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ABSTRACT: Based on cancer-related deaths, stomach cancer is ranked fifth, and first
among Hispanics. Lack of technologies for early diagnosis and unavailability of target-
specific therapeutics are largely the causes of the poor therapeutic outcomes from existing
chemotherapeutics. Currently available therapeutic modalities are invasive and require
systemic delivery, although the cancer is localized in the stomach at its early stage.
Therefore, we hypothesize that an oral local delivery approach can extend the retention
duration of the therapeutics modalities within the stomach and thereby enhance
therapeutic efficacy. To accomplish this, we have developed a ß-glucan (BG)-based oral
delivery vehicle that can adhere to the mucus lining of the stomach for an extended
period while controlling the release of Bcl2 siRNA and 5-fluorouracil (5FU) payload for
over 6 h. We found that Bcl2 siRNA selectively knocked down the Bcl2 gene in a
C57BL/6 stomach cancer mouse model followed by upregulation of apoptosis and
remission of cancer. BG was found to be very effective in maintaining the stability of
siRNA for at least 6 h, when submerged in simulated gastric juice tested in vitro. To
investigate the potential therapeutic effects in vivo, we used a stomach cancer mouse model, where C57BL/6 mice were treated with
5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/siRNA. Higher inhibition of Bcl2 and therapeutic efficacy were observed in mice
treated with BG/5FU/siRNA confirmed with Western blotting and a TUNEL assay. Significant reduction in the tumor region was
observed with histology (H&E) and immunohistochemistry (Ki67, TUNEL, and Bcl2) analyses. Overall, the oral formulation shows
improved efficacy with nonsignificant side effects compared to the conventional treatment tested in the gastric cancer mouse model.
KEYWORDS: stomach cancer, oral biologics, oral local delivery, stomach specific

1. INTRODUCTION
Stomach cancer is the fifth most common cancer by incidence
and the third most deadly cancer.1 In 2018, 782,685 out of
1,033,701 patients died of stomach cancer worldwide.2

According to data from the American Cancer Society, 26,380
new stomach cancer patients were diagnosed solely in the
United States in 2022, and among the diagnosed individuals,
11,090 died. Currently available therapeutic interventions for
stomach cancer treatment are chemotherapy, immunotherapy,
radiotherapy, and surgery. Among FDA-approved chemo-
therapeutic drugs, 5-fluorouracil (5FU), capecitabine, docetax-
el, epirubicin, doxorubicin, trastuzumab, trifluridine, and
tipiracil are most widely considered in clinic for stomach
cancer treatment.3 Other promising drugs are those developed
for immunotherapy, such as PDL1 inhibitors like pembrolizu-
mab or nivolumab, and targeted gene therapy drugs have also
shown promise for stomach cancer therapy.4 Some genes (for
instance, IL-8, CLDN1, KRT17, CLDN7, and MMP7) are
reportedly upregulated and some other genes (for instance,
GAS5, ZIC1, RASAL1, GPER, KIAA1324, ADA, and SLC9A2)
are found to be downregulated in stomach cancer.5−8 It has
also been reported that upregulation of STAB1, STAT3, Bcl2,

and Bcl-xL genes occurs in the stomach during the cancerous
state.8,9

Like the treatment of other cancers, for stomach cancer
treatment, dosage form, route of administration, and dosage
amount of the chemotherapeutics are crucial to avoiding
potential severe risks of toxicity to the healthy tissue associated
with nonspecific distribution. Stomach cancer management is
severely challenging due to the difficulty to deliver the
appropriate amount of drug to the location of the cancer
and maintain its therapeutic concentration for a prolonged
duration, regardless of the route of administration. This is
further compounded by the relatively late diagnosis that is
more typical of stomach cancer patients and that occurs when
the cancer has grown and spread across the stomach.10 In
addition, oral administration of the chemotherapeutics is not
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very effective due to the bowel movement and shorter
retention duration. The retention duration of any orally
administered drug to the stomach is 10−30 min, much less
than the duration often needed to induce an adequate
therapeutic effect and maintain the appropriate therapeutic
concentration within the cancer site.11,12 Finally, oral delivery
of therapeutic modalities is challenging because of the
significantly low bioavailability resulting from poor intestinal
permeability, enzymatic degradation, thick mucus membrane
barrier, and off-target localization.13 In order to overcome
these issues, we aim to develop an oral local delivery vehicle,
made from the mucoadhesive carrier b-glucan (BG).14 BG is a
unique carbohydrate polymer that is naturally present in the
cell wall of yeast, fungi, and cereal. BG used in this study is a
barley-derived low-viscosity glucose polymer with a molecular
weight of 179,000 Da. We have previously reported that BG is
very stable in acidic buffer, has a strong binding affinity with
mucin, and forms microstructure particles in the presence of
fatty acids.14 Studies show that the BG-based vehicle is highly
effective in oral vaccine and protein delivery.15,16 The BG-
mediated mucoadhesive particle has the ability to protect
therapeutic regimens from the harsh gastric environment,
enhance retention of the therapeutic payload within the
stomach for a longer duration, and maintain a sufficient
therapeutic concentration for a prolonged period (6 h or
more).17 In addition, BG was found to act as an immune
modulator of the gastrointestinal (GI) tract.18 Finally, BG has
also shown significant potential in GI site-specific drug delivery
to treat liver diseases, bowel disease, and stomach can-
cer.17,19−21

5FU is a pyrimidine analog, a potent and widely used
chemotherapy to treat GI-tract-related cancers including
stomach cancer.22,23 A meta-analysis of stomach cancer
treatment revealed a significant advantage in terms of 3-year
survival when on chemotherapy with S-1, an oral 5FU
derivative (80%), compared to surgery (70%). 5FU or S-1 is
considered as first-line treatment due to its better efficacy but
is recommended to be administered with adequate precaution
to avoid the severe risk of side effects associated with toxicity.24

