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ABSTRACT: Gastric ulcers are a common clinical presentation affecting anyone, regardless of their age or gender. Nanoparticles
(NPs) containing Bletilla striata polysaccharide (BSP) and omeprazole (OME) were investigated in the study for their therapeutic
effect on gastric ulcers. Ethanol-induced gastric ulcers in rats (240 ± 30 g) were established. Our OME-BSP NPs were more stable
than free OME in the acidic environment and can increase the absorption of OME in rat stomach, which was confirmed by in situ
gastric absorption and distribution experiments. The extended blood circulation of OME-BSP NPs was also observed in rats with
gastric ulcer. More importantly, OME-BSP NPs not only decreased the area of gastric ulcer and inhibited gastric acid secretion but
also reversed gastric tissue damage and cell apoptosis, as revealed by HE and TUNEL staining. Subsequent SOD, MDA, PGE2, IL-6,
and TNF-α tests further verified the superiority of OME-BSP NPs against rat gastric ulcer, which properly originated from superior
antioxidant and anti-inflammatory effects. As a result, our OME-BSP NPs’ drug delivery system improved the stability and
absorption of OME in the rat stomach and achieved targeted treatment of gastric ulcers.
KEYWORDS: omeprazole, Bletilla striata polysaccharide, gastric ulcer, nanoparticles, gastric adhesion, gastric targeting

1. INTRODUCTION
People around the world suffer from stomach ulcer disease. It
is a serious health problem affecting humans.1 Gastric ulcer is
usually caused by helicobacter pylori infection,2 alcohol
consumption,3,4 smoking,5,6 overuse of nonsteroidal anti-
inflammatory drugs (NSAIDs),7 psychological/physiological
stress,8,9 etc. The prevalence of gastric ulcers is higher in Asian
countries than in Western countries.10,11 Oral drug therapy is
the principal choice for gastric ulcer, such as antiacids,12

proton pump inhibitors (PPIs),13 histamine H2 receptor
antagonists,14 etc. Since PPIs suppress gastric acid more
effectively and longer, they are widely used in clinics to treat
various acid-related disorders.15 Omeprazole (OME) is the
first PPI to be utilized clinically and has been in use for over 25
years.16 Its main mechanism is to inhibit the proton pump in
gastric parietal cells.17 Since OME is activated by acidic pH to

form sulfonamide intermediates, its efficacy is dependent on
pH.18 A long-term use of OME can lead to vitamin or mineral
deficiency, hypergastrinemia or cardiovascular problems, as
well as intestinal or respiratory infections.19 Thus, to improve
the therapeutic efficacy in the stomach, OME needs to be
protected from an acidic stomach environment when taken
orally.
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There has been extensive use of the dried tubers of Bletilla
striata (Thunb.) Reichb. f. as styptic in eastern Asian countries
for centuries.20 The excellent biocompatibility and biosafety of
B. striata polysaccharide (BSP), a main active component of B.
striata (Thunb.) Reichb. f., have attracted much attention.21

BSP is an acetyl glucomannan compound. Its main chain is
composed of a mannose or glucose residue with a 1,2- or 1,4-
link,22,23 and its average molecular weight usually ranged from
12.6 to 235 kDa.23,24 As the dominant active ingredient of B.
striata, BSP can restore gastric mucosa and cure ulcers by
performing anti-inflammation, suppressing the peroxidation of
lipids, and enhancing local blood circulation.20 Thus, BSP was
gastroprotective. Due to its mucoadhesion, BSP was also used
in the gastroretentive delivery system.21

To improve the stability of OME in the acidic environment
and exert the synergistic effect against gastric ulcer, in this
study, an inverse emulsification cross-linking method using
sodium alginate (SA), carboxymethyl chitosan (CMC), and
calcium ions (Ca2+) was explored to load OME and BSP and
obtain the OME-BSP NPs. The stability of OME-BSP NPs in
the media with different pH was investigated. The absorption
of OME from NPs in the stomach was studied by an in situ
gastric perfusion model. The rat model with gastric ulcer
induced by ethanol was established to investigate the
pharmacokinetic and pharmacodynamic properties of OME-
BSP NPs. A series of experiments, including gastric ulcer index,
histopathological analysis, cell apoptosis assay, antioxidant and
anti-inflammatory kit tests, were also carried out to confirm the
therapeutic efficacy of OME-BSP NPs.

2. MATERIALS AND METHODS
2.1. Materials. Omeprazole (>98%, CAS: 73590-58-6),

carboxymethyl chitosan (CMC, deacetylation degree ≥80%,
CAS: 83512-85-0), urethane (>98, CAS: 51-79-6), artificial
gastric juice (pH = 1.2), and artificial intestinal juice (pH =
6.8) were purchased from Yuanye Biotechnology Co., Ltd
(Shanghai, China). Sodium alginate (SA, C6H7NaO6; molec-
ular weight: 198.11) was purchased by Chemical Reagent Co.,
Ltd (Shanghai, China). BSP (>98%) was obtained from Xi’an
Biotechnology Co., Ltd (Xi’an, China). Calcium chloride
(CaCl2 >96%) was supplied by Hengxing Reagent Co., Ltd
(Tianjin, China). Phosphoric acid was supplied by Sinopharm
Group Chemical Reagent Company (Shanghai, China). Assay
kits for hematoxylin−eosin staining (HE), TUNEL apoptosis,
and 4′,6-diamidino-2-phenylindole (DAPI) were obtained
from Chengdu Lilai Biotechnology Co., Ltd (Chengdu,
China). Tumor necrosis factor-α (TNF-α), interleukin-6 (IL-
6), and prostaglandin E2 (PGE2) ELISA kits were supported
by Shanghai Zhuocai Biotechnology Co., Ltd (Shanghai,
China). H+-K+-ATPase activity, superoxide dismutase
(SOD), and malondialdehyde (MDA) assay kits were bought
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). All of our experiments were made with ultrapure
water.

