
with siRNA yet has the potential for the specific delivery
of siRNA to tumors. It shows better stability, low protein
adsorption, and targeting capacity. Cyclodextrin is a cationic
polymer with lasting biocompatibility, lack of immune stim-
ulation, and the great resistance to degradation by human
enzymes [152, 155]. The effective delivery of siRNA with
therapeutics using chitosan and hyaluronic acid encourages
the use of biopolymers for both in vitro and in vivo applica-
tions with promising anticancer gene silencing effects [156,
157]. An siRNA system targeted to Bcl2 oncogene was
developed by the combination of chitosan and hyaluronic
acid utilizing a cancer stem cell marker CD44 for treating
bladder cancer. The fast cellular up taking capacity enabled
chitosan as the gene carrier, whereas CD44 the cell surface
transmembrane glycoprotein acted as the biomarkers for tar-
geting siRNA into T24 bladder cancer cells by hyaluronic
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acid dialdehyde ensuring resistance to protein adsorption
and prolonged circulation time. The in vivo experiments of
the nano-system on a xenograft mice model showed target
accumulation, inhibition of the targeted oncogene, and tumor
growth suppression with no apparent organ toxicity. The in
vitro and in vivo evaluations of the nano-system made of
natural macromolecules displayed enhanced stability, high
siRNA encapsulation efficiency, and low cytotoxicity, which
is recommended for clinical application due to the ease of
synthesis and high biological safety [158].

4.5 Potential of mucoadhesive materials for RNAi
oral delivery

Mucoadhesive drug delivery is targeted directly to that
mucus layer either to adhere or lyse the mucous layer.
Mucoadhesive drug delivery is a popular drug delivery tool
to deliver the drug to the GI tract. It interacts with the mucus
layer of the epithelial cell of the intestine and increases the
retention time drug. As a result, it increases the plasma
half-life and therapeutic effect. Though mucoadhesive drug
delivery system has been developed for oral, buccal, vagi-
nal, nasal, and rectal for both local and systemic effect, it
is mostly used in the disease of GI tract disease where the
drug needs to be in the site for longer period of time [169,
170]. Several peptide, hormone, hydrophilic molecules have
been delivered with mucoadhesive polymer to increase the
residence time, increase permeation, owing hydrophilicity,
large molecular weight, and enzymatic barrier [169, 171].
There are several theories to explain the mucoadhesive bind-
ing [172]. In a nutshell, (1) the wetting theory where it cal-
culates the contact angle and spreading coefficient (S}) to
measure the adhesiveness, (2) the electrostatic theory, (3)
the diffusion theory where the polymeric chain of the bio
adhesive interpenetrates the glycoprotein mucin chain, (4)
adsorption theory, and (5) fraction theory of adhesion [170,
173-176]. Mucoadhesive polymers have various hydrophilic
groups like hydroxyl, carboxyl, amide, and sulfate [177].
With the help of these molecules, the polymers get attached
with the mucus layer by the above-mentioned theories. The
hydrophilic groups also help to get swelling of the molecules
in contact with water and make the molecules exposed to the
maximum adhesive site [178]. There are several mucoad-
hesive polymers that have been studied for oral drug deliv-
ery like PEG (polyethene glycol), PVA (polyvinyl alcohol),
PAA (polyacrylic acid), PHEMA (poly hydroxyethyl meth-
acrylate), chitosan, hydroxyethyl cellulose, hydroxypropyl
cellulose, hydroxypropyl methylcellulose, methyl cellulose,
glucan particle, hyaluronic acid, alginate, and poly-I-lysine
[170, 179, 180]. Table 2 summarizes the oral siRNA deliv-
ery mostly for cancer treatment.
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Table 2 The table summarizes the oral siRNA delivery