Despite having higher therapeutic effectivity, oral delivery
causes various side effects within the GI tract and intravenous
administration produces toxicities in major organs including
the heart, lungs, and kidney.25 Side effects of 5FU include
cardiotoxicity, hypotension, breathing problem, hair loss, and
weight loss.25 With the development of a delivery platform that
has the potential to minimize systemic distribution of 5FU and
increase the drug concentration within the site of cancer, it is
highly likely possible to minimize drug-mediated toxicity and
increase therapeutic effects. Besides, 5FU itself is not very
effective for treating cancer; for instance, the treatment
response rate is between 10 and 15% for advanced colorectal
cancer. Therefore, we presume that a combination of RNAi
can improve the therapeutic effect by synergizing the
mechanism of action. Therefore, we aim to incorporate a
Bcl2 small interfering RNA (siRNA) that holds emerging
promise for the genetic treatment of cancer. Since its discovery,
siRNA has been considered to be applied as gene therapy for
treatments of various cancers including stomach cancer.26,27

Bcl2 overexpression has been found in cancers including the
stomach, breast, and pancreas, where it promotes the
proliferation of cancer cells.28−31 Bcl2 downregulation has
also been reported to induce apoptosis to tumor cells and
make them more sensitive to chemotherapy.32 Some recent

reports have demonstrated strategies for improved oral delivery
of siRNA to ameliorate hepatic cancer through nanoparticles
and mucoadhesive molecules.33 The Bcl2 family is composed
of a subset of proteins that act as apoptosis regulators.
Research suggested that the hyperactivation of Bcl2-related
anti-apoptotic effects correlates with cancer occurrence,
progression, and prognosis. Therefore, we hypothesize that a
combination of Bcl2 siRNA and 5FU can accelerate stomach
cancer therapeutic outcomes when given orally (Scheme 1).

To prove the concept and to investigate therapeutic
feasibility, 5FU and siRNA were loaded within a nanoparticle
composed of BG. Both physical and chemical characterizations
were conducted prior to utilizing the formulation for in vitro
and in vivo studies. We have observed that BG-based oral
vehicles not only increase retention of the payload of 5FU and
siRNA within the stomach but also facilitate sustained release
of the payload for over 6 h. In vivo studies revealed that the
oral delivery of BG/siRNA/5FU downregulates the Bcl2
protein by 60% and increases apoptosis by 140% with a daily
oral dose for 15 days. Immunohistochemistry analysis of
stomach tissue also shows that Ki67 expression reduces by
300% compared to untreated cancer and 5FU groups and
200% compared to the siRNA-treated group. These results are
an obvious indication of the potency and effectiveness of the
BG-based oral formulation of siRNA/5FU. Toxicological
studies including histochemistry and serum biochemistry also
demonstrate the biosafety of the orally administered siRNA/
5FU formulation and hold a strong promise for pre-clinical
studies with larger animals.

2. MATERIALS AND METHODOLOGY
2.1. Materials. The human colon cancer cell line (CaCo2) and

stomach cancer cell line (AGS) were purchased from ATCC
(Manassas, Virginia). 5FU, sodium dodecyl sulfate, and Coumarin 6

Scheme 1. The Mechanism of Action of Co-Treatment of 5-
FU and Bcl2 siRNA and Their Synergy to Improve Stomach
Cancer Treatmenta

aThe components of this scheme were obtained from smart.servier.
com.
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were purchased from Sigma-Aldrich (St. Luis, Missouri). β-Glucan
(MW 179,000) was purchased from Megazyme (Wicklow, Ireland).
Bcl2 siRNA was purchased from Cell Signaling Technology (Danvers,
Massachusetts). Fetal bovine serum (FBS), penicillin, phosphate-
buffered saline (PBS), and 0.05% Trypsin−EDTA were purchased
from Life Technologies (Carlsbad, CA). Bcl-2 SiRNA I (Cat #6441)
was purchased from Cell Signaling Technology (Danvers, MA). Bcl2
antibody, Ki-67 antibody, and FITC-Goat anti-Rabbit IgG were
purchased from ABclonal (Woburn, Massachusetts). Simulated gastric
juice was purchased from RICCA (Arlington, Texas). Click-iT Plus
TUNEL assay, eosin, xylene, Harris hematoxylin, was purchased from
Fisher Scientific (Waltham, Massachusetts).
2.2. Preparation of BG and Formulations. BG NPs were

prepared by the direct physical mixing method. In details, 30 mg of
BG was dissolved in 1 mL of DI water upon heating at 80 °C and
constant stirring for 15−20 min. Upon heating and continuous
stirring, BG formed a transparent gel-like solution. Thereafter, with
heating discontinued, 12 mg of 5FU was directly added to the BG
solution and kept stirred for an additional 30 min for uniform mixing.

To prepare BG/5FU/siRNA, 12 μL of siRNA was added in BG/
5FU under constant stirring. Then, it was mixed with alternate
sonication and vortexing. The siRNA-loaded BG nanoparticle was
prepared via electrostatic interaction. 30 mg of BG was dissolved in 1
mL of DI water upon heating at 80 °C and constant stirring for 15−
20 min. 12 μL (12 nM) of siRNA was added into the BG solution at
room temperature. The siRNA solution was added to the BG solution
dropwise under vigorous stirring for 10 min. The BG/siRNA
nanoparticles formed via electrostatic interaction between BG and
siRNA.
2.3. Characterization of the Formulations. The particle size

and zeta potential of BG formulations were determined by a Zetasizer
(Nano ZS, Malvern Instruments, Worcestershire, UK) and kept at 25
°C during the measuring process. All formulations were analyzed
three times, and the results are presented as the mean. The stability of
the formulations and their individual payload were evaluated in saline
(pH 7.4) and simulated gastric juice (pH 1−1.4) at different time
points. For measuring the size and zeta potential of BG, BG/5FU,
BG/siRNA, and BG/5FU/siRNA, all the formulations were diluted in
deionized water.
2.4. In Vitro Release Study. In vitro release was studied using a

dialysis bag against simulated gastric juice. Briefly, free 5FU, BG/5FU,
and BG/5FU/siRNA were taken into the dialysis bag individually. 2
mg of 5FU was dissolved in 100 μL of DMSO and dialyzed against 50
mL of simulated gastric juice (pH 1−1.4, 37 °C) with 2 kDa MWCO
dialysis bags and continuous stirring at 100 RPM. 1 mL of solution
was collected from the outer phase every 2 h for a 12 h, period and
the same volume of GJ was added to maintain the volume. The
release amount of 5FU into the GJ was quantified by measuring the
absorbance at the wavelength of 265 nm by a UV−visible
spectrophotometer (UV-2800, Shimadzu spectrophotometer).34