2.2. Preparation of OME-BSP NPs. OME-BSP NPs were
prepared using an inverse emulsion and surface cross-linking
method.25,26 Briefly, Span-80 (0.36 g), paraffin oil (90 g), and
OME (0.125 g) were added into a three-neck flask and stirred
for 1 h at 200−300 runs per minute (rpm) as the oil phase.
CMC (3.125 mg), SA (1.25 g), and BSP (0.125 g) were put
into distilled water (90 mL) as the water phase. Thirty
milliliters of water phase was dropped into the above oil phase
(30 °C) by a pipette. The homogeneous and stable

microemulsions were formed after 2 h of stirring (700 rpm).
Then, 8.5 mL of CaCl2 solution (15%) was incorporated into
the microemulsion for the cross-linking reaction. The reaction
was stirred at 30 °C at 200−300 rpm for 4 h. Finally, OME-
BSP NPs were obtained by washing with hexane and ultrapure
water. Their freeze-drying powder was stored at room
temperature for subsequent experiments.

2.3. Characterization of OME-BSP NPs. OME-BSP NPs
were characterized using a NanoBrook 90Plus PALS particle
size analyzer (Brookhaven Instruments, New York). Each
sample was diluted to the appropriate concentration (1:40)
and transferred to a plastic cuvette for the particle size and
polydispersity index (PDI) analysis at 25 °C. The samples were
diluted with 10 mM NaCl solution (1:40), the surface charge
(ζ-potential) of the samples was measured at 25 °C, and each
cycle was performed 12 times. The particle size and surface
charge of the samples were repeatedly measured three times
and recorded as their mean values ± standard deviation (SD).
The microstructures of OME-BSP NPs were observed under a
JEOL JEM 2100 transmission electron microscope (TEM).
Structural characteristics of OME-BSP NPs were analyzed by
infrared spectroscopy (IRTracer-100, Shimadzu Instrument
Co., Ltd. Japan, Japan) and X-ray photoelectron spectroscopy
(XPS, Semmerfeld Nexsa).

2.4. OME Encapsulation Efficiency and Drug Loading
of OME-BSP NPs. An appropriate amount of OME-BSP NPs
was dissolved in the solution consisting of 0.01% disodium
phosphate (pH = 7.4)−acetonitrile (70:30). After sonication
for 30 min and centrifugation (10,000 rpm, 10 min), the OME
content of solution before and after dialysis was detected by a
high-performance liquid chromatography (HPLC) method,
according to the 2020 edition of Chinese Pharmacopoeia.
Briefly, the high-performance liquid chromatography system
(Thermo Scientific UltiMate 3000, Germering, Germany) with
an Agilent ZORBAX Eclipse XDB-C18 column (4.6 mm × 150
mm, 5 μm) was used. The mobile phase was 0.01% disodium
phosphate (pH = 7.4)−acetonitrile (70:30) at a flow rate of 1
mL/min. OME was detected at 302 nm, and the column
temperature was 40 °C. The encapsulation efficiency (EE) and
drug loading (DL) were calculated according to the following
equations.

= ×M
M

EE 100%loaded

total (1)

= ×M
M

DL 100%OME

NPs (2)

where Mloaded is the content of OME loaded in the
nanoparticles, Mtotal is the content of OME added in the
nanoparticles, MOME is the weight of OME loaded in the
OME-BSA NPs’ freeze-dried powder, andMNPs is the weight of
OME-BSA NPs’ freeze-dried powder.

2.5. Stability of OME-BSP NPs in the Media with
Different pH. An appropriate amount of free OME or OME-
BSP NPs was dispersed in 20 mL of artificial gastric juice (pH
1.2) or artificial intestinal juice (pH 6.8), and then the
solutions were incubated in a water bath shaker at 37 °C for 24
h. At 0, 1, 2, 4, 8, 12, and 24 h, 1 mL of OME from different
media was drawn into a centrifuge tube. The concentration of
OME in the different media was detected by the above HPLC
method.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.2c00922
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

B

pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
A茁彩生物&zcibio
Highlight



2.6. Animals. Male or female Sprague-Dawley (SD) rats
(240 ± 30 g, 9−11 weeks) with certificate number SCXK
(Xiang) 2019-0014 were obtained from Changsha Tianqin
Biotechnology Co., Ltd (China). Rats were housed in a
controlled environment (room temperature: 20 ± 5 °C,
humidity: 60 ± 10%, with 12 h light−dark cycle) and fed with
food and free access to water. In all animal experiments, the
criteria in the Regulations on Animal Management (Document
No. 55, 2001, China) of the Ministry of Health of the People’s
Republic of China were followed, and the Experimental Animal
Ethics Committee of Guizhou Medical University approved
the protocol (No. 2100881).