siRNA Target gene Carrier Disease Route Ref
Akt2 siRNA Akt2 AuNP-glycol chitosan— Colorectal liver metastasis  Oral [159]
taurocholic acid nanopar-
ticle (AR-GT NPs)
siVEGF and survivin Vascular endothelial Galactose-modified trime- Hepatoma Oral [160]
shRNA growth factor (VEGF) thyl chitosan-cysteine
and survivin (GTC)
EGEFR siRNA Epidermal growth factor ~ Chitosan-coated lanthanum Colorectal cancer Intestinal installation [161]
receptor phosphate nanoparticles
STAT3 siRNA STATS3 protein Folic acid conjugated Colon cancer Oral capsule [162]
chitosan and alginate
nanoparticle
mTERT siRNA Telomerase reverse tran- N-((2-hydroxy-3-trimeth- ~ LLC xenograft mice model Oral [163]
scriptase ylammonium) propyl)
chitosan chloride nano-
particles
MDRI1 siRNA Multi-drug resistance Hyaluronic acid-coated Oral squamous cell carci-  Oral [164]
protein 1 mesoporous silica nano- noma
particles
AKT siRNA AKT Hyaluronic acid-tauro- Colorectal liver metastasis  Oral [165]
cholic acid nanocomplex
BCL2 siRNA B-cell lymphoma-2 Polyethyleneimine (PEI)-  Oral cancer Oral [137]
modified magnetic
Fe;0, nanoparticles
miRNA365 antagomir IL-1B, IL-6, and TNF-« Yeast cell wall particle- Post-traumatic osteoarthri- Oral [166]
mediated nanotube tis (PTOA)
Survivin short hairpin Survivin Chitosan—histidine— Hepatoma Oral [167]
RNA (shRNA) cysteine (Amino Acid
modified Chitosan
shRNA CTNNBI (catenin p-1) Escherichia coli Colon cancer Oral [168]
siRNA Anti-RelA siRNA MPEG-PCL-CH2R4H2C  Ulcerative colitis Oral [105]
siRNA Lipid nanoparticle In vitro gene silencing in ~ Oral [91]
colon cancer cell line
shRNA Ephb4 Inulin-coated arginine sta- Colon cancer Oral [123]

bilized manganese oxide
nanocuboids (MNCs)

4.5.1 Chitosan as a mucoadhesive carrier for oral RNAi
delivery

Chitosan is a widely used biomaterial for mucosal drug
delivery due to its muco-permeable and mucoadhesive
properties[181, 182]. Several review papers have described
the use of chitosan polymer in the oral delivery of RNAi
or siRNA [181, 183]. Chitosan is a naturally occurring
cationic polysaccharide containing D-glucosamine and
its units linked by 1-4-p-glycosidic bonds. It can be pre-
pared by deacetylation of chitin in basic media, and it is
nontoxic, biodegradable, and biocompatible, which makes
it a good component for drug delivery [184, 185]. Because
of its cationic properties, it can easily bind with negatively
charged mucin by electrostatic interaction and penetrate
the mucosal membrane [186]. Chitosan is ideal for siRNA
delivery because of its cationic charge, low toxicity, and

