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Abstract: Inflammatory bowel disease (IBD), which includes ulcerative colitis and Crohn’s
disease, is a chronic, recrudescent disease that invades the gastrointestinal tract, and it requires
surgery or lifelong medicinal therapy. The conventional medicinal therapies for IBD, such as
anti-inflammatories, glucocorticoids, and immunosuppressants, are limited because of their
systemic adverse effects and toxicity during long-term treatment. RNA interference (RNAi)
precisely regulates susceptibility genes to decrease the expression of proinflammatory cytokines
related to IBD, which effectively alleviates IBD progression and promotes intestinal mucosa
recovery. RNAi molecules generally include short interfering RNA (siRNA) and microRNA
(miRNA). However, naked RNA tends to degrade in vivo as a consequence of endogenous
ribonucleases and pH variations. Furthermore, RNAi treatment may cause unintended off-target
effects and immunostimulation. Therefore, nanovectors of sSiRNA and miRNA were introduced
to circumvent these obstacles. Herein, we introduce non-viral nanosystems of RNAi molecules
and discuss these systems in detail. Additionally, the delivery barriers and challenges associated
with RNAi molecules will be discussed from the perspectives of developing efficient delivery
systems and potential clinical use.

Keywords: RNA interference, siRNA, miRNA, nanoparticles, inflammatory bowel disease,
target therapy

Introduction
Inflammatory bowel disease (IBD) is a chronic intestinal disease with a high incidence
of recurrence and low mortality, and there are two subtypes of IBD: ulcerative colitis
(UC) and Crohn’s disease (CD).' The Western world has a higher incidence and preva-
lence of IBD than the East.? Nevertheless, epidemiological studies suggest that the
incidence of IBD in Asia, South America, and the Middle East has increased annually.?
Over the past decade, the incidence rate of IBD in the People’s Republic of China
has increased by approximately threefold.* Currently, the etiology and pathogenesis
of IBD are not clear. It is generally considered that the causative factors of IBD are
attributed to complex factors of oxidative stress disorder, innate and adaptive immune
disturbances, genetic variations, and microbial and dietary environmental factors.’
A permanent cure has not yet been developed, and thus patients require lifelong medici-
nal therapy, which creates a substantial economic burden.® In the US, the mean cost
associated with CD was ~$8,265 per adult patient per year, and 35% of this cost was
spent on pharmaceutical therapy. The mean cost for patients with UC was $5,066, and
the corresponding proportion spent on pharmaceutical therapy was ~27%.”

The primary goal of IBD treatment is to maintain clinical remission and mucosal
concrescence.’ Conventional medicinal therapeutics for IBD can be divided into three
categories: 1) non-steroidal anti-inflammatory drugs of classic agents (eg, sulfasalazine,
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mesalazine, and olsalazine), which inhibit the production
of leukotriene, prostaglandin E, and free radicals; 2) glu-
cocorticoids (eg, budesonide), which block the upstream
metabolic pathways of arachidonic acid and have impres-
sive anti-inflammatory and immunosuppressive effects;
and 3) synthetic immunosuppressants (eg, azathioprine,
cyclosporine A, and tacrolimus), which induce the apoptosis
of T-lymphocytes to downregulate inflammation.® Conven-
tional medicinal therapies are limited due to their systemic
adverse effects or toxicity in response to the long-term
treatment process.’ Recently, biological therapy (natalizumab
and tumor necrosis factor [TNF] antagonists of infliximab,
adalimumab, and certolizumab pegol) has quickly advanced
in IBD treatment. However, this approach has increased risks
of opportunistic infections, autoimmunity, infusion reactions,
and lymphoma, thus warranting sustained vigilance on the
part of physicians and patients.'

The RNA interference (RNAi) technique modulates
the expression of susceptibility genes and the secretion of
proinflammatory cytokines related to IBD, thereby lead-
ing to the therapeutic effects of mucosal restoration and
immune balance recovery in disease sites. Compared with
conventional agents, RNAI treatment selectively exerts its
therapeutic effects in intestinal tissues rather than causing
immunosuppression in the entire body.’

In general, the RNAi molecules used in IBD treatment
include short interfering RNA (siRNA) and microRNA
(miRNA). MiRNA is a double-stranded endogenous regu-
lator encoded in the genome. Mature miRNA consists of
21-25 nt segments with a 2 nt 3" overhang.!! Mature miRNA
incorporates with the multi-protein complex, RNA-induced
silencing complex (RISC), and then the guide strand (anti-
sense strand) of miRNA binds to the target mRNA within
the 3’-untranslated region. Assisted by the Ago protein,
the targeted mRNA is eventually translationally repressed
or degraded by the mRNA-RISC complex."? Inspired by
the natural RNAIi process, siRNA was developed as an
exogenous double-stranded RNA for targeting mRNA
degradation through the RNAi pathway. SiRNA is a specific
chemosynthetic RNA duplex with a length of 19-23 nt and
a 2 nt 3" overhang. Alternatively, siRNA can also be endo-
genously derived from the dicer cleavage of double-stranded
RNA in the cytoplasm.'*!* The incorporation of siRNA with
RISC and the subsequent mRNA degradation mechanism
are similar to those for miRNA."* The siRNA sequence can
be artificially designed to exquisitely regulate single gene
expression because siRNA is completely complementary to
the targeted mRNA sequence.

The physical and chemical characteristics of RNA have
constrained the development of RNAI therapeutics for IBD.
The hurdle associated with RNA is low transfection efficiency
due to several anatomical and physical barriers, such as the
depurination of nucleic acids in the stomach and endogenous
ribonucleases in the gut lumen.!®!” The net negative charge
of RNA impedes cytomembrane penetration because of the
electrostatic repulsion from the anionic cell membrane. '
Therefore, chemical modification or protective vectors of RNA
are necessary for RNAi molecules to reach the inflammatory
site to exert curative efficacy. Chemical modifications enhance
the resistance to rapid ribonuclease degradation, which is
responsible for the short half-life of RNA in vivo.'”?° Such
modifications primarily focus on the phosphodiester bond in
the RNA backbone, 2’-ribose (2’-O-methyl,2’-O-fluoro,2’,4’-
methylene bridge and so forth) and conjugation with peptide,
cholesterol, polyethylene glycol (PEG), or aptamer.?!:??
In addition, chemical modifications also represent a strategy
for reducing the off-target effects of RNAi molecules.?

Most viral vectors possess high transfection efficiency.?
However, immunotoxicity and the risk of gene insertion in
host chromosomes have motivated scientists to search for
safer vectors in gene therapy protocols. The poor repro-
ducibility of viral vectors also needs to be considered in
large-scale commercial production.?? Therefore, non-viral
nanoparticles have attracted considerable attention.

Non-viral nanoparticles protect RNA from degradation by
endogenous ribonucleases and reduce the immune stimulation
of cytokine production. The field of non-viral nanoparticle
research is expanding, with numerous nanomaterial-related
studies in the literature, which forms a solid foundation for
biological and medical exploration. At present, with the
exception of the commercially available transfection reagent
of cationic liposomes in vitro, there are no approved siRNA
or miRNA drugs for clinical use in IBD therapy.

In this review, RNAi-based nanoparticle delivery sys-
tems will be discussed with the aim of providing assistance
in designing or synthesizing non-viral nanosystems for
IBD treatment and exploring their potential use in clinical
applications.

Nanoparticle delivery systems for
RNAi molecules

To confer stability to RNA during delivery in vivo, an alter-
native strategy is to use special delivery systems. As a hot
topic in recent decades, the knowledge accumulated regard-
ing nanoparticle delivery systems forms a solid foundation
for siRNA or miRNA delivery.
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Nanoparticle delivery systems have several potential
advantages in RNA delivery. Nanosized particles are retained
in the intestinal tract with a large surface area, which increases
the residence time in inflamed intestinal regions. Therefore,
nanoparticle delivery systems are preferentially taken up by
endocytosis in the enterocytes or M-cells, which have a highly
increased number of RNAi molecules at inflamed intestinal
regions. This characteristic also avoids the elimination of
nanoparticle delivery systems in vivo, which is caused by
diarrhea, a common symptom in patients with IBD.> Addi-
tionally, nanoparticles tend to accumulate in the gaps between
epithelial cells through the epithelial enhanced permeability
and retention (eEPR) effect. This benefit causes nanoparticles
with ligand modifications, such as antibody and glycosyl
at the surface, to target macrophages in inflamed intestinal
mucosa (Figure 1). A large amount of TNF-o. is secreted from
mononuclear macrophages in the intestinal tracts of patients
with IBD, and high levels of TNF-o. may enhance proin-
flammatory cytokines such as interleukin (IL)-1, IL-6, and
IL-8, which aggravate inflammatory injury in disease sites.
Furthermore, compared to conventional dosage systems,

Intestinal lumen

nanoparticle delivery systems decrease the required effective
drug dose, thereby reducing the side effects of the drug.?® The
outstanding properties of nanoparticles described earlier have
provided a stable and reliable approach for delivering RNA
to target sites in the intestinal tract.