2.5. Stability of the Formulation. To examine the stability of
the formulations, naked siRNA and siRNA with BG were diluted in
PBS and incubated with BG at 37 °C for 0, 1, 2, 4, and 6 h and the
size and zeta potential were measured. To measure the stability of
siRNA in gastric juice with and without BG, siRNA and BG/siRNA
were diluted with simulated gastric juice and incubated for 0, 1, 2, 4,
and 6 h and then the size and zeta potential were measured according
to the method demonstrated earlier. Gel electrophoresis of these
formulations was also conducted to confirm the stability of loaded
siRNA. To determine the stability of siRNA within BG, the siRNA
samples were separated into 1% agarose gels. Agarose solution was
prepared by dissolving in 1× TAE and heated in a microwave for 3
min until dissolved completely. Ethidium bromide was added to the
solution before pouring the agarose solution into the casting stand,
and a 10-well comb was placed to generate wells that are 1.5 mm
deep. The melted agarose was allowed to cool for 30 min at room
temperature for polymerization. The chamber was filled with 1× TAE
buffer solution to a height of 1.5 cm above the gel surface. RNA
samples were premixed with the agarose gel loading dye (6×) prior to
loading 20 μL (1 μL siRNA, 3 μL dye with 6 μL of simulated gastric

juice, and 10 μL BG) of samples into the wells from left to right. The
power supply was activated as soon as all wells were filled, to avoid
initial diffusion of the dye into the gel. The samples were run at 100 V
for 40 min and were imaged using ChemiDoc imaging system (Bio-
Rad, USA). The formulations were incubated in GJ for 0, 1, 2, 4, 6,
and 8 h prior to measurement of the stability of the payload of siRNA.
The stability of naked siRNA and BG/siRNA in GJ was also measured
by the NanoDrop as well.
2.6. Ex Vivo Diffusion Study. To measure the diffusion of

hydrophobic small molecules through the intestinal layer, an ex vivo
study with the porcine intestine was done. Here, coumarin 6 was used
as a model hydrophobic molecule instead of 5FU for visualization
purposes. Coumarin 6 and BG/coumarin 6 was added over the
porcine intestine for different time points. In each time point, the
intestine was washed with PBS for 5 min and then subjected to
imaging. The BG/coumarin 6 particle was prepared by O/W
emulsion.
2.7. Surface Plasmon Resonance (SPR) to Demonstrate the

Binding Interaction between Formulations and Mucin. To
demonstrate the physical and chemical interactions between the BG-
based formulations and mucin, we used the SPR (ibClu, South Korea)
technique. The BG solution was run over a carboxylate-functionalized
(−COOH) Au chip, 1× PBS was used as a running buffer, and 50 μM
mucin was used as an analyte. The experiment was conducted
according to the manufacturer’s instruction. Briefly, EDC and NHS
were added over the COOH-Au chip for 3 min with real-time
monitoring. Then, BG was run over the chip for 5 min at a flow rate
of 30 μL/min followed by running of ethanolamine blocking buffer.
From the change of response from the baseline, immobilization of BG
was confirmed. After immobilizing the chip with BG, mucin was
injected at a flow rate of 30 μL/min for 5 min and after that a
regeneration buffer was injected to wash out the excess analyte from
the chip. The data was collected from the software and graphs were
plotted in Prism GraphPad.
2.8. Cell Culture. For the cell experiment, AGS cell lines were

used. The cells were cultured at 37 °C in a humidified atmosphere
containing 5% CO2 in DMEM supplemented with 10% FBS. 5000
cells per well were seeded in a 96-well plate and incubated overnight.
BG formulations with different concentrations of 5FU (45, 35, 25, 15,
and 5 μM), and 1 nM of siRNA were added into the cells and
incubated for 24 h. To measure cytotoxicity, an MTT assay kit
(Vybrant MTT Cell Proliferation Assay Kit, Thermo Fisher) was used
according to the manufacturer’s instructions. In brief, 10 μL of the
MTT solution was mixed with 100 μL of the culture medium for 4 h
in the incubator. Then, 100 μL of SDS−HCl solution was added to
each well and mixed well. Then, incubated for another 12 h in a
humidified chamber. Finally, the absorbance at 570 nm was taken.
Healthy cells without any formulation were used as a control;
background absorbance was subtracted from each value, and the cell
viability percentage was measured.35 The data is provided in
Supplementary Figure S7.
2.9. Development of the Stomach Cancer Mouse Model. All

animal experiments were carried out in strict accordance with
protocols approved by the Animal Care and Use Committee of the
University of Texas at El Paso and comply with the National Research
Council’s Guide for the Care and Use of Laboratory Animals. Both
male and female (50:50) mice were chosen for the experiments, as sex
has no significant influence in stomach cancer. A stomach cancer
mouse model was developed by feeding N-methyl-N-nitrosourea
(NMNU) with water (IACUC protocol no. A-201019-A). The 6-
week-old C57BL/6 mice were kept in a 12 h light−12 h dark cycle.
The mice had unprotected access to food and water. NMNU was
dissolved in distilled water available ad libitum, freshly prepared three
times per week. The mice received 240 ppm NMNU in the drinking
water over 5 weeks (every other week). Five weeks after NMNU
administration, the mice were ready for the experiment, as in the
method reported elsewhere.36,37 A total of 30 stomach cancer mice
were prepared and divided randomly into five groups�no treatment
(control), 5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/siRNA.
Another group of healthy mice were used as a negative control
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without any treatment. To investigate therapeutic feasibility, 5FU (10
mg/kg) and siRNA (100 nM) were administered either orally (PO)
or intravenously (IV). All the formulations were freshly prepared prior
to administration. Formulations were administered orally on every
third day for the subsequent five cycles over 15 days. The animals
were sacrificed 72 h after the last treatment followed by the organ
harvest and blood collection for further studies. Immediately after
harvesting, the size and weight of the stomach and intestine were
measured.
2.10. In Vivo and Ex Vivo Imaging for Biodistribution. To