biocompatibility [187]. Due to the high positive charge of
chitosan, it forms polyplex with negatively charged oligo-
nucleotide or siRNA in the aqueous media that can facili-
tate drug transport and increase residence time at the epi-
thelial surface, respectively [181, 188]. Katas and Alpar
first investigated the use of chitosan to deliver siRNA in
vitro [189]. However, the nanoparticle formation is highly
dependent on the size of siRNA and the weight of chitosan.
Katas et al. showed that chitosan Mw < 110 kDa produce
smaller size nanoparticle than compared to the higher Mw
(270 kDa) chitosan [189]. Whereas, Liu et al. indicated that
the chitosan molecules (Mw 64.8—170 kDa), 5—-10 times the
length of the siRNA (Mw of 13.36 kDa), could form stable
complexes with siRNA through electrostatic forces result-
ing in high gene silencing efficiency in H1299 human lung
carcinoma cells [190]. Chitosan/siRNA nanoparticles have
been found to be more stable in the mice body at least up to
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5 h after oral delivery than naked siRNA [43]. It has been
observed that ternary polymeric nanoparticles formed by
thiolated trimethyl chitosan (TTMC) with tripolyphosphate
(TPP) provide structural stability and protect siRNA in the
intestinal tract. TTMC/siRNA/TPP nanoparticles mediated
siRNA delivery was shown higher permeability through rat
ileum and high systemic biodistribution after oral adminis-
tration [191]. Chitosan-based nanoparticles have been used
for the successful delivery of siRNA for various diseases
like IBD and S.H. Kang at el. (2017) found that oral deliv-
ery of Au—siRNA nanoparticle conjugated with glycol
chitosan—taurocholic acid was able to treat colorectal liver
metastasis in mice. They used Akt2 siRNA for the treatment,
and with their engineered vehicle, they found a reduction
of the expression of Akt2 and an improvement of cancer
by inducing the apoptosis [159]. Another study investigated
oral delivery of shRNA and siRNA with galactose-modified
trimethyl chitosan-cysteine (GTC) conjugated nanoparti-
cle for hepatoma treatment. They found that with survivin
shRNA (iSur-pDNA) and vascular endothelial growth factor
(VEGF) siRNA (siVEGF) loaded NPs was stable in GI tract
fluid, and they had more intestinal permeability than naked
siRNA in the GI tract [160]. Chitosan siRNA has also been
delivered orally to knockdown tumor necrosis alpha (TNF-
a), which plays an important role in gastric cancer progres-
sion [192, 193]. The oral delivery of mannose-modified
trimethyl chitosan-cysteine (MTC) NPs loaded siRNA was
found stable in rat intestine and was able knockdown TNF-o.
Chitosan-coated siRNA-loaded lanthanum phosphate NPs
showed higher efficacy in the treatment of colorectal cancer.
Chitosan was coated to form a mucoadhesive out layer of
NPs. Several studies reported the downregulation of let-7a,
miR-34a, Cyclin D1, Bcl-2, and Caspase-3 effects of lantha-
num ions [194, 195]. The chitosan siRNA-loaded lanthanum
phosphate NPs were able to give a synergistic effect to treat
colorectal cancer in C57BL/6 tumor-bearing mice [161].
Another group of researchers used layering of folic acid con-
jugated chitosan and alginate for attaining the mucoadhesive
properties and entrapped oxaliplatin and signal transducer
and activator of transcription 3 (STAT3) siRNA on it for
treatment of colon cancer in BALB/c mice. They found a
better therapeutic effect with oral administration of nano-
particles compared to intravenous one [162]. Codelivery
of telomerase reverse transcriptase siRNA and paclitaxel,
encapsulated in chitosan coated N-((2-hydroxy-3-trimeth-
ylammonium) propyl) (HTCC), showed significant tumor
suppression both in vitro and in vivo LLC tumor-bearing
mice model. The outer coating of HTCC prevented siRNA
from enzymatic degradation and improved siRNA perme-
ability in intestine tract. The Caco2 monolayer transporta-
tion shows higher transportation of nanoparticle carrying
siRNA than free siRNA which also corresponds with the in
vivo transportation study [163]. To treat acute hepatic injury
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in rat models, an oral delivery of chitosan nanoparticles with
TNF-a siRNA targeting macrophages were developed by
He et al., to limit the TNF-a expression focussing the anti-
inflammatory therapy [196]. Survivin shRNA-expression
pDNA (iSur-pDNA) along with vascular endothelial growth
factor (VEGF) siRNA was used in the hepatoma treatment.
The carrier was made of galactose-modified trimethyl chi-
tosan-cysteine (GTC) conjugates electrostatically conjugates
with iSur-pDNA and siVEGF, where the synergistic system
showed excellent stability and features supporting cellular
uptake, nuclear distribution, and down-regulation of target
genes, all directing the inhibition of tumor progression.
Oral delivery of the iSur-pDNA and siVEGF nanocomplex
exhibited synergistic effects in tumor-induced mice with
targeted accumulation in tumors while, silencing survivin
and VEGF-supported apoptosis, prevented angiogenesis,
and resulted in tumor regression [160]. A similar sShRNA-
based oral delivery system was developed by Zheng et al.,
a complex made of chitosan—histidine—cysteine (CHC) for
oral delivery of survivin shRNA—expressing plasmid DNA
(shSur-pDNA) to support hepatoma regression. The multi-
step modification with histidine and cysteine improves the
biocompatibility of the nanocomplex. In hepatoma-bearing
mice, comparing with the control chitosan nanocomplex,
the CHC nanocomplex showed enhanced shRNA delivery
by better stability, easy internalization, improved endoso-
mal escape, higher nuclear localization, and GSH-responsive
release. This resulted in survivin-induced apoptosis, inhibi-
tion of tumor progression/proliferation, and thus resulting in
the down-regulation of hepatoma tumor cells [167].