A RNA nanoparticle delivery system should possess quite
a few underlying principles; for example, it should have no
stimulatory effects on immune systems, protect RNA from
degradation induced by altered pH gradients and ribonu-
cleases in the gastrointestinal tract, have a proper surface
charge, possess a suitable binding strength with RNA, and
escape endosomes or lysosomes before releasing siRNA or
miRNA into the cytoplasm in target cells.

We review the current strategies for using siRNA and
miRNA nanoparticles in IBD treatment, including liposomes,
polysaccharide-based nanoparticles, polylactide (PLA)-based
nanoparticles, calcium phosphate (CaP)/poly(D,L-lactide-co-
glycolide acid) (PLGA)-based nanoparticles, nanoparticles-
in-microsphere oral system (NiMOS), thioketal-based
nanoparticles, and polyethylenimine (PEI)-based nanopar-
ticles (Tables 1 and 2).

RNAi nanoparticle
L ] - /

® Mucus layer .

Macrophage

Receptor on epithelial cell

Epithelial cell

Endosome/lysosome

Endosome/lysosome escape

Figure 1 RNAI nanoparticles target to epithelial cells or macrophages in intestinal lumen.

Abbreviation: RNAi, RNA interference.
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Nanoparticle delivery systems of siRNA
Liposomes

Liposomes are a type of vector that is biocompatible with
cell membranes, and they are composed of a phospholipid
bilayer and a hydrophilic core. The phospholipid bilayer
assists liposomes in crossing the cell membrane into the
cytoplasm, and the hydrophilic core allows liposomes to be
loaded with RNAi molecules.?’

In recent decades, cationic liposomes have been devel-
oped as standard transfection reagents for oligonucleotide
or siRNA delivery. For example, antisense oligonucleotides
of TNF-o mixed with lipofectin (Invitrogen, USA) transfect
into the mouse macrophage cell line P388D1. The results
showed an effective decrease in TNF-o. mRNA in a dose-
and sequence-dependent manner. In subsequent in vivo
experiments, the administration of anti-TNF-o oligonucle-
otide via injection resulted in reduced disease activity index
scores in both acute and chronic murine models of colitis.*
Furthermore, TNF-o. siRNA liposomes (Lipofectamine
2000; Invitrogen) were rectally instilled in a murine model
of IBD. The experimental results showed a relative mucosal
resistance to experimental colitis.”” However, the practical
silencing effects of transfection reagents in vivo are not as
robust as those in vitro.

To obtain better gastrointestinal tract-targeting per-
formance, liposomes were equipped with ligands, such as
antibodies, on the liposome surface. These ligands allow
liposomes to selectively bind to the receptors on the sur-
face of enterocytes or immune cells. Peer et al*® developed
integrin B3, antibody (FIB504)-equipped liposome-siRNA
complexes (B3, I-tsNPs) and demonstrated that FIB504-
equipped liposomes targeted leukocytes involved in colonic
inflammation. The multi-lamellar liposomes were initially
prepared using the lipid-film method with phosphatidyl-
choline, dipalmitoyl phosphatidylethanolamine (DPPE),
and cholesterol in a molar ratio of 3:1:1. Subsequently,
multi-lamellar liposomes were extruded to unilamellar
nanoscale liposomes with the assistance of a Thermobarrel
Lipex extruder. The liposomes were produced using a neu-
tral phospholipid to avoid the toxicity of cationic lipids.
High molecular weight (MW) hyaluronan (850 kDa) was
then covalently linked to the surface of the liposomes in
a ratio of 75 pg hyaluronan/umol lipid with the assistance
of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydro-
chloride activation. The two considerations for introducing
hyaluronan into nanoscale liposomes are as follows: 1) as a
bridge linker, the FIB504 antibody subsequently attached to
the hyaluronan and 2) hyaluronan was used to stabilize the

particles during the cycle of lyophilization and rehydration.
In another research report by Peer et al,*' the surface-binding
ligand of hyaluronan on liposomes acted as a cryoprotectant
during lyophilization, which may derive from providing a
substitute structure to form stabilizing H bonds. It was found
that with hyaluronan bound to antibodies, the change in the
mean particle size during lyophilization and rehydration
was 107£14 to 1231+24 nm, whereas a typically growing
aggregation of 110121 to 1,3301£750 nm was detected
without hyaluronan. Liposome—siRNA delivery systems
(CyD1-siRNA/B. I-tsNPs) were synthesized using unloaded
liposomes incorporated with cyclin D1 (CyD1) siRNA and
protamine in a molar ratio of 5:1 through lyophilization
and rehydration. Protamine provided positive charges to
condensed siRNA with a positive shift from 24 to 18 mV
in the nanoparticle formulation. Compared to naked siRNA
and isotype control immunoglobulin G-attached stabilized
nanoparticles (IgG-sNPs), B I-tsNPs targeted wild-type
splenocytes but not 3, integrin knockout splenocytes. The
therapeutic effects of CyD1 silencing were evaluated in
murine models of dextran sulfate sodium (DSS)-induced
colitis. Mice were intravenously injected with CyD1-siRNA/
B, I-tsNPs, and the CyD1 knockdown selectively decreased
intestinal CyD1 mRNA 3-4-fold compared with mice
administered with CyD1-siRNA/IgG-sNPs or the controls.
Intestinal injury of leukocyte infiltration, body weight loss,
and hematocrit decline were also reduced. In general, CyD1-
siRNA/B, I-tsNP has a higher siRNA entrapment capacity,
in which each nanoparticle condensed ~4,000£1,200 siRNA
molecules, and the lowest effective dose of siRNA was
2.5 mg/kg in systemic siRNA therapy in vivo. The stabil-
ity of this liposome delivery system against ribonuclease
was tested based on the silencing effect of Ku70 siRNA.
Liposome—siRNA complexes entrapped Ku70 siRNA to
retain its silencing effect up to 2 hours in serum compared
with naked siRNA.*® Similarly, DEC205 mAb-decorated
liposomes were manipulated to target dendritic cells for
immunomodulation by silencing CD40 genes.?? The results
indicated that neutral liposomes (1-palmitoyl-2-oleoyl-sn-
glycerol-3-phosphocholine) have insufficient encapsulation
efficiency for siRNA. A cationic lipid (dimethyldiocta-
decylammonium bromide) was then added to the neutral
liposome systems to obtain better encapsulation capacity.
The positive charge of cationic liposomes is generally con-
sidered to increase electrostatic interactions with siRNA.
However, cationic liposome vectors are typically toxic when
delivered systemically in vivo due to abnormal aggregation
with proteins in the circulation.* During oral administration
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of liposomes, the lipid bilayer is degraded by bile salts and
pancreatic lipases. Thus, liposomes could be coated with
biodegradable or mucoadhesive polymers, such as chitosan
and pectin, to resist the harsh environment in the gastroin-
testinal tract.**

Polysaccharide-based nanoparticles

Polysaccharides are composed of monosaccharide units
joined by glycosidic bonds. Polysaccharides have favorable
characteristics as natural biomaterials, such as low toxicity,
biocompatibility, biodegradability, and low cost.** The major
advantage of polysaccharides as an RNA vector is their
flexible characteristic of modifying with functional groups
(hydroxyls, amines, and carboxylic acids) on the polysaccha-
ride backbone. These modifications were intended to over-
come the delivery obstacles of rapid mononuclear phagocyte
system clearance, insufficient RNA binding, and endosome
degradation.’® In addition, some polysaccharides (eg, chito-
san, alginate, and hyaluronic acid) could achieve bioadhesion
by forming non-covalent bonds among functional groups
(hydroxyls, amines, and carboxylic acids) and epithelia on
intestinal mucous.*” Polysaccharide-based delivery systems
offer a special advantage over other systems. Polysaccharides
retain their integrity during the course of transportation in the
gastrointestinal tract. However, once polysaccharides arrive
in the colon section, they are degraded by a wide range of
enzymes (B-D-glucosidase, B-D-galactosidase, B-xylosidase,

CH,OH CH,OH
o} o}
0 OH O0— OH o
o=\ N n CH,OH
NH, o
OH o OH
s SH HO
0—<C OH
OH
CH,0OH OH

Galactosylated trimethyl chitosan—cysteine

[-arabinosidase, azo reductase, and nitro reductase) produced
by microflora.*® To date, chitosans, cyclodextrins, B-glucan,
and cationic konjac glucomannan (cKGM) have been used
to prepare siRNA nanosystems.