understand the absorption and biodistribution profile of the orally
administered formulation, coumarin 6, a fluorescent dye was loaded
with BG and orally administered via gavage to mice. For in vivo
imaging, the mice were anesthetized and then imaged using an in vivo
imaging system (IVIS) at different time points of post-administration,
according to the method published earlier.38 For the ex vivo imaging,
the mice were sacrificed after 2, 4, and 6 h of post-administration, and
the organs were harvested, followed by imaging using the IVIS.
2.11. In Vivo Protein Expression. The fresh frozen stomach

tissue was homogenized using RIPA buffer with a freshly prepared
protease inhibitor in it. The homogenate was then centrifuged at
13,000 rpm for 10 min at 4 °C. The supernatant was collected, and
the total protein content was determined using Bradford’s assay
(Sigma-Aldrich). SDS-PAGE (12%) was performed to separate
protein samples (30 μg) at 70−80 V for 3 h at room temperature.
Later, the proteins were transferred to a PVDF membrane using a
transfer unit run at 25 V overnight at 4 °C. The PVDF membrane was
blocked by incubating with 3% BSA containing TBST for 90 min. The
membrane was incubated with Bcl2 and β-actin primary antibodies
(ABclonal, USA) overnight at 4 °C. After three washing cycles with
ice-cold PBS, the membrane was incubated with a horseradish
peroxidase-conjugated secondary antibody (ABclonal, USA) for 2 h at
room temperature. The primary and secondary antibodies were used
at a 1:1000 dilution ratio. The membrane was treated with an ECL
mixture. The bands were visualized using a ChemiDoc imaging
system (Bio-Rad, USA). The band intensities were calculated using
ImageJ software.
2.12. Histology. Three days after the last treatment, the animals

were sacrificed to harvest the organs for further histology and
immunohistochemistry. Different parts of the intestine (duodenum,
jejunum, and ileum) were embedded in OTC, and the other organs
were embedded in paraffin. Fresh frozen stomach was processed in an
STP 120 Spin Tissue Processor (Fisher Scientific, USA) and
embedded in paraffin on the following day. The tissue was cut at 6

μm thickness and was attached on a Superfrost Plus slide (Fisher
Scientific, USA). The slides with tissue sections were used for H&E
staining, immunofluorescence assay, and TUNEL assay. H&E images
were taken using a MoticEasyScan One slide scanner (Motic Digital
Pathology, USA) and a Leica DM 6000B fluorescent microscope.
2.13. Immunofluorescence and Immunohistochemistry

Analysis. Immunofluorescence analysis was performed to understand
the Bcl2 and Ki67 protein expression in tumor tissues after treatment
with different formulations. The 6 μm-thin sections were obtained by
sectioning paraffin-embedded colon tissues using a microtome.
Sections were mounted onto poly-L-lysine-coated Superfrost Plus
charged glass slides and rehydrated in multiple concentrations of
alcohol and xylene for 5 min each. Sections were incubated with
antigen retrieval sodium citrate buffer (10 mM sodium citrate buffer
pH 6, 0.05% Tween 20) at 90−95 °C for 10 min and blocked using
2.5% bovine serum albumin (BSA) in Tris-buffered saline for 1 h at
room temperature. Then, the sections were incubated with Bcl2 and
Ki67 primary antibodies (at 1:100 and 1:50 dilution ratios) overnight
at 4 °C. The next day, the sections were incubated with FITC-Goat
Anti-Rabbit IgG secondary antibody for 2 h at room temperature. The
slides were then dehydrated and mounted with DAPI mounting
media. Images were acquired using a Leica microscope.
2.14. TUNEL Assay. Click-iT Plus TUNEL Assay (Thermo

Fisher) and an Alexa Fluor 488 dye assay kit were used in this assay to
examine the fragmentation of DNA and detection of apoptosis
according to the manufacturer’s instructions. Shortly, a fresh frozen
stomach sample was fixed in formalin and then dehydrated in
increasing concentrations of alcohol. After cleaning in xylene, those
tissues were submerged in paraffin. The paraffin-embedded tissues
were cut to 6 μm thickness for the assay. Before conducting the assay,
the section was deparaffinized with xylene by decreasing the
concentration of ethanol from 100 to 70%. After deparaffinization,
the stomach sections of all treatment groups were washed twice in
PBS for 5 min and then incubated for 15 min with 1× Proteinase K
solution (component H in the assay kit was diluted 1:25 in PBS). The
slides were again fixed in 4% PFA for 20 min and washed with PBS for
5 min. To induce DNA-strand breakdown in the skin, skin samples
were incubated with one unit of DNase I diluted in 1× DNase I
Reaction Buffer (20 mM Tris−HCl, pH 8.4, 2 mM MgCl2, 50 mM
KCl) for 30 min at room temperature. After incubation, the sections
were washed with DI water and 100 μL of TDT Reaction Buffer
(component A in the kit) was added to each well and incubated for 10
min. The TDT reaction buffer was removed and replaced with 50 μL
of the prepared TDT reaction mixture for 1 h. Next, the reaction

Figure 1. Chemical and physical properties of the formulations. (A) Chemical structure (repeating unit) and schematic presentation of BG. (B)
Schematic representation of preparation of formulations; BG/siRNA, BG/5FU, and BG/5FU/siRNA. (C) SEM images of BG/5FU/siRNA BG
showed a smooth surface and nano size (scale bar = 5 μm). (D) Size distribution and (E) zeta potential of all the formulations measured using a
DLS and a zeta analyzer, respectively. Data presented as mean ± SEM, where n = 3.
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mixture was removed, each well was rinsed with DI water, and the
samples were incubated in 3% BSA and 0.1% Triton X-100 in PBS for
5 min with gentle shaking. After rinsing the slide with 1× PBS, 50 μL
of freshly prepared Click-iT Plus TUNEL Reaction cocktail was
added to each section for 30 min in the dark. The reaction cocktail
was removed and replaced with 3% BSA in PBS for 5 min. The
samples were rinsed with 1× PBS and mounted with DAPI mounting
media and a coverslip and prepared for imaging by placing the tissue
on a glass slide and adding a mounting medium and a coverslip. The
slides were incubated for 1 h at 4 °C, and then images were taken
using Leica LAS X software attached to a Leica DM2000 microscope
(Leica, Germany).
2.15. Serum Biochemistry. Serum biochemistry analysis was