4.5.2 Hyaluronic acid as a mucoadhesive carrier for oral
RNAi delivery

Hyaluronic acid (HA) is a naturally occurring polymer in
the body which helps in tissue hydration, water transport,
viscoelasticity, wound healing, and inflammation [197, 198].
Its non-immunogenicity and properties of easy modification
make it an ideal component for bioengineered drug delivery
[199]. One study shows that the addition of the thiol group
with HA improves the muco-adhesiveness, enzyme inhibi-
tory action, enhance permeation, and controlled release of
the compound [200]. Researchers have been using HA as a
carrier of siRNA for cancer treatment [201, 202]. A study
showed that HA coating for mesoporous silica nanoparticle
carrying TH287 and MDR1 siRNA provides a better thera-
peutic effect than naked siRNA. Oral delivery of TH287 and
MDRI1 siRNA encapsulated MSN with HA coating success-
fully induced apoptosis and kills cancer cells in both in vitro
and in vivo oral cancer mice models. They stated that HA
coating provides stability of siRNA in the intestine [164].
Another group of researchers stated that trimethyl chitosan-
thiolated chitosan-TAT -hyaluronic acid nanoparticles (NPs)
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are appropriate carriers for siRNA delivery. They used thi-
olated chitosan to improve the mucoadhesion which pro-
vided stability of STAT3 and PD-L1 siRNA and produced a
better effect in breast cancer treatment [203]. Another study
suggests HA-coated siRNA causes 90% of siRNA releases
in the tumor cells due to the presence of hyaluronidase in a
tumor cell. Oral delivery of AKT siRNA coated with hyalu-
ronic acid-taurocholic acid nanocomplex showed more than
1 mm of reduction in tumor size in a colorectal liver metas-
tasis mice model [165].

4.6 Non-viral bacterial carrier

Bacteria are a widely used non-viral vector. They are a use-
ful tool in biotechnology and have been used in the under-
standing of gene and gene function. Bacteria are used as
delivery agents for vaccines, chemicals, therapeutic proteins,
or even as gene therapy vectors. Bacteria have been found
to be useful for the delivery of RNAi. Unlike some viral
vectors, bacteria do not integrate genetic material into the
host genome. They are less immunogenic and can be con-
trolled with antibiotics or engineered to increase the safety
using nutrients [204]. Nonpathogenic Escherichia coli has
been used by researchers to deliver the ShRNA orally against
catenin beta-1 in human colon cancer xenograft mice model
[168]. A different sShRNA drug CEQS508 was investigated by
Osmond et al. for the treatment of a rare hereditary disorder,
familial adenomatous polyposis (FAP), often related to colo-
rectal cancer. CEQ508 contains live-attenuated Escherichia
coli engineered to produce plasmid pMBV43-H3 and deliver
B-catenin shRNA to facilitate RNA interference at gastroin-
testinal epithelium. The oral delivery of the CEQS508 in pre-
clinical and clinical models exhibited an acceptable safety
profile [205]. The results of the first in human investigations
of the oral delivery of CEQ508 in FAP patients lead to the
new ideas of combination drug with Celecoxib/Lisinopril
(IT-102) against FAP [206].

Saccharomyces cerevisiae (yeast) is used as an efficient
encapsulating agent for the in vivo delivery of shRNA. A
recombinant yeast system was used for the oral delivery of
CD 40- the shRNA of immune-associated gene, related to
apoptosis of tumor cells and immunomodulation. The in vivo
results showed DC-specific gene silencing corresponding
to efficient shRNA delivery [207]. Another oral drug car-
rier system for the delivery of survivin shRNA-expression
pDNA (iSur-pDNA) along with vascular endothelial growth
factor (VEGF) siRNA was used in the hepatoma treatment.
The carrier was made of galactose-modified trimethyl chi-
tosan-cysteine (GTC) conjugates electrostatically conjugates
with iSur-pDNA and siVEGF, where the synergistic system
showed excellent stability and features supporting cellular
uptake, nuclear distribution, and down-regulation of target
genes, all directing the inhibition of tumor progression.