Chitosan

Chitosan is a linear cationic polysaccharide that consists of
D-glucosamine and N-acetyl-D-glucosamine linked by B-(1,4)
glycosidic bonds (Figure 2A). This polysaccharide is derived
from the deacetylation of chitin and has many advantages
in terms of biological properties, such as low toxicity, bio-
compatibility, and biodegradability. In particular, chitosan
is frequently used as a mucosal delivery material because
cationic chitosan easily interacts with anionic molecules or
tissues, such as nucleic acids, mucosa, and other negatively
charged polysaccharides.*

There are some parameters that are highly related to the
siRNA transfection efficiency of chitosan-based vectors,
including MW, degree of deacetylation, and N/P charge
ratio.* The MW of chitosan influences the biochemical
properties of nanoparticles, such as size, zeta potential, and
chitosan/siRNA stability. The high MW chitosan prefers
entanglement with siRNA compared to low MW chitosan.
Thus, the high MW of chitosan increases the encapsulat-
ing capacity for negatively charged siRNA. The degree of
deacetylation is related to the positive charge density when
the nitrogen groups of chitosan are ionized under acidic

B CH,OH CH,OH
O_

o
—<0 OH L O<XoH 0 o
0
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Figure 2 Chitosan-based nanoparticle delivery systems for siRNA delivery in IBD treatment.
Notes: Chemical structures of chitosan (A) and chitosan-based delivery systems (B-D).
Abbreviations: IBD, inflammatory bowel disease; PEG, polyethylene glycol; ScCD98, single-chain CD98; siRNA, short interfering RNA; UAC, urocanic acid.
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conditions. Highly deacetylated chitosan has a higher posi-
tive charge and better siRNA binding capacity. Regarding
the effect of the N/P ratio, which consists of the amino group
charge of chitosan (N) and the phosphate group charge of
siRNA (P), it determines the particle size, zeta potential, and
gene silencing efficiency.

Intra- and intermolecular hydrogen bonding cause chi-
tosan to form a rigid spatial structure. Therapeutic RNA
molecules can be entrapped in chitosan-based matrices.
Xiao et al*! formulated CD98 siRNA into chitosan polymeric
nanoparticles and conjugated it with single-chain CD98
antibodies on its surface (Figure 2B). The chitosan was
obtained from further deacetylation, and the final degree of
deacetylation was 95.6%. The MW was 11.4 kDa. For the
purpose of siRNA escape from endosomes/lysosomes, the
hydroxyl of urocanic acid (UAC) then reacted with primary
amine groups on the chitosan. To circumvent excessive
viscoelasticity and adhesivity of nanoparticles trapped in
mucus via the gastrointestinal tract and that could not reach
the target site, UAC-Chitosan nanoparticles were coated
with high-density bifunctional PEG derivatives (NHS-PEG-
MAL). PEG modification decreased the mucoadhesion of the
nanoparticles by enhancing the hydrophilicity and neutral
charge on surfaces and facilitates “slipping” of nanoparticles
through mucus.* UAC—-Chitosan—PEG nanoparticles were
subsequently equipped with single-chain CD98 (scCD9S)
antibodies through covalently linking to maleimide on the
nanoparticle surface at a molecular ratio of 1:2. The overex-
pression of CD98 on the surfaces of colonic epithelia cells
and macrophages exerts a positive effect on the pathological
process of IBD. The CD98 antibody-modified nanoparticles
selectively targeted the cells in disease sites. ScCCD98—PEG—
Chitosan—UAC nanoparticles condensed CD98 siRNA
with PEI by the complex coacervation technique. PEI is
widely used to deliver nucleic acids not only because of
their positively charged interaction with negatively charged
siRNA but also as they are a proton buffering constituent.
PEI induces the “proton sponge” effect to disrupt endosomal
or lysosomal membranes and release siRNA into the cyto-
plasm. The results of fluorescence labeling indicated that
scCD98fluorescein isothiocyanate (FITC)-siRNA-loaded
nanoparticles were taken up by Colon-26 and RAW 264.7
cells after 6 hours, and most nanoparticles were localized at
the perinuclear region rather than the nucleus. The silencing
efficiency of CD98 mRNA was tested in Colon-26 cells after
treatment with lipopolysaccharide (LPS). The CD98 expres-
sion was decreased to 27% in the scCD98-functionalized
siRNA nanoparticle group (ScCD98-PEG-UAC/PEI/siRNA

weight ratio of 40:20:1). In particular, attenuated expression
of proinflammatory cytokines mRNA such as TNF-a, IL-6,
and IL-12 were also observed in response to CD98 silencing.
The hydrogel containing scCD98-functionalized siRNA
nanoparticles was orally administered in murine models of
acute and chronic colitis. The nanoparticle therapeutic was
obvious, which reduced the colitis index of weight loss,
myeloperoxidase (MPO), and proinflammatory cytokines.
The expression of CD98 mRNA was decreased 47.7% in the
scCD98-functionalized siRNA group compared to the DSS
control group. Pathological section of hematoxylin/eosin
(H&E)-stained colonic sections showed that the treatment
group had considerably less inflammation.*!

Chitosan is not soluble in the physiological environment.*
This property is primarily because the D-glucosamine residue
in chitosan has a pK_ value of 6.5. Thus, chitosan—siRNA
nanoparticle formulations are limited in acidic pH values to
solubilize and ionize polymers. Furthermore, the chitosan—
siRNA nanoparticles retain stability at physiological pH due
to hydrophobic interactions.* Nevertheless, the amino groups
on chitosan are partially protonized at physiological pH,
which provides an unstable combination between chitosan
and siRNA. These properties limit the biomedical applica-
tions for chitosan. To overcome these problems, trimethyl
chitosan (TC) was developed. Trimethylation modification
refers to the quaternization of NH, on the chitosan back-
bone, which increases the solubility of chitosan in a wider
pH range and improves the transfection efficiency of the
siRNA polyplex. Dehousse et al*® developed TC—siRNA
nanoparticles using a simple complexation technique and
compared their complexation efficiency and stability with
those of chitosan nanoparticles, both assisted by sodium
tripolyphosphate (TPP). It was found that TC nanoparticles
have a highly spherical shape at pH 7.4 and no pH depen-
dency on siRNA complexation. Furthermore, the inhibition
rates of TC—siRNA nanoparticles were 1-2-fold higher than
those of chitosan polyplexes.*

Mitogen-activated protein kinase kinase kinase kinase 4
(Map4k4) siRNA-loaded galactosylated-trimethyl chitosan—
cysteine (GTC) nanoparticles were developed based on ionic
gelation with TPP and hyaluronic acid (HA) (Figure 2C).%
Cationic GTC spontaneously conjugated with the anionic
cross-linker TPP without sonication to protect the siRNA.
Furthermore, cysteine-modified was used to enhance the
bioadhesion capacity of nanoparticles through thiol-bearing
compounds covalently bonding with mucin glycoproteins.*’
The characterization of GTC/TPP (weight ratio of 10:1)
revealed a particle size and zeta potential of 147.6£5.5 nm
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and 21.4+2.4 mV, respectively, whereas GTC/HA (weight
ratio of 9:1) presented a particle size and zeta potential of
153.3+2.0 nm and 41.6+1.3 mV, respectively. Thus, GTC/HA
shows a larger particle size and zeta potential than GTC/TPP.
Furthermore, under high ionic strength conditions (0.2 M),
the size of GTC/HA increases fivefold, and the zeta potential
decreases by 26.1 mV. However, the particle size and zeta
potential of GTC/TPP remained stable at 144.0+13.6 nm and
20.9£1.6 mV, respectively. Moreover, compared to GTC/
HA, GTC/TPP also showed a more stable form in the pH
range of 1.2-7.4, which simulates the gastrointestinal tract
that the nanoparticles encountered.*® TPP is approved by the
US Food and Drug Administration (FDA) as an excipient in
food manufacturing due to its non-toxicity.* In addition, TPP
is widely used in forming ionic cross-linked chitosan nano-
particles because of its multi-valent anionic characteristic.*’
The anionic TPP and cationic amino groups of chitosan
interact with each other to form a gel through electrostatic
interactions.® The siRNA-loaded GTC nanoparticles tend
to be taken up by macrophages due to the highly expressed
macrophage—galactose-type lectin on the membrane of mac-
rophages during inflammation.>' The microspectrofluorometry
method was applied to investigate the cellular uptake of nano-
particles. The results suggested that the uptake amounts of
carboxyfluorescein (FAM)—-siRNA GTC/TPP were increased
5.8- and 1.6-fold compared to those of naked FAM—siRNA
and TC/TPP, respectively. Similarly, in DSS-induced mouse
colonic tissues, the inhibition ratio of Map4k4—siRNA GTC/
TPP was 77.6%, which was also greater than the value of
61.1% for TC/TPP. Higher MPO activities were detected in
UC tissues, and MPO is an inflammatory infiltration maker
of UC pathogenesis because it is related to the activation of
neutrophil granulocytes. In a pharmacodynamics assay, colitis
in mice was induced by DSS, and the MPO activities were
decreased 0.5—1.0-fold in the colon following the oral admin-
istration of Map4k4 siRNA-loaded GTC/TPP nanoparticles
compared with the colitis control group. In the DSS-induced
UC model, the mice exhibited sustained reduction of colon
length and weight. However, in the Map4k4 siRNA GTC/TPP
nanoparticle treatment group, colon reduction was inhibited,
and the body weight curve exhibited less fluctuation compared
with the colitis control group. UC histological remission of
less epithelial cell damage and minimal mononuclear cell
infiltration were also observed in H&E-stained colitis tissue
from mice.* The oral administration of siRNA nanoparticles
is the most patient-compliant route and is cost efficient com-
pared with other modes of administration (invasive injection
or rectal administration) in IBD treatment. Nevertheless, low