2.7. In Situ Gastric Absorption of OME-BSP NPs. Six
rats (4 males and 2 females) were randomly divided into two
groups: OME and OME-BSP NPs. Urethane solution (15%)
was injected intraperitoneally. After anesthesia, the rats were
fixed on an experimental table, and the abdomen was cut along
the midline of the abdomen to expose the stomach. A small
opening was made in the upper esophagus of the cardia and a
small opening in the small intestine at the lower part of the
pylorus. Then, a catheter was inserted and the openings were
ligated with surgical threads. After rinsing with artificial gastric
juice, the stomach was perfused with 2 mL of artificial gastric
juice containing OME or OME-BSP NPs (OME: 10 mg) and
put back into the abdomen. The stomach was removed after in
situ absorption for 2 h, and the gastric perfusion solution was
collected. The gastric parietal was repeatedly washed with
artificial gastric juice. The washing fluid combined with the
gastric perfusion solution was placed in a volumetric flask with
a volume of 10 mL and diluted to line with artificial gastric
juice. Samples were centrifuged at 12,000 rpm, and the
supernatant was tested using the HPLC method described
above. The calculation formula for the absorption of OME in
the stomach was as follows

= ×C C
C

Absorption (%) 100%0 t

0 (3)

where C0 is the initial concentration of OME in the artificial
gastric perfusion solution and Ct is the final concentration of
OME in the washing fluid combined with the gastric perfusion
solution after 2 h of gastric absorption.

2.8. Establishment of Rat Model with Gastric Ulcer
and Grouping. A rat model with gastric ulcer was established
using the ethanol induction method described by Song et al.27

and Jeon et al.28 Briefly, healthy male or female SD rats (240 ±
30 g, 9−11 weeks) fasted with free access to water for 12 h.
Intragastric administration of high ethanol concentration (8
mL/kg) once caused gastric mucosal erosion, gastric ulcer, and
gastrointestinal bleeding.
After induction of ethanol, rats (half male and half female)

were randomly divided into seven groups: Control group
(normal rats + saline), model group (model rats + saline),
empty NPs (model rats + empty NPs without OME and BSP),
OME (model rats + OME, OME: 18 mg/kg), BSP (model rats
+ BSP, BSP: 0.68 mg/kg), mixture (model rats + OME + BSP,
OME: 18 mg/kg; BSP: 0.68 mg/kg), and OME-BSP NPs
(model rats + OME-BSP NPs, OME: 18 mg/kg; BSP: 0.68
mg/kg). The samples were administered intragastrically once a
day for 3 days.

2.9. Ultra High-Performance Liquid Chromatogra-
phy-Tandem Mass Spectrometry (UPLC-MS/MS) Anal-
ysis of OME. The UPLC-MS/MS method for OME detection

was performed using the Waters Xevo TQ MS system (Waters,
Milford, MA). MassLynxV 4.1 software was used for system
operation. The chromatographic separation was using an
ACQUITY UPLC BEH C18 column (2.1 mm × 50 mm, 1.7
μm), and the mobile phase consisted of 2% formic acid water
solution (A) and 2% formic acid−acetonitrile solution (B).
The gradient elution procedure was as follows: 0.0−0.5 min,
90% A−90% A and 10% B−10% B; 0.5−3.5 min, 35% A−35%
A and 65% B−65% B; 3.5−4.5 min, 10% A−10% A and 90%
B−90% B; 4.5−5 min, 90% A−90% A and 10% B−10% B. The
flow rate was 0.35 mL/min; the column temperature was 40
°C; and the injection volume was 1 μL. The OME assay was
performed in the positive ionization and multiple reaction
monitoring (MRM) mode. OME and puerarin were quantified
using the parent ion, m/z 346.10 for OME, and 417 for
puerarin. The daughter ions were m/z 198.10 (OME) and m/z
267 (puerarin). The optimized parameters for OME
determination were as follows: capillary ionization voltage at
2.5 kV; collision energy at 35 V; cone voltage at 30 V for OME
and 40 V for puerarin; ion source temperature at 600 °C; spray
gas and blow gas were nitrogen; the desolvation gas
temperature at 350 °C; and the desolvation gas flow rate at
1000 L/h.

2.10. Sampling. After the last treatment, blood was taken
from the rat’s crotch artery and placed in a plastic tube
containing 1% heparin. Blood was collected and placed at
room temperature for 1−2 h. After centrifugation (4 °C/3500
rpm/10 min), serum was then separated for further use. The
rat stomach was removed, and the gastric contents were
collected into a 30 mL centrifuge tube by cutting the specimen
along the greater curvature. The contents were centrifuged (4
°C/3500 rpm/10 min), and the supernatant was separated for
later analysis. And the gastric tissue was washed with cold
saline and photographed. Then, the gastric tissue was divided
into two parts: one part was stored in 10% neutral formalin for
histological analysis and the other part was prepared as a 10%
tissue homogenate for kit analysis.