Oral delivery of the iSur-pDNA and siVEGF nanocomplex
exhibited synergistic effects in tumor-induced mice with
targeted accumulation in tumors while, silencing survivin
and VEGF-supported apoptosis, prevented angiogenesis and
resulted in tumor regression [208].

Yeast-encapsulated non-virus-mediated interleukin-1f
shRNA (IL-1p shRNA) was investigated in the treatment
of post-traumatic osteoarthritis by oral delivery. The yeast
encapsulation helps to improve the biocompatibility of the
microcapsule, being resistant to the disintegration of SIRNA
during digestion in the stomach and intestine. Also, yeast
evades unwanted gene interactions and tumor formation.
Moreover, the presence of beta-glucans in yeast enables the
macrophage targeting due to the glucan receptors on the sur-
face of macrophage, which enables targeted gene delivery
and immune regulation. IL-1p shRNA significantly reduced
the inflammatory responses by down-regulating the IL-1
expression of macrophages in the intestine, bone marrow,
and articular cartilage. Upon the treatment, a reduction in
the expression of osteoarthritis markers Col X and MMP13
was observed, indicating the effectiveness of this yeast—
shRNA therapeutic microcapsules in protecting the articular
cartilage joints of the mice models [209, 210]. In the same
way, for the treatment of high-fat diet (HFD) induced obe-
sity, the oral delivery of yeast-encapsulated shRNA (IL-1f
shRNA interference vectors) microcapsules were examined
by Zhang et al. In the investigation, the microcapsules were
orally administered in HFD obese mice models in a dose
of 10 mg/kg every 2 days from day 1 to day 29, and the
body weight, food intake, and blood glucose were recorded
weekly. On the 29th day, the serum samples and tissues and
organs of the models were collected for analysis. When
compared to the control animals, the treated group showed
controlled growth of adipocytes thus regulating body weight
and weight of abdominal fat, liver, and lungs. The presence
of the microcapsule prevents the degradation of shRNA and
thus inhibited the IL-1p expression in the small intestine
and intestinal macrophages. The serum analysis displayed
regulated blood glucose concentration as well as cytokines
expression. Furthermore, from the immunohistochemistry
evaluation, the expression of MMP13 and IL-1f (carti-
lage injury-related proteins) was found to be lesser, which
improves the therapeutic potential of the microcapsule by
relieving the articular cartilage degeneration triggered by
obesity [208].

5 Chemical modification of siRNA for oral
delivery
Another interesting siRNA drug delivery system is the

siRNA conjugation method. siRNA can be conjugated with
various bioactive molecules, lipids, polymers, peptides,
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antibodies, and inorganic nanostructured materials [211].
The siRNA-conjugated delivery system enhanced the phar-
macokinetics, cellular uptake, and target specificity. Vari-
ous types of siRNA conjugated delivery systems have been
reported which provide efficient delivery of siRNA and tar-
get the cells and tissue. siRNA has 4 terminal ends which
acts as potential conjugation sites. 3'- and 5’ terminus of
the sense strand and the 3'-terminus of the antisense strand
are promising sites for conjugation with negligible effect on
RNAI activity [212]. The conjugations mostly used cleav-
able linkage such as acid labile and reducible bonds. An
example of disulfide linkages is acid labile. siRNA conju-
gates are further classified as lipophile-siRNA conjugate,
peptide-siRNA conjugate, and PEG-siRNA conjugate. For
targeted siRNA delivery ligand peptide-siRNA conjugates,
antibody-siRNA conjugate, aptamer-siRNA conjugate, and
targetable polyelectrolyte complex micelles are the potential
options (Fig. 8) [211, 213].