transfection limits its clinical application when siRNA trans-
ports in the gastrointestinal tract. It faces some challenges,
such as siRNA degrades in intestinal physiological fluids and
the epithelial barrier. To achieve successful oral delivery,
mannose (Man)-modified trimethyl chitosan—cysteine TNF-o
siRNA nanoparticles (MTC) were prepared by the siRNA
entrapment method (Figure 2D).>> Man receptors express
on the surfaces of macrophages, enterocytes, and M-cells,
which highly combine with agents that contain terminal
Man residues.*® In an ex vivo study, FAM—siRNA was dem-
onstrated to show intestinal absorption by a fluorescence
technique. FAM—siRNA can cross systems containing Peyer’s
patches (FAE) and not containing Peyer’s patches (non-FAE).
FAE are an important part of the intestinal mucosal immune
system. The surface of FAE is covered by a layer of micro-
fold cells, known as M-cells. M-cells can recognize many
antigens in the gastrointestinal tract and present antigens to
macrophages. The result shows that MTC enhanced the appar-
ent permeability coefficients (Papp) of FAM—siRNA. Higher
P, was also observed in M-cell-enriched FAE compared
to M-cell-free non-FAE, showing that M-cells are rapid and
efficient absorption channels of MTC. The permeation of
FAE was improved by Man moieties on the nanoparticles.
Further gene silencing efficiency studies were conducted in
rats with LPS-induced hepatic injury.>> To investigate the
ideal Man ligand ratio, the MTC were prepared with different
Man densities of 4%, 13%, and 21%. The results suggest that
MTC with a Man density of 4% have maximum RNAi and
therapeutic efficiency on the UC model.**

The aforementioned studies provide inspiration for
designing target nanoparticles as IBD therapeutics. Modi-
fication of the chitosan backbone is a direction to optimize
chitosan-based siRNA nanoparticles to obtain the powerful
modified performance of chitosan with abundant hydroxyl
and amino groups. Functional groups of antibody, galactose,
Man, and trimethyl in the structure of nanoparticles enhance
the intestinal absorption and cellular uptake, which improve
the efficiency of gene silencing.

Other polysaccharides

Cyclodextrins are biocompatible cyclic polysaccharides
composed of D-glucopyranose linked by o-(1,4) glycosidic
bonds. Cyclodextrins have an amphiphilic structure, which is
composed of a hydrophilic exterior and a hydrophobic cavity.
Therefore, cyclodextrins have the ability to form inclusion
complexes in which poorly water-soluble molecules (guests)
are encapsulated in the interior of cyclodextrins (hosts).
This characteristic of cyclodextrins increases the siRNA
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stability by resisting endonucleases. Furthermore, cyclo-
dextrins reduce the immune stimulation of nucleic acid by
avoiding non-specific interactions in physiological envi-
ronments. It has been reported that cyclodextrins improve
the permeability of oligonucleotides across the biological
membranes.>®

McCarthy et al®’ developed amphiphilic cationic cyclo-
dextrin vectors for TNF-o siRNA delivery and investigated
the RN Al efficiency in vitro and in vivo. Amphiphilic cationic

cyclodextrin was synthesized by modifying B-cyclodextrin.
Bromo-cyclodextrin was reacted with fert-butyl 3-azidopro-
pylcarbamate by cuprous-catalyzed azide—alkyne cycload-
dition (“click” reaction). The propyl chain with a terminal
Boc-protected primary amine was added to the secondary
face. Subsequently, cyclodextrin was thioalkylated with
dodecane thiol on the primary face at the 6-position.
Finally, deprotection of the Boc-protected amine group
afforded the resulting polymer (Figure 3A).%® The size of
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Figure 3 Other polysaccharides for siRNA delivery in IBD treatment.

Notes: Chemical structures of modified amphiphilic cyclodextrin (A), B-1,3-D-glucan (B), and konjac glucomannan (C).

Abbreviations: IBD, inflammatory bowel disease; siRNA, short interfering RNA.
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the modified cyclodextrin—siRNA complex (cyclodextrin/
siRNA mass ratio of 10) was 240 nm, and the zeta potential
was 42 mV.’” Modified cyclodextrin—siRNA complexes have
ideal stability in the presence of simulated colonic fluids and
o-amylases, which were secreted from the common organism
Aspergillus oryzae in the intestinal tract of a patient with
IBD. The expression of TNF-oo mRNA decreased 21-fold
after treatment with modified cyclodextrin—siRNA com-
plexes (cyclodextrin/siRNA mass ratio of 20) in LPS-induced
RAW 264.7 cells. Correspondingly, the concentration of
TNF-o protein was decreased to 4.3+£0.4 ng/mL compared
with positive control of 18.3+0.9 pg/mL. In vivo, the modi-
fied cyclodextrin—siRNA complexes significantly decreased
the proximal colon weight by 12.5 mg/cm compared with
DSS controls. RT-PCR analysis was applied for investigat-
ing the silencing efficiency of modified cyclodextrin—siRNA
complexes in a DSS-induced murine model. The results
showed that the expressions of TNF-o. and IL-6 were silenced
by 73%t13% and 58%*19%, respectively, in proximal colon
tissue. Proximal colon tissue showed a more significant
silencing effect than the distal colon. In addition, the in vivo
pharmacodynamics experiments performed using siRNA
and linear-PEI (L-PEI) complexes of in vivo-jefPEI sug-
gested that the charge of L-PEI was insufficient for forming
nanoparticles with a high therapeutic effect compared with
branched-PEI (B-PEI) at a low N/P ratio.” The branched
structure of primary, secondary, and tertiary amines in B-PEI
provides a higher positive charge, which translates to a more
appropriate electrostatic attraction with siRNA and increases
transfection efficiency. Therefore, the charge of PEI is an
important factor related to the nanoparticle performance in
gene silencing.

B-Glucan is another type of polysaccharide composed
of repeating D-glucose units linked by B-glycosidic bonds
(Figure 3B). Aouadi et al® developed the first oral siRNA
delivery systems of micrometer-sized B-1,3-D-glucan-
encapsulated Map4k4 siRNA particles (GeRPs) of a
multi-layered formulation. B-1,3-D-Glucans were purified
from baker’s yeast through solvent extraction. Negatively
charged siRNA interacted with positively charged PEI and
absorbed onto the shell of GeRPs. The GeRPs released the
loaded Map4k4 siRNA, which was triggered by the acidic pH
in phagosomes. The Map4k4 siRNA resulted in a 70%-80%
knockdown of Map4k4 mRNA and 50% reductions of
TNF-o in peritoneal exudate cells isolated from C57BL6/J
mice. In vivo, oral administration of Map4k4 siRNA GeRPs
increased the survival rates of mice and attenuated inflam-
matory injury by inhibiting TNF-o. and IL-1f production in
gut-associated lymphatic tissue.>

Another strategy of nucleic acid delivery through oral
administration consists of utilizing phytagel and cKGM
(Figure 3C).% The swelling properties of cKGM are stronger
than those of phytagel. The cKGM swells unrestrained by
absorbing water until the microspheres burst and releases
the contained oligonucleotide, whereas the phytagel offers
sufficient strength to stabilize the microspheres during
expansion. By adjusting the ratio of cKGM and phytagel,
cKGM-based nucleic acid delivery microspheres selectively
collapse in the colon section. The cKGM has abundant Man
and B-glucan moieties, which specifically interact with Man
and B-glucan receptors on the surface of macrophages. The
cationic characteristic of cKGM conjugates to anionic anti-
sense oligonucleotides. The cKGM-based TNF-a. antisense
oligonucleotide microspheres effectively decreased the
concentration of TNF-o in the colon lumen and protected
mice from injury in DSS-induced colitis.*

PLA-based nanoparticles
PLA is a type of aliphatic thermoplastic polyester that is
widely used in medical applications approved by the US
FDA, such as surgical sutures, implants, tissue culture, and
controlled-release systems.® This is primarily because PLA
has characteristics of biodegradability, non-toxicity, and
biocompatibility in the human body.®

In general, PLA-based siRNA nanoparticles are synthe-
sized via a double emulsion/solvent evaporation technique.
The group of Laroui et al has performed numerous studies
in this area.®* The negatively charged siRNA combines
with the positively charged PEI to form the internal aqueous
phase. The internal aqueous phase is mixed with PLA or PLA
derivatives in an organic phase, typically dichloromethane, to
generate a water/oil (W/O) emulsion. The step of forming an
emulsion is necessary. The first W/O emulsion is dropped in
a second aqueous phase that contains a stabilizer agent, such
as polyvinyl alcohol (PVA), to generate a water/oil/water
emulsion (W/O/W). Finally, the nanoparticles are obtained
by evaporating the organic solvent and freeze drying.