2.11. Pharmacokinetic Study. Thirty-six rats with gastric
ulcer (half male and half female) were divided into three
groups randomly: OME (OME: 18 mg/kg), mixture (OME:
18 mg/kg; BSP: 0.68 mg/kg), and OME-BSP NPs (OME: 18
mg/kg; BSP: 0.68 mg/kg). The sample was dosed orally one
time. The rat blood samples (0.25 mL) from their orbits were
collected at 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24 h after
the treatment and placed into a centrifuge tube containing 1%
heparin. After centrifugation (4 °C/3500 rpm/10 min), the
supernatant (100 μL), puerarin in methanol (30.01 ng/mL, 50
μL) as the internal standard, 1% formic acid solution (50 μL),
and methanol (400 μL) were added in order into a centrifuge
tube, sonicated (10 min), and mixed (2 min). Under a
nitrogen gas flow at 37 °C, the supernatant (500 μL) from
centrifugation (4 °C/12,000 rpm/10 min) was dried. The
residue was reconstituted in 200 μL of 50% methanol and
centrifuged (4 °C/12,000 rpm/10 min). A sampler vial was
filled with the supernatant, and 1 μL was subsequently injected
for UPLC-MS/MS analysis.

2.12. Distribution of OME in the Stomach and
Intestine. Twelve rats (half male and half female) with
gastric ulcer were randomly divided into two groups: OME
(OME: 18 mg/kg) and OME-BSP NPs (OME: 18 mg/kg;
BSP: 0.68 mg/kg). The samples were administered intragastri-
cally one time. Rats were killed by cervical dislocation at 2 and
10 h. The stomach and intestine were quickly taken and
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homogenized with saline. The procedure described in Section
2.11 was followed for pretreatment and analysis of each sample
of tissue homogenate.

2.13. Gastric Ulcer Score. To assess ulcer formation,
stomachs were unclosed along the greater curvature and rinsed
with water to remove gastric contents and blood clots. Ulcers
were counted and scored by the method as described earlier.29

The specific scoring criteria were as follows: normal colored
stomach (0), red coloration (0.5), spot ulcer (1), hemorrhagic
streak (1.5), deep ulcers (2), and perforation (3). The gastric
ulcer was scored as average gastric ulcer in each group of rats.

2.14. Estimation of pH and the Activity of H+-K+-
ATPase in Gastric Secretion. According to the procedure
described in Section 2.10, the gastric contents and stomach
tissues of rats in each group were taken. The pH from the
supernatant of gastric contents was determined by a pH meter
(Shanghai BANTE instruments co., Ltd., China), and the
activity of gastric H+-K+-ATPase was determined from 10%
gastric tissue homogenate, according to the introduction of H+-
K+-ATPase activity assay kit (Zhucai Biotechnology Co., Ltd.
Shanghai, China), by a microplate reader (Variosska,
Semmerfeld Nexsa) at 660 nm.

2.15. Hematoxylin and Eosin (H&E) Staining. Gastric
tissue was collected from each group by the procedure
described in Section 2.10. A routine process of tissues was
consistent as described in the study.30 After that, morpho-

logical changes of gastric mucosa in rats were observed and
imaged under an optical microscope (BA210Digital, Mac Audi
Industrial Group Co., Ltd. China).

2.16. TUNEL Assay. Following the procedure outlined in
Section 2.10, each group of gastric tissue was collected. Based
on the manufacturer’s instructions, gastric tissue was stained
with an FITC-labeled TUNEL kit and restained with DAPI
solution. Using a panoramic slide scanner (3DHISTECH,
Hungary), the colored slides were scanned. DAPI stained
normal cells blue, and FITC stained apoptotic cells green. UV
excitation wavelengths of DAPI and FITC were 377 and 492
nm, respectively, and their emission wavelengths were 447 and
506 nm. Following was the formula for calculating positive
apoptosis rate (%)

= ×Positive apoptosis rate
number of positive cells

number of total cells
100%

(4)

2.17. Biochemical Analysis in Serum. Six rats with
gastric ulcer (half male and half female) in each group were
dosed for three consecutive days, and then the blood samples
were collected from their orbits and placed at room
temperature for 1−2 h. After blood stratification, the samples
were centrifuged at 3500 rpm and 4 °C for 10 min. Serum was
separated for further use. According to the manufacturer’s
introductions, SOD and MDA levels were determined by the

Figure 1. Scheme of OME-BSP NP preparation and characterization of OME-BSP NPs. (A) Scheme of OME-BSP NP preparation by the emulsion
cross-linking method. (B) Image of empty NP powder. (C) Image of OME-BSP NPs. (D) TEM images of OME-BSP NPs. (E) Hydrodynamic
diameter measured by the NanoBrook 90Plus PALS particle size analyzer (Brookhaven Instruments, New York). (F) Infrared spectra of BSP,
OME, and OME-BSP NPs. (G) XPS spectra of BSP, OME, mixture, and OME-BSP NPs.
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spectrophotometers, and PGE2, IL-6, and TNF-α levels were
measured by the ELISA method.

2.18. Statistical Analysis. The stability of OME-BSP NPs
and in situ gastric absorption were analyzed by independent-
sample t-test. WinNonLin 8.2 software calculated pharmaco-
kinetic parameters and their differences were analyzed by one-
way analysis of variance (ANOVA). An analysis of the gastric
ulcer score was performed using the Kruskal−Wallis non-
parametric test (K−W test). Two-tailed t-test was used in the
analysis of gastric pH and the gastric cell apoptosis rate. The
H+-K+-ATPase activity, MDA, SOD, PGE2, IL-6, and TNF-α
were analyzed via one-way analysis of variance (ANOVA),
followed by the LSD or Dunnett T3 testing. The data were

analyzed by SPSS 26.0 to determine mean and standard
deviation of at least three independent experiments. The level
of significance was set at P < 0.05.