Springer et al. documented a GaINAc-siRNAIn con-
jugation in the delivery of RNAI therapeutics. In 1971,
clinical possibilities of ASGPR were realized through the
delivery of nonglycoproteins to the liver through conjuga-
tion to asialofetuin. In 1978, they demonstrated the targeted
delivery by conjugation. The first targeted delivery of drug
to hepatocytes in vivo was reported in 1979 by injection
of asialofetuin-linked trifluoro thymidine which reduced
hepatic ectromelia viral DNA replication threefold in rats.
Later, low-density lipoprotein and diphtheria toxin delivery
were also achieved [214].
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Antibody-siRNA conjugates are a promising strategy
to enhance siRNA delivery for gene silencing in cancer
treatment. Antibody physiochemical properties and route
of administration are the critical factors that impact thera-
peutic potential. The type of antibody and their efficacy in
conjugation play a crucial role in tolerability and potential
[215]. High affinity and control delivery of antibodies or
diverse targets are effective for many diseases. Antibodies
and payloads are chemically conjugated with linker. Linker
plays critical roles in stability. Lysine or cysteines are used
in linkage. Linkers’ physicochemical properties directly
affect siRNA and antibody releases specifically in a targeted
cell [215]. There should not be an inverse effect of con-
jugation. The complex formulation of conjugation systems
may lead heterogeneous aggregates. THIOMAB is a new
technology to covalent conjugation of antibody and siRNA.
Amine-tagged siRNA is reactive with the NHS linker which
reacts with the thiol group of THIOMABSs. This technology
significantly enhances the conjugation strategies of siRNA-
antibody. It is well known that antibodies are good target-
ing agent in siRNA-targeted delivery [216]. Antigens are
used as a carrier for targeted siRNA such as HER-2 and
EGFR. HER-2 siRNA loaded liposome by functionaliz-
ing transferrin receptor-specific antibody results silence of
HER-2 gene [217]. The antibody-siRNA conjugated delivery
system studied for targeting cancer are F5-P/PLK1-siRNA,
STAT3 siRNA-hu3S193, F105-p HIV env, KRAS-siRNA-
anti-EGFR, Dig-siRNA-Nu647, and antibody-siRNA con-
jugates [215].
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Fig.8 Scheme shows the rationale and designing strategies of the siRNA conjugated delivery system. Adapted with permission from [213].
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Zhou et al. used the aptamer-siRNA conjugation for tran-
scriptional regulation of HIV-I [218]. This further opens
a new window for the investigation of receptor-targeted
aptamer-siRNA conjugation system for cancer therapy. The
vascular endothelial growth factor receptor 2 (VEGFR?2) is
a promising target for the treatment of angiogenesis of non-
small cell lung cancer. Liao et al. design the bivalent cyclic
RGD-siRNA conjugates to enhance the apatinib anti-tumor
potential to inhibit VEGFR2 in NSCLC xenografts [219].
Interestingly, biRGD-siVEGFR?2 reduced the nephrotoxicity
of apatinib [219]. This study proposed the low-dose apatinib
as a clinical anti-tumor therapy.

Peptide is also used to conjugate with siRNA for targeted
delivery for cancer treatment. Arg-Gly-Asp (RGD) peptide
targets tumor vasculature expressing integrin. VEGF siRNA
is selectively delivered to the tumor through RGD peptide
with PEGylated PEI conjugation. It inhibited murine neu-
roblastoma tumor growth in mice after i.v. administration
[220]. Yao et al. used siRNA against PLK1 coupled with
anti-HER?2 scFv which could inhibit the growth of HER2
primary breast cancer in vitro and in vivo. The formulation
showed a 72-h half-life which is significantly enhanced com-
pared to naked siRNA which has 1.5 h [221]. The complex
showed a high level of delivery. Xu et al. demonstrated the
GEII peptide conjugated nanoliposomes to enhance the com-
binational therapeutics efficacy of docetaxel and siRNA in
laryngeal cancers [222].