Laroui et al® have used this technique to produce TNF-o.
siRNA/PEI-loaded PLA nanoparticles covered with PVA.
Their studies indicate that the nanoparticle size and zeta
potential were associated with the PVA surface characteris-
tics (Figure 4). Pure PVA of 100% hydrolysis is non-soluble
in water and physiological milieu. However, following
the introduction of acetate groups into PVA at levels of
11%—-14%, PV A is soluble and retains partial hydrophobicity,
thus becoming an emulsifier in the nanoparticle formula-
tion. In physiological milieu, less-soluble PVA effectively
decreases the hydrodynamic radius of the nanoparticle shell,
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Figure 4 PLA-based nanoparticle delivery systems for siRNA delivery in IBD
treatment.

Notes: Chemical structures of PLA, PVA, and PLA-PEG-maleimide—Ab.
Abbreviations: Ab, antibody; IBD, inflammatory bowel disease; PEG, polyethylene
glycol; PLA, polylactide; PVA, polyvinyl alcohol; siRNA, short interfering RNA.

which spontaneously reduces the diameter of nanoparticles.
The hydrodynamic radius of particles is related to pH in
physiological milieu. It was found that the size of TNF-a
siRNA-loaded PLA nanoparticle at neutral pH was smaller
than that at acidic pH. In addition, the pH was also impli-
cated in zeta potential of nanoparticle by PVA absorbed on
the nanoparticle surfaces. PVAs with 86%—89% hydrolysis
were applied in the nanoparticle formulations, which indicate
that the contents of hydroxyl groups are tenfold higher than
acetate groups of PVA. At pH values of 6-7.2, the depro-
tonation of hydroxyl groups creates a more negative zeta
potential on the nanoparticles. The negative zeta potential
of nanoparticles is beneficial to binding to cationic sites on
the cell membrane and inducing endocytosis.®” Furthermore,
in a LPS-stimulated macrophage model, TNF-o siRNA/
PEI-loaded PLA nanoparticles exhibited 2—4-fold greater
TNF-a silencing effects compared to lipofectamine vec-
tors and the positive control.®* To investigate the silencing
efficiency in colonic tissue, nanoparticles were encapsulated
into a hydrogel of alginate/chitosan at a weight ratio of 7:3
and administered to LPS-treated mice by gavage.®**® TNF-q,
siRNA-loaded PLA nanoparticles specifically release from
the hydrogel in the colonic lumen rather than in the stomach
and small intestine. It was found that TNF-o. reduction was
more obvious in the colon than in the liver and blood after
pre-treatment with hydrogel nanoparticles, which indicates
a desirable colon-specific delivery effect and therapy.®

A similar synthetic method for PLA nanoparticles
was introduced by forming nanoparticles encapsulated in
recombinant human prohibitin ameliorating acute murine
colitis.** Prohibitin is a type of positive therapeutic protein

for attenuating UC and CD. Expression of prohibitin
decreases the oxidative level and TNF-o.-stimulated nuclear
factor-kB (NF-xB) activation in intestinal epithelial tissue.®
Ghaleb et al® also formed Kriippel-like factor 4 (K1f4)-
siRNA-loaded PLA nanoparticles and encapsulated them
in a hydrogel of alginate and chitosan. Klf4 is a zinc finger
transcription factor expressed on macrophages and is con-
sidered to be proinflammatory mediator through the NF-xB
signaling pathway. The expression of K1f4 was reduced more
by DSS plus KIf4-siRNA-loaded PLA nanoparticles than
by Klf4-siRNA-loaded PLA nanoparticles only in murine
colonic epithelium, which indicated that DSS may enhance
permeation efficiency in the process of nanoparticles crossing
the colonic epithelium to some extent.

To optimize the targeting performance to macro-
phages, F4/80 antibodies were grafted onto the surface of
nanoparticles.® The backbone of the nanoparticles was PLA.
PEG-maleimide (Mal) was conferred to PLA (Figure 4).
Regarding the nanoparticle structure, it was proposed that
hydrophilic PEG-Mal was oriented to the second aqueous
phase but that hydrophobic PLA was adjusted toward the
organic phase; therefore, the nanoparticles were spontane-
ously decorated with PEG-Mal ligands on their surface.
The nanoparticles were prepared using the double emulsion/
solvent evaporation method, as described earlier. The inner
aqueous phase contains cationic PEI and anionic siRNA,
with an N/P ratio of 30 (N as the ammonium charge of PEI).
Bovine serum albumin was then added to the internal aqueous
phase and dichloromethane containing PLA-PEG-Mal to
generate the first emulsion. Note that sodium cholate was cho-
sen as the surfactant in the W/O/W emulsion preparation.®
Compared to PVA, sodium cholate was a poor stabilizer in
PLA microspheres preparation, but it could be completely
removed during the cleaning procedure.” To obtain the Fab’
portion of F4/80 antibodies, they were initially digested by
pepsin and treated with 2-mercaptoethanol to remove the
Fc portion and cleave Fab disulfide bonds. The Fab’ por-
tion of F4/80 antibodies subsequently interacted with the
Mal moiety of nanoparticles (Fab’/Mal ratio of 1:4) via
covalent thioether bonding. The size of the Fab’-bearing
PLA-PEG nanoparticles was 37619 nm as measured by
dynamic light scattering. Furthermore, under scanning
electron microscopy, Fab’-bearing PLA-PEG nanoparticles
showed a more homogeneous distribution and less unwanted
aggregation than PLA-PEG-Mal nanoparticles. This result
may be attributed to the hydrophilicity of the Fab’-binding,
which stabilizes the colloidal dispersion. In addition, surface
plasmon resonance (SPR) experiments were conducted to
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confirm Fab’-binding and its integrity on the nanoparticles.®
Briefly, the Fab’-bearing PLA—PEG nanoparticles were
“rolled” on a layer of carboxydextran in the SPR instrument.
The amine groups of Fab’ interacted with the carboxyl group
of carboxydextran, and a resonance angle shift was detected
by the SPR instrument. However, the lack of amine groups
had no response of a resonance angle shift. It was found that a
resonance angle shift of 91 mDeg was generated by the Fab’-
bearing PLA-PEG nanoparticles. Furthermore, to confirm
the structural integrity of Fab’, the Fab’-bearing PLA-PEG
nanoparticles were first attached on carboxydextran in the
SPR instrument. Subsequently, RAW 264.7 (widely express
F4/80 antigens) and Caco2 BBE cells (do not express F4/80
antigens) were “rolled” onto the nanoparticle surface. It was
found that the Fab’-bearing PLA-PEG nanoparticles inter-
acted more with the RAW 264.7 cells than with the Caco2
BBE cells, with shifts of 46.34 vs 1.23 mDeg, respectively.
The results indicate that Fab’ retains its three-dimensional
conformation and specifically binds to RAW 264.7 cells.
In addition, the endocytosis of Fab’-bearing PLA-PEG
nanoparticles was measured by fluorescent microscopy in
RAW 264.7 cells. The FITC-siRNA was encapsulated in
both Fab’-bearing nanoparticles and uncoated nanoparticles.
The fluorescence intensity of the Fab’-bearing nanoparticles
was 51,325 AU/um?, and that of the uncoated nanoparticles
was 10,279 AU/um?. The results showed that the presence
of Fab’ increased the phagocytosis of the nanoparticles.
Furthermore, the Fab’-bearing PLA-PEG TNF-o siRNA
nanoparticles attenuated colitis parameters such as weight
loss, MPO, and IxPo protein more efficiently than nanopar-
ticles without Fab’ in vivo in a colitis mouse model. Similar
results were observed in mice with colitis that were treated
by alginate and chitosan hydrogel-encapsulated Fab’-bearing
nanoparticles.®

CaP/PLGA-based nanoparticles
CaP is a component of biological hard tissues in bone, teeth,
and tendons. Therefore, CaP has been employed as an ideal
inorganic nanoparticle vector for nucleic acids or proteins
based on its biodegradability and biocompatibility.”" CaP
nanoparticles can permeate the cell membrane and release
nucleic acid cargo into the cytosol by lysosomal escape.
To provide reliable ribonuclease resistance and sustained
release characteristics, nucleic acid-CaP has been further
encapsulated into PLGA nanoparticles.

Frede et al” developed siRNA-loaded CaP/PLGA
nanoparticles against intestinal proinflammatory media-
tors for the local therapeutic treatment of IBD (Figure 5).

DU siRNA

CaP

| PLGA shell

& e

Figure 5 Schematic illustration of CaP/PLGA-based nanoparticles.
Abbreviations: CaP, calcium phosphate; PEI, polyethylenimine; PLGA, poly(D,L-
lactide-co-glycolide acid); siRNA, short interfering RNA.