3. RESULTS
3.1. Preparation and Characterization of the OME-

BSP NPs. OME-BSP NPs were prepared by the inverse
emulsification cross-linking method (Figure 1A). The obtained
powder of empty NPs (Figure 1B) was yellow. After being
loaded with OME and BSP, the powder of OME-BSP NPs
(Figure 1C) was brown. Observed under the transmission
electron microscope (TEM) (Figure 1D), OME-BSP NPs
were spherical with diameters ranging from 181 to 455 nm. By

Figure 2. Stability of OME and OME-BSP NPs in artificial gastric juice and the release profile in artificial intestine juice. (A) Degradation curve of
OME and OME-BSP NPs in artificial gastric fluid (pH = 1.2) from 0 to 4 h (n = 3). (B) Cumulative release curve of OME and OME-BSP NPs in
artificial intestinal fluid (pH = 6.8) from 0 to 24 h (n = 3).

Figure 3. Gastric absorption and levels of OME in blood, stomach, and intestine. (A) Absorption of OME and OME-BSP NPs in situ gastric
perfusion for 2 h. (B) Plasma concentration of OME versus time profile. (C) Distribution of OME in the stomach at 2 and 10 h. (D) Distribution
of OME in the intestine at 2 and 10 h. Data were presented as the mean ± SD (n = 3), *P < 0.05 or **P < 0.01 vs OME.
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measuring with the NanoBrook 90Plus PALS particle size
analyzer, their hydrodynamic diameter was around 380 nm
(Figure 1E), PDI was 0.24 ± 0.01, and the negative surface
charge (ζ-potential) was −18.81 ± 1.05 mV. The OME EE of
OME-BSP NPs was 77.20 ± 13.95%, and DL was 30.28 ±
5.04%. According to their infrared spectra (Figure 1F), BSP
and OME-BSP NPs exhibited −OH stretching vibration of
polysaccharide around 3300 cm−1 and the weak bands around
2980 cm−1 representing the C−H stretching vibration of
−CH2.

31 Both OME and OME-BSP NPs showed similar IR
spectra below 2400 cm−1. The possible reason was that the
molecular ratio of OME was higher than that of BSP since the
weight ratio of their addition was 1:1. It was confirmed by
these results that NPs were successfully loaded with BSP and
OME, as well as by XPS spectra (Figure 1G). C 1s, O 1s, and
N 1s atoms had no obvious peak shift in BSP, OME, mixture,
and OME-BSP NP groups. Due to the content of S atoms
lower than 5% in the nanoparticles, the S 2p atoms in OME
were missing in OME-BSP NPs. The appearance of Ca 2p
atoms in the OME-BSP NPs implied the successful cross-
linking caused by the introduction of CaCl2.

3.2. OME-BSP NPs Can Improve the Stability of OME
In Vitro. The degradation curve of OME and OME-BSP NPs
in artificial gastric juice (pH 1.2) and the release curve in
artificial intestinal juice (pH 6.8) were investigated to evaluate
the stability of OME-BSP NPs. As illustrated in Figure 2A, in
the acid environment (pH 1.2), the degradation amount of free
OME at 2 h was 96.12 ± 2.15%, which implied that it was

completely destroyed. However, the OME degradation amount
in the OME-BSP NPs at 2 and 4 h was 74.92 ± 5.84 and 96.13
± 0.27%, respectively. As shown in Figure 2B, OME was
relatively stable in the artificial intestinal juice (pH.6.8). Free
OME released 98.89 ± 1.55% at 12 h, while OME-BSP NPs
can continuously and stably release OME in the media of pH =
6.8 for up to 24 h, and the cumulative release amount at 24 h
was 87.70 ± 3.09%. In summary, BSP NPs can improve the
stability of OME in the artificial gastric fluid and achieve the
sustained release of OME in artificial intestinal fluid.

3.3. OME-BSP NPs Can Increase the In Situ Gastric
Absorption of OME. Considering the periodic motion of rat
stomach,32 in situ gastric absorption of OME and OME-BSP
NPs was investigated at 2 h. In Figure 3A, the gastric
absorption of free OME (16.30 ± 4.45%) was much less than
that of OME-BSP NPs (42.57 ± 0.78%), and OME-BSP NPs
can enhance the absorption of OME in the stomach of rats.