Another interesting molecule to target cancer gene is
folate receptor. Folate receptors are overexpressed in many
cancer cells. FA is facile to conjugate the surface of lipo-
some and polymeric siRNA nanoparticles. FA-PEI enhanced
the receptor-mediated endocytosis. Compared to other strat-
egies, folate-conjugated targeted siRNA delivery is well-
studied [223]. Similar strategies are widely used for drug
delivery through conjugation.

Cholesterol-siRNA conjugation also showed promis-
ing potential in silencing apolipoprotein B in mice when
administrated via intravenously; cholesterol-siRNA conjuga-
tion enhances the distribution and cellular uptake of siRNA
[224]. Single intrastriatal injection silenced a mutant hun-
tingtin gene in mice [225]. RNA aptamer is very selective
and used to target tissues and cells such as prostate cancer
cells. Aptamer-based siRNA conjugation system is also used
to suppress HIV infection. Anti-gp120 RNA aptamer is used
to conjugate siRNA. It showed great potential in vitro and
in vivo [226].

Biopharmaceutical industries have been investigating the
nucleic acid-based biopharmaceuticals. A number of RNAi
therapeutics are under clinical trials. Lee et al. documented
the preclinical siRNA-based conjugation systems for RNAi
therapy [227]. RNAI offers several benefits in cancer therapy
such as effective control of tumor growth, specificity, and
low cost. RNAi-based therapeutics market keeps growing

globally. For example, a billion-dollar business has been
developed since the beginning of COVID-19 through the
development of mRNA-based vaccines.

Only 4 small interfering RNA (siRNA)-based therapies
have been approved (patisiran, givosiran, lumasiran, and
inclisiran) and are FDA-approved for managing rare meta-
bolic ailments; there are several other candidates in phase
3 trials. Global RNAi Therapeutics Market Insights and
Forecast Report 20222026 shows that 7.8 million dollars
were spent in 2022 which may reach 11.5 million by 2026
(progressing CAGR of 10.19%) [228]. It concludes that
siRNA-based therapeutics are potential options for cancer
therapy in the future.

6 Future perspectives

In the past decade, preclinical and clinical studies have dem-
onstrated the potential of RNA therapeutics to treat diseases.
However, to bring them to clinic, several advancements are
needed. The first one is understanding the interaction of
nanocarriers with RNA and their effect on targeting and
tolerability, effect of chemical modification of RNA and its
impact on the stability, and off-targeting. The last one is,
we should understand the efficacy and tolerability of RNA
therapeutics in a small animal model and non-human pri-
mates and humans. Furthermore, we need to develop small
animal models that maximally predict the potential of RNA
therapeutics in humans. Hence, through expanding the
understanding of RNA formulation, RNA delivery system,
nanocarrier, and their interaction with the body and interac-
tion of one another will benefit the development of effective
next-generation gene therapeutics.

Although various formulations have been developed, the
focus should have remained on the biological stability, speci-
ficity, and safety of nanocarriers, which can be translatable
from bench to industry. The key challenge of RNA therapeu-
tics commercialization is formulation techniques. Among
the various methods developed for RNA therapeutics formu-
lation, many strategies limited their use in industrial applica-
tion due to various challenges. For example, very complex
formulations are difficult to scale up for industrial applica-
tions and are expensive. Moreover, it is a huge challenge
to get the regulatory approvals due to various limitations.
Furthermore, tumor or site of disease targeting approaches
needs to be investigated using the as simple as formulation
with high therapeutic function by natural mechanism.

The strategies should be robust and consistently produce
the formulation at a production scale that range from early-
phase development to clinical applications. The great effect
needs to be investigated towards the development of strat-
egies for efficient formulation. Recently, the microfluidic
method was developed which is continuous and scalable for
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industrial applications [229]. This technique addresses the
clinical need of scalable LNP production of RNA therapeu-
tics and vaccines. However, the same strategy is not suitable
for different formulations. The use of a 3D cancer model
instead of an animal model is also an emerging field that
could be used for siRNA treatment efficacy [230, 231]. The
efficacy of RNA therapeutics also depends on the formu-
lation strategies and disease of interest. Hence, extensive
investigation needs to be conducted to develop the formula-
tion for various diseases. Positive results from the siRNA
therapeutics from clinical trials will boost the confidence of
the siRNA therapeutic industries to invest in siRNA cancer
therapeutics.