A CaP dispersion was synthesized by mixing a solution of
calcium-L-lactate and diammonium hydrogen phosphate. The
siRNA was then mixed with the CaP dispersion, and siRNA—
CaP nanoparticles were synthesized using a rapid precipitation
method. The positive Ca* was attracted to the negative phos-
phate groups of the nucleic acids by electrostatic attraction.”
In this step, siRNA was absorbed onto the surface of CaP and
also acted as a stabilizing agent that inhibited crystal growth
of CaP.™ Subsequently, siRNA—CaP was encapsulated into
the PLGA matrix using a classic double emulsion solvent
evaporation method. PLGA is a safe biodegradable mate-
rial approved by the US FDA for use in various biomedical
applications.” The solution of siRNA—CaP was used as the
internal aqueous phase, and the PLGA polymer was dissolved
in the organic phase. PVA was chosen as a stabilizer added
to the second aqueous phase in the formation of a W/O/W
emulsion. It was reported that adding bovine serum albumin
to the initial W/O emulsion inhibited aggregation of the
emulsion and reduced nanoparticle diameter by acting as
a surfactant in the PLGA nanoparticles formulation.”*”® In
addition, to enhance the cell endocytosis of anionic sSiRNA—
CaP-PLGA nanoparticles, the freeze-dried nanoparticles were
finally resuspended in cationic B-PEI (25 kDa) solution at a
weight ratio of 1:2 to perform a charge reversal to cationic
nanoparticles. The final diameter of the siRNA-loaded CaP/
PLGA nanoparticles was 151.52 nm, and the zeta potential
was 22.08 mV. SiRNA-loaded CaP-PLGA nanoparticles do
not activate endogenous immune to CD4* T-cells or dendritic
cells. Furthermore, siRNA-loaded CaP-PLGA nanoparticles
showed a 30% reduced expression of IP-10 gene as well as
50% reduced expression of TNF-o. or KC gene compared
to controls in the murine epithelial cell line MODE-K.
In addition, the siRNA-loaded CaP-PLGA nanoparticles
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still exhibited a silencing effect after incubation with murine
colonic fluids or homogenate, which indicated that the CaP/
PLGA nanoparticles protected the siRNA from degradation
in the colon. The BALB/c mice were treated with DSS, and
siRNA-loaded CaP-PLGA nanoparticles were administered
intrarectally to examine their therapeutic effect. The results
suggested that the expression of TNF-ao mRNA decreased
40% and the expression of KC and IP-10 decreased 50% in
the colon tissue compared to the controls after siRNA-loaded
CaP-PLGA nanoparticle treatment.”

To locate the position of nanoparticles in mice, an
in vivo imaging system was applied. BALB/c mice were
intrarectally injected with AlexaFluor750-oligonucleotide
CaP/PLGA nanoparticles (50 pug siRNA) after fasting
overnight. The fluorescence was mainly concentrated in the
distal part of the colon and mesenteric lymph node in mice.
In addition, dendritic cells, macrophages, and T-cells were
considered target cells of CaP/PLGA nanoparticles with
promising cell uptake using a fluorescence-activated cell
sorting technique. Similarly, enhanced nanoparticle uptake
was observed in a colonic inflammatory model compared to
healthy conditions.®>7? Ali et al”” administered identical doses
of FITC-labeled budesonide—PLGA nanoparticles by gavage
to mice under colonic inflamed and healthy conditions. The
nanoparticle localization in colon tissue was determined
using an in vivo imaging system. The fluorescence signals
from nanoparticles were mainly concentrated in the inflamed
area in the colonic inflamed model, whereas in the healthy
model, nanoparticles were dispersedly distributed in the
whole gut.”” This may be related to the high permeability of
inflamed mucosa. These results suggest that nanoparticles
tend to accumulate in the inflamed area in the colon, which
favors an extended residence time and retards a rapid elimi-
nation of nanoparticles caused by diarrhea.

NiMOS

NiMOS is a type of solid-in-solid multi-compartmental
system that is composed of a solid internal phase and further
covered by a solid external phase (Figure 6). For example,

Gelatin nanoparticle
siRNA

PCL microsphere

Figure 6 Schematic illustration of nanoparticles in the microsphere system.
Abbreviations: PCL, poly-e-caprolactone; siRNA, short interfering RNA.

siRNA was first encapsulated into type B gelatin nanopar-
ticles and subsequently entrapped in poly-e-caprolactone
(PCL) microspheres utilizing the double emulsion solvent
evaporation technique.” Gelatin was used as a coating in
pharmaceutical production. The type B gelatin was obtained
from collagen via alkaline hydrolysis. It swelled in the
aqueous phase and became a gel below 35°C. In addition, as
synthetic polyester, PCL protects its payload from degrada-
tion during gastrointestinal transit. After the microspheres
reached the colon section, PCL was degraded by lipase,
and nanoparticles released into the colon lumen.” For oral
administration, the size of the microparticles should ideally
be controlled to <5 um.'® In general, there are three main
factors related to the particle size of NIMOS: the amount of
gelatin nanoparticles entrapped in NIMOS, the concentration
of polymer in the organic phase, and the speed of homogeni-
zation during the double emulsion formation.*

Kriegel and Amiji®! fabricated TNF-o siRNA-containing
NiMOS using type B gelatin nanoparticles with a size of
200 nm and subsequently entrapped them in PCL micro-
spheres with a size of 2—4 um. TNF-o siRNA was mixed
with a gelatin solution, and the nanoparticles were obtained
by ethanol precipitation and lyophilized. The nanoparticles
were then homogenized with PCL in an organic phase of
dichloromethane to form a stable emulsion system. Sub-
sequently, the emulsion was homogenized with a PVA
solution in the aqueous phase. NiMOS nanoparticles were
obtained after evaporating dichloromethane in the emulsion,
removing PV A by washing with distilled—deionized water,
and lyophilization. The loading efficiency of siRNA in the
gelatin nanoparticles was measured to be 90.2%5.4%,
and in NiMOS it was 55.2%=%2.8%. The protective effects
of NiMOS to siRNA were evaluated using agarose gel
electrophoresis. The results suggest that NIMOS remains
stable under gastric acid conditions and neutral conditions
with ribonuclease. To evaluate the TNF-o gene silencing
efficiency of NiMOS, TNF-o siRNA NiMOS, scramble
siRNA NiMOS, and blank NiMOS were orally adminis-
tered to a murine acute colitis model induced by DSS. An
approximately threefold decrease of TNF-o protein was
observed in the group receiving TNF-o. siRNA NiMOS
compared with the group that received blank NiMOS. In
addition, the TNF-o siRNA NiMOS group showed the
lowest TNF-oo mRNA transcription compared with the
other groups on day 14. However, the blank NiMOS and
scramble siRNA NiMOS also exhibited a TNF-a silenc-
ing effect to some extent on day 14, which suggested that
some off-target effects of NiMOS may exist. The data from
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ELISA indicated that TNF-oo NiMOS reduced the expres-
sion of other proinflammatory cytokines, including IL-1,
interferon (IFN)-y, and monocyte chemotactic protein-1.
The therapeutic effects of TNF-oo NiMOS were reflected
in increased body weight and reduced levels of MPO in
colitis-induced mice.?! These results demonstrated that
NiMOS is a promising formulation for oral siRNA delivery
in IBD treatment. NiMOS increased the loading capacity of
siRNA due to the structural design of the delivery system.
The multi-compartmental structures of the PCL shell and
B gelatin nanoparticles also reserved the stability of the
loaded siRNA in the harsh gastrointestinal environment and
prolonged the exposure time to the targeted cells.

A further study of NiMOS encapsulated dual TNF-o/
CyD1 siRNA.” Combined siRNA NiMOS strongly reduced
proinflammatory cytokines and relieved colonic injury of
rectal bleeding, body weight loss, and colon shortening
compared with TNF-o siRNA NiMOS alone. Dual TNF-o/
CyDI1siRNA has more reduction potency to proinflamma-
tory cytokines than single TNF-o siRNA treatment, which
is attributed to the strong CyD1 silencing effect. However,
the silencing effects of dual siRNA were not as prominent
as single CyD1 siRNA, which suggested that the silencing
effects of dual siRNA may be diluted compared to the same
overall amount of single siRNA. The histopathological assay
showed that TNF-0/CyD1 NiMOS potently suppressed
goblet cell destruction, ulcerations, and membrane thickening
in intestinal inflammatory tissue. The MPO activities of the
control group were measured to be 2-2.5 mU/mL per total
protein content and were decreased to 1-1.5 mU/mL after
the administration of TNF-a/CyD1 siRNA.”
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Thioketal-based nanoparticles
In addition to genetic variations and immune disturbance,
oxidative stress disorder is considered to be an impor-
tant causative factor for IBD.¥ Oxidative stress disorder
in colonic tissue increases the secretion of reactive oxygen
species (ROS). High levels of ROS in colonic inflammatory
tissues were related to epithelial tissue injury of IBD.%
Wilson et al* developed an exquisite delivery system
of thioketal nanoparticles (TKNs) based on the charac-
teristics of high ROS in intestinal inflammatory tissue.
First, TNF-o, siRNA was interacted with 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) to form siRNA—
DOTAP complex particles. DOTAP is a type of cationic lipid
and has preferable performance in enhancing siRNA trans-
fection and endosomal escape.®® Subsequently, TKNs were
obtained by adding these complex particles to a PPADT solu-
tion. PPADT was prepared via the acetal exchange reaction
of 1,4-benzenedimethanethiol and 2,2-dimethoxypropane
(Figure 7). PPADT has a
linkage and is stable in acid, base, and protease environments.

special ROS-sensitive thioketal

The sizes of the TKNs were 600 nm to ensure that nanopar-
ticles were localized in the inflammatory intestinal tissue
and were taken up by macrophages. The cytotoxicity profile
of TNF-o. siRNA TKNs was similar to that of PLGA-based
TNF-a siRNA nanoparticles.** However, the nanoparticles
formulated from PLGA show less silencing efficiency com-
pared with TKNs at the same TNF-o siRNA dose (2.3 mg
siRNA/kg). Moreover, the dose of 0.23 mg/kg, a tenfold
lower dose, also showed silencing efficiency for TNF-o
and other proinflammatory cytokines, such as IL-6, IL-1,
and IFN-y. The histopathological analysis results showed
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Figure 7 Thioketal and PEl-based nanoparticulate delivery system for siRNA delivery in IBD treatment.