conducted to determine the systemic toxicity of the formulations
administered to the stomach cancer mouse model. Three days after
the last dose of treatment, the mice were euthanized and 1 mL of
blood was collected from the portal vein in heparin-coated tubes.
Blood was centrifuged at 3000 rpm for 7 min, and plasma was
collected. Serum biochemistry analysis included parameters related to
liver and kidney function, e.g., aspartate aminotransferase (AST),
alanine aminotransferase (ALT/GPT), alkaline phosphatase (ALP),
total protein (TP), blood urea nitrogen (BUN), and creatinine (Cr).
Biochemical analyses were quantified using a chemical analyzer
(Element DC by Heska), and the results were presented using
GraphPad Prism software.
2.16. Statistics and Image Analysis. All experiments were

carried out in triplicates, and the error bar is indicated as mean ± SD
unless stated otherwise. Student t-test, Welch’s nonparametric t-test,
and one-way analysis of variance (ANOVA) were performed using
GraphPad Prism nonlinear regression software (GraphPad Software
Inc.). A P value of <0.05 was considered significant. * indicates
statistical significance with p < 0.05; *** indicates statistical
significance with p < 0.001. Image analysis of immunofluorescence
and TUNEL assay was done by using the OpenCV Python
programming library.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of BG Particles.

The barley-derived low-viscosity BG used in this study is a
long-chain polysaccharide, with very low solubility in aqueous
solution (Figure 1A). With gentle stirring in association with a
rising temperature (up to 80 °C), the BG is dissolved
completely in DI water. BG itself was used as both solubilizer
and carrier of the payload for both 5FU and siRNA. The
method of the formulation preparation is shown in Figure 1B.
Upon heating at 80 °C, the mixture of BG forms a gel-like clear
solution in the presence of water, which facilitates mixing of
the hydrophobic 5FU physically. We used SEM to confirm the
shape and size of the BG/5FU, BG/siRNA, and BG/5FU/
siRNA formulations (Figure 1C). The SEM images of BG/
5FU and BG/siRNA are provided as a supplementary
information (Figure S2).

The sizes of BG, BG/5FU, BG/siRNA, and BG/5FU/
siRNA were measured to be 273.66 ± 39.87, 569 ± 52.43, 470
± 80.24, and 439.66 ± 42.33, respectively, using dynamic light
scattering (DLS). The result indicates that the sizes of the
5FU- and siRNA-loaded particles were bigger compared to
those of naked BG particles. The zeta potentials of BG, BG/
5FU, BG/siRNA, and BG/5FU/siRNA were recorded to be
0.01 ± 0.06, 1.76 ± 0.09, −3.36 ± 0.63, and −0.91 ± 0.19,
respectively. The zeta potential of BG/5FU/siRNA was
increased compared to that of BG/siRNA, as BG/5FU showed
a positive charge (1.76 ± 0.09 mV). The change of zeta
potential confirms the successful loading of 5FU and siRNA
within the BG nanoparticles. We do not see excessive changes,

as the siRNA is meant to be loaded within the core and that is
not expected to impact on charges on the surface.

The size and zeta potential of BG in PBS and simulated
gastric juice were measured up to 5 h of incubation at room
temperature. We observe that the average particle size and zeta
potential changed with each loading of the compound. The
average size of BG in PBS was 273 ± 39 nm in diameter at the
first hour and 386 ± 54 and 583 ± 81 nm in diameter at the
third and fifth hours of incubation (Figure S1), which is an
indication that the formulations tend to form aggregation and
this results in an increment of the diameter. Similarly in the
presence of simulated gastric juice, the average sizes of BG
were found to be 276 ± 15, 399 ± 18, and 608 ± 62 nm in
diameter at the first, third, and fifth hours, respectively. It is
observed that with time, the size tends to increase, as well.
After 5 h of incubation, the size increased by almost 200% in
both saline and simulated gastric juice. As the size is almost
similar in both PBS and simulated gastric juice, we can
conclude that gastric juice does not impact the formulation
differently than saline. BG is hydrophilic in nature, which is
due to the presence of abundant hydroxyl groups that
participate in hydrogen bonding with water and give the
molecule the ability to hold water.39

The release study of 5FU was conducted in a simulated GJ.
BG-incorporated 5FU shows a sustained release tendency
compared to the free 5FU. The cumulative release of free 5FU
reaches 100% in 5 h of dialysis, whereas for BG/5FU
formulations, 100% release of 5FU takes almost 10 h, which
is an indication of sustained release (Figure S3).
3.2. Mucoadhesive Properties of BG. Figure 2A

demonstrates how BG particles interact with the mucus layer
within the stomach. The mucoadhesiveness and intestinal
transportation of hydrophobic small molecules were further
confirmed by an ex vivo diffusion study in a porcine intestine

Figure 2. Mucoadhesive properties of BG. (A) A schematic
representation of mucoadhesiveness of BG and how it facilitates the
transport of siRNA and 5FU across the epithelium. BG/coumarin 6
was incubated on the porcine intestine for a different period and
washed for 5 min before taking the image. (B) Images show that BG
facilitates to penetrate hydrophobic coumarin 6 into the intestinal
layer with time, whereas only coumarin 6 without BG does not diffuse
through the intestine. (C) The same section of BG/coumarin 6 was
taken under a ChemiDoc Imager (Bio-Rad, USA), and the result
corresponded with the image of BG/coumarin 6 in (B). The
components in (A) were obtained from smart.servier.com.
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lumen. As the mucous layer is a barrier for hydrophobic
molecules, to check how it crosses through the epithelial layer
with assistance of BG, we used coumarin 6, a small-molecule
hydrophobic fluorescent dye with similar chemical and physical
properties (molecular weight and hydrophobicity) as 5FU, for
ease of visualization and detection purposes.40 Higher
fluorescence intensity and accumulation of coumarin 6 were
observed in the stomach layer with increment of duration of
incubation. At the second hour, presence of coumarin 6 was
observed within deeper layers of the intestine, which indicates
the transportation of hydrophobic small molecules (Figure
2B). At the 12th hour, coumarin 6 incorporates evenly across
the layers of the intestine. The same tissue was subjected to be
observed under a ChemiDoc imager to capture the
fluorescence signal within the cross section of the intestinal
lumen, and a similar result was observed. With time (0.5, 2,
and 12 h), more coumarins 6 were distributed throughout the
intestine, which is an indication and confirmation of BG’s
ability to facilitate intestinal transportation of hydrophobic
payload (Figure 2C). However, the image with only coumarin
6 shows that without BG, coumarin 6 itself is not able to
diffuse through the intestinal layer.