3.4. OME-BSP NPs Increased the OME Level in the
Blood, Stomach, and Intestine of Rats with Gastric
Ulcer. The mean plasma concentration−time profiles of OME,
mixture, and OME-BSP NPs in the model rats are shown in
Figure 3B, and the pharmacokinetic parameters of OME were
obtained by WinNonLin 8.2 software (Table 1). As depicted in
Figure 3B and Table 1, similar pharmacokinetic parameters of
OME in the free OME group and the mixture group were
observed without a significant difference, indicating that simple
physical mixing cannot influence the pharmacokinetics of
OME. However, the AUC of OME in the OME-BSP NPs had

Table 1. Pharmacokinetic Parametersab

parameters units OME mixture OME-BSP NPs

t1/2 h 2.88 ± 0.32 2.93 ± 0.20 9.40 ± 1.00**
Cmax ng/mL 655.15 ± 42.56 699.20 ± 78.99 1059.19 ± 121.19**
AUC h×ng /mL 3101.44 ± 261.30 3423.11 ± 29.88 6045.85 ± 156.06**
AUC0−∞ h×ng /mL 3134.49 ± 271.45 3457.39 ± 327.54 7312.49 ± 298.28**
Vz L/h/kg 23.86 ± 2.11 22.20 ± 3.00 33.35 ± 2.15**
Clz L/kg 5.77 ± 0.51 5.24 ± 0.50 2.46 ± 0.10**
MRT0−∞ h 7.50 ± 0.08 7.31 ± 0.32 13.08 ± 0.45**

aData are shown as mean ± SD (n = 3). **P < 0.01 vs OME group. bt1/2, terminal elimination half-life; AUC, area under the plasma concentration
versus time curve from zero to the last sampling time; AUC0−∞, area under the plasma concentration versus time curve from zero to infinity; ClZ,
total body clearance; Vz, apparent volume of distribution; MRT0−∞, mean retention time from zero to infinity.

Figure 4. OME-BSP NPs can suppress gastric acid secretion in gastric ulcer rats through inhibiting the H+-K+-ATPase activity. (A) The pH value of
gastric contents. (B) H+-K+-ATPase activity in the stomach. Data were presented as the mean ± SD (n = 6). ###P < 0.001 vs control; **P < 0.01,
***P < 0.001 vs model; &P < 0.05, &&P < 0.01, &&&P < 0.01 vs OME-BSP NPs; ns indicated no statistical difference, P > 0.05.
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a 2-fold increase (P < 0.01) from 0.5 to 24 h compared with
free OME (6045.85 ± 156.06 vs 3101.44 ± 261.30 h×ng/mL)
revealed in Table 1, indicating that OME-BSP NPs had higher
OME concentration (Cmax: 1059.19 ± 121.19 vs 655.15 ±
42.56 ng/mL) in the systemic circulation (P < 0.01) and a 3-
fold extended half-life time (t1/2: 9.40 ± 1.00 vs 2.88 ± 0.32 h,
P < 0.05). Correspondingly, the Vz of OME in the OME-BSP
NP group increased (Vz: 33.35 ± 2.15 vs 23.86 ± 2.11 L/h/
kg) and the CLz values of OME in the OME-BSP NP group
decreased (CLz: 2.46 ± 0.10 vs 5.77 ± 0.51 L/kg).
Similar to the OME plasma level, the level of OME both in

the rat stomach and intestine increased (P < 0.01) at 2 and 10
h after NP encapsulation (Figure 3C,D). Especially, at 2 h, the
level of OME from OME-BSP NPs in the stomach reached
4870 ± 683.44 ng/g and in the intestine was 453.29 ± 93.66
ng/g, while the level of OME from free OME group in the
stomach was 388.46 ± 27.12 ng/g and in the intestine was
217.64 ± 9.59 ng/g. These results further verified that BSP NP
encapsulation can increase the absorption of OME in the

stomach, which was also found in the in situ gastric perfusion
absorption experiment.

3.5. OME-BSP NPs Can Suppress the Secretion of
Gastric Acid through Inhibiting the Activity of H+-K+-
ATPase. Suppression of acid production can improve gastric
ulcer.13 As observed in Figure 4A, the pH value of normal rats
was 4.84 ± 0.52, while the pH value of model rats was 2.24 ±
0.33 (P < 0.001). The pH of rat stomach in the OME-BSP NP
group was significantly higher than that of empty NPs, OME,
BSP, and mixture (P < 0.001) and nearly recovered to that of
normal rats, implying the superior therapeutic efficacy over
OME and BSP alone against gastric ulcer. As well known,
OME can greatly inhibit the activity of the H+-K+ ATPase
enzyme, resulting in the suppression of gastric acid secretion
(Figure 4B), as reported in other literature studies.8,33

Interestingly, OME-BSP NPs had a better inhibition of H+-
K+-ATP enzymes, reduced the release of H+, protected the
gastric mucosa, and finally reduced ulcer formation (Figure 5).

Figure 5. Typical pictures (A) and the score (B) of gastric ulcers in each group of rats. (A) Typical pictures of gastric ulcers in each group of rats. a:
Control, b: Model, c: Empty NPs, d: OME, e: BSP, f: Mixture, g: OME-BSP NPs. (B) Gastric ulcer score in each group of rats. Data are presented
as average ± SD (n = 6). ###P < 0.001 vs control; *P < 0.05,**P < 0.05 vs model; ns indicated no statistical difference, P > 0.05.