Notes: Chemical structures of PPADT, B-PEI, CBA, and p(CBA-B-PEI)-PEG-Man.

Abbreviations: B-PEl, branched-polyethylenimine; CBA, cystamine bisacrylamide; IBD, inflammatory bowel disease; Man, mannose; PEG, polyethylene glycol; siRNA, short

interfering RNA.
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that TNF-a0 TKNs (2.3 mg siRNA/kg) protected intestinal
inflammatory tissue from injury of epithelial cell damage
and neutrophil invasion compared to the controls (Figure 8).
In addition, decreased levels of MPO and increased weight
were observed after treatment with TNF-o siRNA TKNs in
DSS-induced mice. Thus, the clinical potential of oral TNF-o.
siRNA TKNs was demonstrated in colitis treatment.®*

PEl-based nanoparticles

PEI is commonly used in non-viral siRNA transfection
in vitro or in vivo because of the advantages of high RNA
condensation and proton sponge effect to escape endosomes/
lysosomes. However, the disadvantages of PEI such as non-
degradability, high cytotoxicity, and aggregation in blood
circulation limit its use in further clinical applications. The
cytotoxicity of PEI is related to the MW, structure, and
concentration.? In the quest for a balance between cytotox-
icity and high transfection efficiency, degradable PEI was
developed, which consists of low MW PEI cross-linked with
bioreducible molecules within disulfide linkages.®”* The
presence of disulfide bonds in the bioreducible polyplex could
be reduced by intracellular glutathione, glutathione reductase,
and other small molecules possessing thiol groups. Glutathi-
one plays an antioxidant role in cells, and the intracellular
concentration of glutathione was approximately threefold
higher than in extracellular plasma.® Therefore, as men-
tioned in the earlier section regarding the redox gradient in
the intestinal lumen, the siRNA-PEI polyplex remains stable
in the oxidizing extracellular space and releases siRNA in

cytoplasm activated by the reduction of glutathione. More-
over, it was found that disulfide bonds increased the stability
of the nanoparticles under high salt conditions.”

Xiao et al’! developed new oral nanoparticle systems,
TNF-0 siRNA-loaded Man-modified cationic polymeric
nanoparticles (TPP-PPM/TNF-o. siRNA NPs), for IBD treat-
ment. The B-PEI (25 kDa) was connected to the end group
of cystamine bisacrylamide (CBA) via a Michael addition
reaction. CBA has a symmetrical acrylamide structure and
contains bioreducible disulfide linkage. The amine groups of
p(CBA-B-PEI) were then further reacted with HOOC-PEG—
Man, and the final products were P(CBA-B-PEI)-PEG-Man
(PPM) (Figure 7). The complex coacervation technique was
applied to PPM package TNF-a siRNA assisted by TPP.
The optimum PPM/TPP ratio was 4:1. As an anionic cross-
linker, TPP has a significant effect on reducing the sizes of
the nanoparticles. The sizes of TPP-free PPM/siRNA nano-
particles were 302-363 nm. However, the sizes of the TPP—
PPM/siRNA nanoparticles were decreased to 211-275 nm.
In addition, the quantification of nanoparticles taken up by
RAW 264.7 macrophages was determined based on the
mean fluorescence intensity of FITC—siRNA. The results
showed that the mean fluorescence intensity of the TPP—
PPM/FITC—siRNA NPs was 1-2-fold stronger than that of
PPM/FITC—siRNA NPs, which indicates that TPP increases
the cellular uptake of nanoparticles. Furthermore, Man was
added to the culture medium of the RAW 264.7 macrophages
as a competitor to TPP-PPM/FITC—siRNA NPs. It was found
that the cellular uptake of TPP-PPM/FITC—siRNA NPs

Figure 8 Colon histological sections stained with H&E from mice receiving different kinds of nanoparticles.

Notes: Colon histological sections stained with H&E from mice receiving normal water and gavage of phosphate buffer saline (A). Colon histological sections stained with
H&E from DSS-induced mice receiving daily gavage of phosphate buffer saline (B), scramble-siRNA-loaded TKNs (C), TNF-o.-siRNA-loaded TKNs (D), TNF-0-siRNA-loaded
PLGA nanoparticles (E), or TNF-0.-siRNA-loaded B-glucan particles (F). Adapted by permission from Macmillan Publishers Ltd: [Nat Mater],** copyright (2010). The B-glucan
particles (F) have demonstrated siRNA carrying ability by oral administration in inflammatory treatment at previous studies.*

Abbreviations: DSS, dextran sulfate sodium; H&E, hematoxylin/eosin; siRNA, short interfering RNA; TKNSs, thioketal nanoparticles; TNF, tumor necrosis factor.
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was decreased by adding Man, which indicated an uptake
improvement caused by Man residues on the nanoparticles.
In vitro, the silencing effect of TPP-PPM/TNF-a siRNA
NPs is weight ratio dependent and has a maximum value
of RNAI efficiency of 471.6 pg/mg protein at a TPP-PPM/
siRNA weight ratio of 40:1. Furthermore, it was found that
TPP-PPM/TNF-o siRNA NPs (siRNA concentration of
300 nM) reduced 61.0% of TNF-a secretion compared to the
positive control in DSS-induced mouse colon tissue.’!

Nanoparticle delivery systems of miRNA
MiRNA plays a critical role in the pathogenic mechanism of
IBD, which includes the regulation of nuclear transcription
factor, intestinal epithelial barrier function, and autophagic
activity.”? Considerable attention has been devoted to miRNA
as therapeutic targets or biomarkers in IBD treatment.”® At
present, synthetic materials are used to condense miRNA,
which mainly focus on the treatment of cancer, cardiovas-
cular disease, and hepatitis, including lipid, PEI, PLGA,
dendrimers, and so on.’** However, safe, effective, and
stable delivery systems for miRNA are rarely reported in
IBD treatment. Although commonly used as transfection
reagents, liposomes are widely used in miRNA delivery
in vitro.’® However, considerable unknowns still exist in
miRNA nanoparticle delivery systems for IBD treatment.
Currently, the design of miRNA delivery systems is normally
based on the protocols of siRNA delivery systems.
PEI/miRNA complexes were prepared for miR-145 and
miR-33a delivery in the miRNA replacement therapy of
colon cancer.”” PEI is a positively charged polymer, and it
binds with miRNA to form complexes through electrostatic
interactions. Furthermore, miRNA was assisted by PEI
escaping from endosomes through the proton sponge effect.
MiR-145 was combined with PEI to validate the replacement
therapy of PEI/miRNA complexes. This is mainly because
the functions of miR-145 are analogous to tumor suppressors,
which inhibit the growth and invasion of colon carcinoma
cells. Decreased levels of miR-145 were detected in colon
cancer models.”® The PEI/miRNA complexes increased
the levels of intracellular miRNA in excess of tenfold. In
addition, the cell proliferation was decreased over 60% in the
group treated with PEI/miRNA complexes compared with
the negative control. The jefPEI or B-PEI F25-LMW was
synthesized with miRNA to investigate the delivery ability
of PEI complexes. The jefPEI exhibited higher transfection
efficacy than B-PEI F25-LMW in vitro.”” PEI/miR-145 com-
plexes were intratumorally injected into athymic nude mice
with a tumor xenograft. The tumor model was established by

LS174T colon carcinoma cells. The results indicated clear
systemic effects of tumor-suppressive function. The tumor
growth decreased 50% compared with the negative controls.
Subsequent studies have shown that the anti-tumor effects of
PEI/miR-145 complexes were mediated by protein inhibition
of ERKS5 and c-Myec. To confirm the local therapeutic effects
to tumors, PEI/miR-145 complexes were injected into mice
with a colon cancer xenograft by the tumorigenic cell line
HCT-116. Distinct tumor volume reductions of 40%—60%
were observed in the PEI/miR-145 treatment group compared
to the control groups.”’