Mucoadhesive polymers have been found to be crucial in
delivering nucleic acid and peptide drugs. Recently, a study
stated that the mucoadhesive nanoparticle has the potential to
deliver KDM6A-mRNA on the targeted site and treat bladder
cancer.41 SPR analysis was performed to examine how BG
interacts with mucin. The results demonstrate that BG has
mucoadhesive properties and binds with the mucus in the
presence of acid-simulated gastric juice. A carboxylated gold
(Au) chip was modified with BG, and a solution of mucin was
run over the chip to understand their binding kinetics,

association, and dissociation profile. SPR analysis shows a
response of 30,000 RU from the baseline, which confirms the
strong binding affinity of BG with mucin. Curve (a) indicates
the association of BG with mucin, curve (b) represents the
plateau as it continues binding, and curve (c) represents the
dissociation of BG with mucin. As mucin is the main
component of the mucus layer, the association and binding
profile of BG with mucin provide evidence of BG’s affinity with
the mucus layer (Figures S3 and S4).
3.3. Stability of siRNA Payload in BG Formulation.

The stability of siRNA was measured with and without BG in
PBS and simulated gastric juice. The size and zeta potential
measurement of BG and BG/siRNA in the presence of PBS
and simulated gastric juice were conducted from 0 to 6 h to
examine the stability of siRNA payload. siRNA is a nucleic acid
with a negatively charged surface and forms particles via
electrostatic interaction with the partially cation-charged BG
(0.0158 mV). The size of the BG/siRNA formulation was
measured as 370 ± 80 nm at 0 h and 707 ± 76 nm in diameter
at the sixth hour. The increasing size indicates the possibility of
self-aggregation of siRNA in simulated gastric juice when
attached to BG (Figure 3B,C). The result was confirmed by
zeta potential analysis. As negatively charged siRNA was
attached to positively charged BG, the net charge of the BG/
siRNA became almost neutral. The zeta potential of BG/
siRNA in simulated gastric juice was measured as −0.68 ± 0.99
mV immediately after dissolving and −0.80 ± 1.96 mV after 6
h of incubation (Figure 3E,F). The consistency of the zeta
potential confirms the stability of siRNA payload within BG
while being dissolved into the simulated gastric juice.

The stability of siRNA was further confirmed by agarose gel
electrophoresis. The band shows that the siRNA is stable while

Figure 3. Stability of BG/siRNA particles in PBS and simulated gastric juice. Schematic of the formulation (A). The size and zeta potential of BG
and BG/siRNA in PBS and gastric juice were measured. Particle size distribution of BG and BG/siRNA was observed in PBS (B) and in simulated
gastric juice (C) at 0, 1, 2, 4, and 6 h. It was observed that after adding siRNA, the size of BG increased initially at 0 h of measurement. (D) Gel
electrophoresis analysis of naked siRNA and BG/siRNA incubated with simulated gastric juice up to 6 h. The image shows that naked siRNA was
not stable in simulated gastric juice even 1 h after mixing whereas BG/siRNA was found to be stable up to 6 h after mixing with simulated gastric
juice. The zeta potential of BG and siRNA with BG was also observed in PBS (E) and in simulated gastric juice (F). The zeta potential of siRNA
with BG showed a negative charge constantly up to 6 h. Data presented as mean ± SEM, where n = 3.
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loaded within BG for at least 8 h, both in simulated gastric
juice (Figure 3D), whereas naked siRNA was found to be
stable only for 2 h after incubation with GJ (Figure S4). siRNA
stability analysis by NanoDrop also supports western blotting
results.
3.4. In Vivo Imaging and Biodistribution. To

investigate the in vivo biodistribution and organ accumulation,
coumarin 6-loaded BG was administered orally to the mice. It
was examined that the BG can retain in the stomach for at least
6 h (Figure 4A). To confirm further, the ex vivo image of

organs was also taken after being euthanized. In both in vivo
and ex vivo imaging, BG was found to be retained only in the
stomach. Except for the stomach, it went to the intestine and
almost cleared out from the intestine by the sixth hour. BG
retained the higher intensity of fluorescence in the stomach
through the 6 h period. The result confirms that the BG is
highly stomach specific, which can maintain the sustained
release of hydrophobic payload (Figure 4B).
3.5. Phenotypical In Vivo Treatment Efficiency.

Stomach cancer was induced to C57BL/6 mice by feeding

Figure 4. Fluorescence imaging to investigate biodistribution. (A) In vivo imaging shows noninvasive fluorescence-based localization of orally
administered formulations. (B) Ex vivo images of the harvested organs show biodistribution of mice at pre-administration and after 2, 4, and 6 h.
Magnified images of the GI tract show that BG particles remain in the stomach at least for 6 h whereas they slowly diffused via the intestine.