We strongly believe that artificial intelligence (Al) is
showing tremendous results in biomedical application rang-
ing from identifying the potential drug molecule to their
therapeutic potential in the human body. Al has already been
used for treatment strategies, prediction of disease progres-
sion, rapid identification of target, and drug delivery system
design [232]. Al needs to be explored towards the RNAi
delivery, which may provide the therapeutic potential of
siRNA. Very recently, artificial intelligence, mathematic
modeling, and machine learning approach have been used
for targeted non-viral gene delivery [233-236]. This emerg-
ing field has huge potential in delivering oral gene therapy
which needs extensive research.

Current progress, interdisciplinary collaboration, and
investigation towards the development of next-generation
therapeutics using siRNA have a great future.

7 Conclusion

RNA therapeutics are a potent and versatile candidate with
the potential to replace small molecule drugs and proteins.
RNA therapeutics treats the illnesses through tuning and
controlling the expression of the disease-related gene.
To knockdown the gene can be achieved using siRNA,
shRNA, and miRNA. Cancer is a genetic disease, where
there are changes in the gene that controls the cell growth
and multiplication. That is why selective gene silencing
through the RNAi mechanism has been revolutionary in
the cancer treatment lately. However, successful delivery
of nucleic acid is still a challenge, in terms of clinical
translation, due to both extracellular (enzymatic degrada-
tion, poor internalization) and intracellular barriers such
as lysosomal degradation. Cancer chemotherapy is a time-
consuming process where patients must pay a visit to the
clinic for each cycle of intravenous chemotherapy. That
is why oral chemotherapy has more patient’s compliance
due to its ease of administration and painless application.
However, in oral delivery, nucleic acid-based therapeutics
come across various hurdles to reach the site of action

@ Springer

like thick mucus layer, intestinal peristalsis, harsh pH,
and nuclease enzyme. Successful oral delivery of RNAi
(siRNA) with good bioavailability would be groundbreak-
ing. To overcome these barriers, different nanocarrier sys-
tems and chemical modifications could be beneficial.

In this article, we have comprehensively discussed the
oral RNAI delivery strategies for effective therapy of a range
of diseases. We briefly insight into the range of barriers in
the gastrointestinal tract for oral RNAi delivery. We also
summarized the effect of physicochemical properties of the
RNAI oral delivery system on the efficiency of oral RNAi
delivery. This concluded that the small intestine is the most
favorable site for RNAIi delivery due to long retention time,
extensive surface area, high epithelial permeability, and sys-
temic absorption in payers’ patches.

The impact of oral RNAI delivery mediated by oral drug
delivery carriers has high significance to improve the oral
local and systemic delivery of RNAi-based therapeutics. The
adverse side effects can be controlled or overcome through
the development of strategies of modification of existing
nanocarriers without altering the RNAi physicochemical
properties. More than 10,000 reports have been published
based on oral RNAI delivery systems in past decades. Here,
in this review, we have summarized a wide range of siRNA
delivery systems and have proposed some very emerging
systems that have been shown as very promising due to their
proven potential in pre-clinical and clinical studies. Despite
of great development on oral RNAi delivery using the
above-discussed vehicles, the existing gap and unmet need
still limit their translation from bench to bedside. There is
a great scope to explore the potential of liposomes or lipid-
based nanoparticle-based RNAi oral delivery for various
chronic systemic and GI-based local diseases.

To date, three siRNA therapeutics have been approved
by the FDA for commercial use. In addition, more than 50
active/recruiting clinical trials are underway. Several candi-
dates are waiting to be licensed to conduct clinical studies.
Approval of siRNA therapeutics by the FDA may increase
the number in the coming years. Recent advances of RNA
therapeutics led to the US-FDA approval of Onpattro, a
lipid nanoparticles-based siRNA therapeutic, and Givlaari,
a siRNA conjugate with N-acetyl galactosamine. Recently,
mRNA vaccines developed by Moderna and Pfizer/BioN-
Tech received the emergency use.
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