In addition, profound inhibition of colon cancer was
similarly found in PEI/miR-33a complexes. MiR-33a shows
potential suppressor activity through inhibition of the proto-
oncogene Pim-1. The serine/threonine kinase Pim-1 was
upregulated in colon cancer and related to early transforma-
tion and progression of tumors.” This research first intro-
duced PEI/miRNA complexes as miRNA delivery systems
and demonstrated that PEI can be used as an efficient and
biocompatible material to form miRNA delivery systems.

Atelocollagen is another promising miRNA delivery
material. Atelocollagen has a positive charge and has the
ability to combine with miRNA to form nanoparticles via
electrostatic interactions. Atelocollagen was obtained by
pepsin-treated type I collagen. Pepsin treatment decreased
the immunogenicity of atelocollagen through removal of
its telopeptide.!® As a nucleic acid condensation material,
atelocollagen has low toxicity, nuclease resistance, and a
prolonged released effect.!”! Tazawa et al'® synthesized
atelocollagen/miR-34a complexes to suppress colon cancer.
HCT 116 and RKO cells were transplanted into nude mice
to form a colon cancer model. Atelocollagen/miR-34a com-
plexes were subcutaneously administered into mice with a
colon cancer xenograft. A significant reduction in tumor
volume was observed after treatment until day 6. At later
time points, the suppressive effect was not desirable. The
duration of the anti-tumor effect caused by atelocollagen/
miR-34a complexes is ~1 week.!??

Challenges of RNAi molecular

delivery in IBD therapy

In general, the first preference for siRNA or miRNA deliv-
ery systems is viral vectors, such as retrovirus, lentivirus,
adenovirus, adeno-associated virus, and baculovirus, due to
their high transfection efficiency. However, the potential side
effects of immunotoxicity, insertion of host gene, and qual-
ity problems in production have limited the applications of
such systems. Non-viral nanoparticles have preferable patient
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compliance and are cost efficient compared with viral vectors
in RNAI treatment. Thus, developing non-viral nanoparticles
is an objective for scientists, and overcoming the hurdles of
low transfection efficiency is the key to develop non-viral
delivery systems (Table 3).

Transfection efficiency is influenced by numerous factors
before siRNA or miRNA reaches the target site to elicit RNAi
effects. For naked siRNA, the relatively high molecular mass
(=13 kDa) and strong net negative charge (~40 negative
phosphate charges) compared to small molecular drugs make
siRNA difficult to be taken up by intestinal epithelial cells or
macrophages. This is primarily because of the electrostatic
repulsion between siRNA and the anionic cell membrane
surface. However, the exorbitant positive surface charge of
non-viral delivery systems may incorporate with negatively
charged serum proteins to impede cellular uptake. Therefore,
surface charge is an important parameter in the design of
non-viral delivery systems. Another limitation of naked RNA
delivery is its short half-life in vivo. This can be attributed
to depurination in the low pH stomach environment and
degradation by endogenous nucleases in the gut lumen or
serum. The physiological conditions of patients with IBD
need to be considered when designing oral RNAi molecule
nanoparticles. The normal colonic pH ranges from 6.8 to 7.2.
However, the colon luminal pH of patients with UC decreases
to 2.3-5.5.1% The oral nanoparticles need to remain stable
in the harsh gastrointestinal environment. Patients with
IBD normally have diarrhea and abnormal motility of the
gastrointestinal tract, which leads to accelerated transit times
for drugs.!®* Therefore, oral RNAi molecule nanoparticle
delivery systems face the challenges of nanoparticle aggre-
gation and physical docking/accumulation on the surface
of the intestinal mucosa.!®® Furthermore, in serum, RNAi
molecule nanoparticles face the challenges of degradation
by ribonuclease, uptake by the reticuloendothelial system,

Table 3 Challenges of RNAi molecular delivery in IBD

and aggregation with serum proteins.'” Moreover, it is dif-
ficult for molecules larger than 5 nm to pass through the
capillary endothelium.!” Generally, delivery systems of
sizes <200 wm perform the eEPR effect and have well targeted
effects to immunoregulate cells of macrophages <10 pum.!
In many cases, non-viral nanoparticles of RNAi molecule
are internalized into the cytoplasm by endocytosis or passive
diffusion. Non-viral nanosystems via the passive diffusion
process are limited to particle sizes <30 nm.'” According
to the different sizes of nanoparticles, endocytosis of RNAi
nanosystems mainly have clathrin-mediated endocyto-
sis (nanoparticles: 200-500 nm) and caveolae-mediated
endocytosis (nanoparticles =200 nm). Nanosystems via
clathrin-mediated endocytosis face the challenge of gradu-
ally declining pH and hydrolytic nuclease in endosomes
and lysosomes, which induce RNAi molecule degradation.
In contrast, caveolae-mediated endocytosis is conducted in
a neutral pH environment and without nuclease degradation
by lysosomes.'"”

Once non-viral nanosystems enter the cytoplasm, they
need to escape from endosomes/lysosomes and release their
siRNA or miRNA cargo. There are several strategies that have
been employed to escape endosomes/lysosomes in nanosys-
tem delivery at the time of writing. The common strategy
achieves endosomes/lysosomes escape by applying “proton
sponge”, which are types of protonable molecules with abun-
dant primary and tertiary amine groups, including PEI and
imidazole groups. The “proton sponge” captures abundant
protons in low pH environments in endosomes/lysosomes to
cause chloride ions to flood into cells via passive transport,
leading to osmotic swelling. An abnormal increase in osmotic
pressure eventually leads to the rupture of the membranes
of endosomes/lysosomes and the entry of nanosystems into
the cytoplasm. Another strategy for endosome/lysosome
escape is adding endosomolytic agents into delivery systems,

RNAi molecule

Physical barriers

Pathological changes in
gastrointestinal tract of IBD

High molecular mass: ~13 kDa of siRNA

Strong net negative charge (~40 negative phosphate
charges) of siRNA leads to electrostatic repulsion
with anionic cell membrane surface

Short half-life in vivo

Off-target effects

Immunostimulation

Low pH stomach environment
Endogenous nuclease in gut lumen
Reticuloendothelial system uptake
and aggregation with serum proteins
Gradual decline in pH and hydrolytic
nuclease in endosome and lysosome
via clathrin-mediated endocytosis

Abnormal colon luminal pH: 2.3-5.5
Diarrhea, abnormal motility, and surgical
resection of gastrointestinal tract
accelerated nanoparticulate transit time
Dysbiosis of microbial composition
influences polysaccharide-based
nanoparticle degradation

Enterocyte damage enhances
nanoparticulate accumulation and
uptake in enterocytes and macrophages

Abbreviations: IBD, inflammatory bowel disease; RNAi, RNA interference; siRNA, short interfering RNA.
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such as 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
(DOPE) and chloroquine. According to reports, DOPE can
incorporate with neutral liposomes to form lipid-based
nanoparticles.'® In addition, dendrimers have no ability to
transfer nucleic acid into cytoplasm; however, this situation
will change by adding chloroquine to facilitate dendrimers
escaping from endosomes. Chloroquine normally promotes
the transfection efficiency of delivery systems with a low pH
value in the vesicular stage.

Conclusion

Over the past decades, RNAI therapeutic studies have devel-
oped rapidly in the fields of cancer, immunological diseases,
infectious diseases, and genetic diseases.!''"'3 In theory,
any genetic target can be regulated by siRNA or miRNA
technology. The sequence design and chemical modifica-
tion of siRNA or miRNA are no longer the development
bottlenecks of RNAi. Currently, the critical factors in RNAi
treatment for IBD are the development of appropriate deliv-
ery systems for special targets and effectively regulating the
target gene without side effects. In addition, in-depth studies
of IBD pathology and new nanotechnology continuously
provide new nanoparticle mechanisms for IBD therapy. For
example, iron deficiency anemia, which is often associated
with IBD, occurs due to both low intestinal intake of iron
and blood loss.!* Furthermore, superparamagnetic iron
oxide nanoparticles have been confirmed as a theranostic
system in siRNA delivery.'" Iron oxide nanoparticles with
siRNA may be an option in future IBD treatment. Although
there are various complex problems associated with RNAi-
based nanoparticles, they are regarded as a type of potent
alternative to conventional IBD medicinal treatments. Herein,
we analyzed the advantages and disadvantages of different
targets and mechanisms of siRNA and miRNA nanoparticles
in vivo or invitro, with hopes of promoting the innovation
and creativity in nanoparticle formulations or preparations.
To apply RNAI to clinical IBD therapy in the future, a
substantial improvement of RNAi-based nanosystems is
still necessary.
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disease; cKGM, cationic konjac glucomannan; CyD1, cyclin
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polyethylene glycol; PEI, polyethylenimine; PLA, poly-
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polyvinyl alcohol; RISC, RNA-induced silencing complex;
RNAI, RNA interference; ROS, reactive oxygen species;
ScCD98, single-chain CD98; siRNA, short interfering RNA;
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T-helper cell; TKNs, thioketal nanoparticles; TNF, tumor
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