Figure 5. In vivo therapeutic efficacy. (A) Schematic of animal model preparation and treatment. (B) Image of the stomach collected from different
groups of treatment�healthy (a), untreated cancer (c), BG/5FU (c), 5FU (d), siRNA (e), BG/siRNA (f), and BG/5FU/siRNA (g). (C, D)
Weight and size of the stomach. Data presented as mean ± SEM, where n = 5.
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NMNU every other week for a 5-week period (Figure 5A).
The cancer-induced mice were treated with saline, 5FU,
siRNA, BG/5FU, BG/siRNA, and BG/5FU/siRNA via oral
administration five times every third day. To investigate the
phenotype of therapeutic progress upon treatment with
formulation compared with saline-treated mice, we harvested
the animal after 72 h of the fifth treatment. The size and weight
of the stomach and intestine were measured immediately after
the collection of the organs (Figure 5B−D). A reduction in the
size and weight of the stomach was observed in the untreated
and oral siRNA treatment groups, and this is an indication of a
cancerous state. However, no significant difference in the size
and weight of the intestine was observed (Figure S8), which is
an indication of localized cancer specific to the stomach. In
stomach cancer, the mice lost appetite due to reduced
production of ghrelin hormones;42 hence, we observed a
weight loss in the untreated group when compared to the
healthy control. On top of that, cancer-mediated inflammation
also results in the shrinkage of the organ, the stomach in this
case. Reduction of size upon oral administration of nitroso
compounds is one of the phenotypic indications of induction
of stomach cancer, and a gain in the size back to normal, which
is comparable to healthy mice, demonstrated the therapeutic
efficacy of orally administered BG/siRNA/5FU formulation.
The therapeutic efficacy of BG/siRNA/5FU was further
confirmed with histological and immunohistochemistry anal-
yses with the tissues.
3.6. Oral Bcl2 siRNA Causes In Vivo Gene Silencing

and Apoptosis. A TUNEL assay was conducted to
investigate the apoptosis within the tissue from the stomach
of healthy, untreated cancer, and treated cancer mice. We have
observed significantly higher apoptosis in the stomach treated
with BG/5FU/siRNA than the stomach treated with naked

siRNA and both untreated and healthy control (Figure 6A,D).
No fragmented DNA was observed within the stomach tissues
of healthy control and untreated mice, which indicates that oral
co-delivery of siRNA and 5FU induces apoptosis in stomach
cancer. Apoptosis was quantified by the mean fluorescent
intensity compared with healthy control and untreated control.
The degree of apoptosis was calculated to be 49, 107, 38, 62,
and 131% for the 5FU, BG/5FU, siRNA, BG/siRNA, and BG/
5FU/siRNA groups relative to untreated control, respectively.

This reveals that apoptosis for the BG/5FU/siRNA-treated
group was 69.46% more than that of BG/siRNA and 95%
more than that of free siRNA. To examine if the apoptosis was
caused by downregulation of Bcl2, western blotting (WB)
analysis was performed from the tissue lysate of different
treatment groups. The WB data shows significant down-
regulation of the Bcl2 gene caused by oral BG/5FU/siRNA
compared to conventional naked oral siRNA (p-value <0.005)
and untreated (p-value <0.0005). Data showed that the
downregulation of Bcl2 gene expression was inversely propor-
tional with the DNA fragmentation, which confirmed that the
apoptosis resulted from the Bcl2 downregulation. The relative
expressions of Bcl2 was 1, 1.07 ± 0.008, 1.24 ± 0.11, 0.76 ±
0.02, 0.88 ± 0.05, 1.66 ± 0.14, and 0.29 ± 0.04 for the healthy,
untreated, 5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/
siRNA, respectively. This data confirms that BG-assisted orally
administered siRNA was protected from the harsh gastric
environment and was able to pass the mucus layer of the
intestine and go into the site of action to silence the Bcl2 gene.

The stomach tissue was also utilized to analyze Bcl2 protein
expression using immunohistochemistry (IHC). The anti-Bcl2-
positive area was quantified in comparison to the whole tissue
section stained with DAPI. The area percentage of Bcl2
antibodies for healthy, untreated, 5FU, BG/5FU, siRNA, BG/

Figure 6. Immunohistochemistry to attribute apoptosis. (A) TUNEL assay shows broken nucleus (red arrow) in siRNA, BG/siRNA, and BG/
5FU/siRNA groups. Scale bars represent 200 μm. (B) Western blot analysis also shows reduced Bcl2 expression in the BG/5FU/siRNA group
compared to naked siRNA and BG/siRNA. The error bar represents the standard deviation. (C) Quantitative analysis of WB. (D) Apoptosis in
percentage. Data presented as mean ± SEM, where n = 5. P value <0.0001 is denoted as ***.
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siRNA, and BG/5FU/siRNA was 1.19, 1.46, 1.22, 1.45, 0.97,
1.11, and 0.47%, respectively (Figure 7A). To measure the
relative expression of Bcl2 on the tissue section, the data was
calculated and compared with the stomach tissue collected
from the healthy mice, where the Bcl2 expression in healthy
mice was considered as 100% (Figure 7B). The immuno-
fluorescence data reciprocates the same as WB data. Oral
delivery of BG/5FU/siRNA resulted in the lowest expression
of Bcl2, as observed in WB and immunofluorescence images of

tumor tissue. In the immunofluorescence image, we have
observed a higher Bcl2 expression in the untreated tissue
section. The untreated section had 51.20% more expression of
Bcl2 compared to the healthy control. The mice treated with
BG/5FU/siRNA had 111.45% ± 1.6 less expression of Bcl2
compared to untreated cancer and 68.39% less expression than
mice treated with naked siRNA. Mice treated with BG/siRNA
also caused less expression of Bcl2 confirmed by WB and ICH,
but the combination of siRNA and 5FU resulted in a higher

Figure 7. Immunohistochemistry to attribute the expression of Bcl2 proteins. (A) Immunohistochemistry for Bcl-2 proteins shows a higher
expression of Bcl-2 in untreated mice stomachs (red arrow). The naked oral siRNA treatment group also had more Bcl-2 expression than BG/
siRNA and BG/5FU/siRNA. The scale bar represents 100 μm. (B) Quantification of Bcl2 immunofluorescence data analysis was presented. Data
presented as mean ± SEM, where n = 5.