Figure 6. Typical images of H&E-stained gastric tissue (scale bar: 10 μm) in rats after OME, BSP, mixture, and OME-BSP NP treatments (n = 6).
Mucosal gastric gland necrosis (↑), neutrophils (↑), bleeding (↑), lymphocytes (↑). A: Control group; B: Model group; C: Empty NPs; D: OME
group; E: BSP group; F: Mixture group; G: OME-BSP NP group.
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3.6. OME-BSP NPs Can Recover the Rat Gastric Ulcer.
An imbalance between destructive factors and mucosal defense
mechanisms in the mucosal epithelium causes gastric ulcer.34

In Figure 5A, the normal rats in the control group had no
obvious bleeding, and their gastric mucosa was thick and pale
pink. The rats with gastric ulcer induced by ethanol in the
model group had a mass of black cord-like ulcers, and the
ulcers ran through the entire gastric mucosa. Compared with
normal rats in the control groups, the gastric mucosa of model
rats was loose, thin, and seriously damaged, which confirmed
that the rat gastric ulcer model was successfully established.
When rats were treated with OME, BSP, mixture, or OME-
BSP NP group, the surface of gastric mucosa was smooth and
wrinkled with only a few bleeding points. In Figure 5B, the
gastric ulcer score of rats in the model group and empty NP
group were 4.25 ± 0.61 and 4.17 ± 0.93, respectively. After
treatments with OME, BSP, mixture, and OME-BSP NPs, the
gastric ulcer score decreased to 2.17 ± 0.61, 2.41 ± 0.58, 1.50
± 0.71, and 1.17 ± 0.62, respectively. These results further
verified that OME-BSP NPs indeed can treat gastric ulcer and
their therapeutic efficacy was superior to OME or BSP alone.

3.7. OME-BSP NPs Can Reverse the Histopathological
Change in the Stomach. Histopathological changes in the
stomach were revealed by H&E staining (Figure 6). The
normal gastric mucosa was complete, and the mucosal layer
was covered with a single layer of columnar epithelium. There
was no obvious hyperplasia in the gastric mucosa with no
inflammatory cell infiltration in the muscularis and adventitia,
while broken mucosa with severe hemorrhage (red arrow) and
inflammatory cell infiltration (green arrow) appeared in the
H&E-stained stomach tissues induced by ethanol in the model
group as previously reported by other studies.35,36 Empty NPs
did not exhibit any noticeable improvement in pathological
tissue, with hemorrhage, neutrophils (green arrows), and
lymphocytes (blue arrows) still present. In the OME group,
the gastric tissue was also damaged with superficial
degeneration, necrosis of the mucosal layer in some areas
(black arrow), and loose connective tissue. In the BSP group,
the connective structure of tissue was loose with the
lymphocyte infiltration (blue arrow). Similar to the histological

change observed in the OME group, the gastric tissue was
slightly damaged, and there was no obvious edema and
inflammatory cell infiltration. As for OME-BSP NP groups, the
structure of gastric mucosa, submucosa, muscular layer, and
serosa was relatively complete, and a small number of
lymphocytes were scattered occasionally without obvious
pathological changes. In summary, OME-BSP NPs can reverse
the histological change of gastric tissue induced by ethanol,
and their therapeutic efficacy was the best.

3.8. OME-BSP NPs Can Alleviate the Cell Apoptosis
Induced by Ethanol. Apoptosis is a genetically determined
energy-dependent process and a homeostatic mechanism that
maintains cell populations in tissues.37 However, gastric ulcers
often lead to imbalances in energy and homeostasis. Thus,
apoptosis in gastric tissues was investigated by TUNEL
staining (Figure 7A). Apoptotic cells were stained with FITC
and normal cells with DAPI. As described in Figure 7B, the
normal gastric tissue in the control group had few apoptotic
cells (0.11 ± 0.04%), while a substantial number of apoptotic
cells were seen in TUNEL-stained gastric sections of the model
group (35.57 ± 2.82%). After administered with OME (7.02 ±
1.36%), BSP (8.17 ± 5.99%), mixture (7.21 ± 1.18%), and
OME-BSP NPs (1.01 ± 0.49%), the apoptotic cells
significantly decreased compared to that in the model group
(P < 0.01), and this change was pronounced in the OME-BSP
NP group (P < 0.05). Consistent with the interesting findings
above, OME-BSP NPs provide greater protection against
gastric injury than OME or BSP alone at an equivalent dose.

3.9. OME-BSP NPs Can Improve the Gastric Ulcer
through Antioxidant and Anti-inflammatory Pathways.
Exogenous and endogenous production of reactive oxygen
species and free radicals predispose to mucosal damage,38,39

which in turn leads to the formation of gastric ulcers. The role
of SOD is to convert superoxide produced during oxidative
stress into hydrogen peroxide.40,41 MDA is produced by the
peroxidation of polyunsaturated fatty acids or related esters in
the cell membrane.42 This transition to an oxidative state is
caused by the release of hydroperoxide radicals and superoxide
anions, and their increase leads to oxidative stress, which can
be seen as an increase in MDA levels.43 In this study, oral