Figure 8. Immunofluorescence for Ki67 of stomach sections of different treatment groups. (A) A higher expression of Ki67 (yellow arrow) was
observed in the untreated group, whereas after treatment, the expression got reduced specially with BG/5FU/siRNA formulation. Scale bar
represents 100 μm. (B) Ki67 expression was quantified compared to healthy control. Data presented as mean ± SEM, where n = 5.
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Bcl2 inhibition efficiency. This confirms that siRNA with 5FU
produces a synergistic effect in downregulating the Bcl2
proteins.
3.7. Therapeutic Efficacy In Vivo. A cell proliferation

marker was measured by the immunofluorescence assay to
evaluate the antitumor effect of the formulations. Ki67 is a
protein found in the nucleus of the cancer cell. Detection of
Ki67 expression has been a reliable indicator for cancer
proliferation and prognosis in cancers including stomach
cancer.43 Therefore, Ki67 is considered an important indicator
of therapeutic assessment and chemosensitivity. Studies show
that a higher expression of Ki67 corresponds with a low
chemosensitivity.44 In this study, the stomach section from
different treatment groups of mice was subjected to
immunofluorescence for Ki67 protein analysis. The untreated
stomach showed a higher expression of Ki67 (yellow arrow),
and with treatment, specifically with BG/5FU/siRNA, the
expression of Ki67 expression was reduced significantly (Figure
8A). The protein expression was quantified from immuno-
fluorescence images. The area with Ki67-positive cells was
measured compared to the whole tissue section with DAPI
staining. The area (%) of healthy, untreated, 5FU, BG/5FU,
siRNA, BG/siRNA, and BG/5FU/siRNA was measured as
100, 446.86, 221.44, 155.61, 498.85, 278.82, and 90.27%,
respectively. The Ki67 expression in the untreated group was
346.86% higher in the untreated group compared to the
healthy control, whereas, with the BG/5FU/siRNA treatment
group, the expression was reduced by 356.59% when compared
to the stomach of untreated cancer mice (Figure 8B). We have

also observed a partial expression of Ki67 to the group of mice
treated with 5FU, which is comparatively higher than in mice
treated with BG/5FU/siRNA.45

H&E staining with stomach tissue was conducted to
measure the anticancer therapeutic effect of stomach cancer
as well as the inflammatory effect among the tissues/cells
around the cancer. Figure 9 represents the H&E staining image
of the same stomach section in different magnifications. To
visualize the whole tumor area, the image was taken at 10×
magnification, and to understand the pathophysiology, a
higher-magnification image was taken at 40× by a slide
scanner. As seen in Figure 9, the presence of tumors in the
stomach is indicated by the black arrow. Moreover, a large
intramucosal tumor was observed in the stomach of untreated
cancer mice and cancer mice treated with siRNA and BG/
siRNA. However, no visible tumor was observed in the
stomach of the cancer mice treated with BG/5FU/siRNA. The
total remission of cancer indicates the ability and anticancer
efficacy of oral delivery of 5FU/siRNA assisted by BG.

In Figure 8B, the images were taken at 40× and then the red
rectangular area was cropped to magnify for better and clearer
visualization of the tissue morphology. The higher magnifica-
tion of the images shows adenocarcinoma in the untreated
group where there was higher staining of nuclei, irregular
glandular space, and distortion of the normal epithelial
structure.46 A signet ring cell was also found in the untreated
stomach cancer tissue. No improvement of tumor was
observed in the naked siRNA-treated stomach section.
However, mice treated with BG/5FU/siRNA and BG/5FU

Figure 9. Histology of stomach. (A) The histological staining (H&E) shows a growth (blue arrow) in the untreated section, while after treatment
with 5FU, 5FU/BG, and BG/5FU/siRNA, the tumor region got significantly reduced. (B) H&E staining of stomach cancer sections with 40×
magnification. The red rectangular area was cropped and magnified for better morphological understanding. The untreated, naked siRNA, and BG/
siRNA show the feature of adenocarcinoma. The section of the BG/5FU/siRNA treatment group almost resembles a healthy stomach.
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demonstrated that the cellular structure almost resembled a
healthy stomach.
3.8. Serum Biochemistry and Toxicity. To examine the

systemic side effect mediated by the treatment modalities,
serum analysis was conducted with the blood collected from
healthy control, untreated, and treatment groups. Liver and
kidney toxicity was measured by quantifying the presence of
total protein (TP), alanine aminotransferase (ALT), creatinine,
and blood urea nitrogen (BUN) in blood compared with
healthy control. As depicted in Figure 10, none of the

parameters were found out of the reference range, which
confirms that the oral formulations are not significantly toxic to
the liver and kidney. As the treatments were given orally, the
H&E staining of the small intestine was also done and no
toxicity was observed in the histological section of the
duodenum, jejunum, and ilium of the different treatment
groups (Figure S9).

4. CONCLUSIONS
Stomach-specific oral delivery of anticancer therapeutics can
enhance the retention duration of the therapeutic modalities,
thus improving the therapeutic effect by increasing the drug
concentration within the site of cancer. 5FU is the first-line
treatment of choice for stomach cancer; however, toxic effect
and development of resistance are the major concern.
Considering the risk-to-benefit ratio of using 5FU, there is a
concern about their broad-spectrum application for various
cancers. In this study, oral delivery of 5FU and Bcl2 siRNA was
used to enhance the therapeutic effect by the synergistic effect
of 5FU and siRNA. RNAi is gaining popularity as an anti-
cancer treatment option because of selective gene silencing and
no off-targeting effect, which provides better therapeutic
efficacy and fewer side effects. To overcome the challenges
associated with the oral delivery of siRNA, we have developed
a nanocarrier composed of BG, a highly biocompatible
polysaccharide. The BG not only protects the payload of
siRNA to maintain their stability but also enhances their
retention within the stomach for at least 6 h. The co-delivery of
BG/5FU/siRNA was shown to downregulate Bcl2 expression

and apoptosis of cancer cells. The TUNEL assay confirms the
apoptosis of tumor cells. The Ki67 marker was also reduced
with the treatment, and histological staining shows almost
complete remission of the tumor region with BG/5FU/siRNA
formulation. Our findings demonstrate that this oral
therapeutic modality has potential for treating stomach cancer
and the co-delivery of siRNA and 5FU is more effective than
individual entities such as free siRNA and 5FU. However, the
pathway of producing a synergistic effect in silencing Bcl2 has
not been examined in this study. Therefore, we aim to
continue this study to understand the mechanism of action of
5FU and Bcl2 siRNA combination.
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