Figure 7. Apoptosis of gastric cells after OME, BSP, mixture, and OME-BSP NP treatments. (A) Typical images of gastric cells (scale bar: 100 μm)
stained with TUNEL. (B) Percentage of apoptotic cells in the stomach of gastric ulcer rats. Data were presented as the mean ± SD (n = 3). ##P <
0.01 vs control. *P < 0.05; **P < 0.01 vs model; &P < 0.05 vs OME-BSP NPs; ns indicated no statistical difference, P > 0.05.
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alcohol markedly increased MDA levels and reduced SOD
activity (Figure 8A and B), supporting the notion that
oxidative stress plays an essential role in the pathogenesis of
alcohol-induced gastric injury.9 Interestingly, OME, BSP,
mixture, and OME-BSP NPs can decrease the MDA levels
and increase the SOD activity to some extent, and OME-BSP
NPs were more effective on the antioxidative activities than
physical mixtures of OME and BSP during the MDA test (P <
0.01).
The inflammatory response was activated when gastric

mucosa was damaged, and it may cause secondary mucosal
damage.44 Prostaglandins (PGs) produced by gastric mucosal
cells were important endogenous mediators of acute gastric
mucosal injury.45 Therefore, PGE2 plays an important role in
gastric ulcer healing. The effect of OME-BSP NPs on ethanol-
induced gastric PGE2 levels in rats using ELISA kits was
determined to measure PGE2 content. In comparison with the

model group, the PGE2 content increased in the BSP, OME,
mixture, and OME-BSP NP groups (Figure 8C) and reached
the highest point in OME-BSP NPs (P < 0.01). In addition,
the content of PGE2 in the mixture group was higher than that
in the OME group (P < 0.001). The serum levels of
inflammatory factors in each group were also investigated
(Figure 8D and E). As shown in the model group, the levels of
IL-6 and TNF-α were notably increased in rats after gastric
exposure to ethanol. Undoubtedly, OME-BSP NPs displayed
better anti-inflammatory properties than OME or BSP alone
(P < 0.05), even better than their physical mixture (P < 0.05),
and OME-BSP NPs properly had the synergistic antioxidant
and anti-inflammatory effects against gastric ulcer.

4. DISCUSSION
Gastric ulcer is a chronic condition with unexpected
complications, including bleeding, stenosis and perforation,

Figure 8. OME-BSP NPs reduced the oxidative stress and inflammation levels in rats with gastric ulcer. (A) MDA activity in the serum. (B) SOD
content in the serum. (C) PGE2 content in the serum. (D) IL-6 level in the serum. (E) TNF-α level in the serum. Data were presented as the mean
± SD (n = 6). #P < 0.05, ##P < 0.01, ###P < 0.001 vs control. *P < 0.05, **P < 0.01 vs model. ++P < 0.01 vs OME. &P < 0.05, &&P < 0.01, &&&P <
0.001 vs OME-BSP NPs; ns indicated no statistical difference, P > 0.05.
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and a high recurrence rate.8 An imbalance between destructive
factors and mucosal defense mechanisms in the mucosal
epithelium causes gastric ulcer.34 Proton pump inhibitors such
as OME have been found to increase the healing and improve
clinical symptoms of gastric ulcer.46 However, the instability of
OME in the acid environment limited their therapeutic
efficacy. Thus, their enteric-coated capsules were developed
to solve this problem. To improve the stability of OME in the
stomach and increase the gastric targeting, BSP was chosen to
construct a mucoadhesive drug delivery system in our study
because of their biodegradability, biocompatibility, low cost,
and high security.47 More importantly, BSP also could exert
antiulcer activity by inhibiting lipid peroxidation reaction,
improving local blood circulation in ulcer lesions and
promoting repair of the gastric mucosa through adherence to
the gastric mucosa.31,48−52 As a result, we designed this
mucodrug delivery system to treat gastric ulcer using SA and
CMC to load OME and BSP.
As far as we know, this is the first study to combine OME

with BSP in the nanoparticles to treat rat gastric ulcers. As
shown in Figures 2 and 3, OME-BSP NPs can increase the
stability of OME in the acid environment both in vitro and in
vivo, resulting in the extension of OME half-life time (Table 1)
and the absorption of OME in the rat stomach (Figure 3A and
C). Finally, the area of gastric ulcer decreased, the histological
change was reversed, apoptotic cells in gastric tissue decreased,
and oxidant stress and inflammation were relieved after
treatments with OME, BSP, mixture, and OME-BSP NPs as
shown in Figures 4−8. As expected, the therapeutic efficacy of
OME-BSP NPs was superior to that of OME or BSP alone,
even better than their physical mixture. There were perhaps
four reasons behind this fact. First, BSP is a dual-use material.
On the one hand, BSP can treat gastric ulcer by repairing the
gastric mucosa, hemostasis,31 and inhibiting inflamma-
tion.53−56 On the other hand, BSP is a bioadhesive material.
Under the acid environment, BSP may form the gel, increase
the adhesion, and form a protective membrane on the gastric
mucosa.57 The gastric acid stopped eroding the ulcer area, and
the membrane of BSP increased the accumulation of OME at
the ulcer area.58 Even in the lesion site, OME was directly
activated to treat the ulcer. Second, nanoparticles were more
readily ingested by immune-associated cells, namely, macro-
phages in areas of active inflammation.59−61 Thus, BSP NPs
can inhibit inflammation as soon as possible. Third, in
nanoparticles, the mixed state of OME and BSP was more
uniform and closer together than the mixture alone. Although
no chemical bonding existed between OME and BSP, OME
and BSP were wrapped in the network structure formed by
cross-linked SA in proportion. The combination of BSP and
OME in the nanoparticles can play a better synergistic effect,
which was observed in the pharmacodynamic tests (Figures
4−8). Finally, but not the last, OME-BSP NPs did not only
have multiple sites of absorption in the gastrointestinal tract to
guarantee their full utilization but also improved the
absorption of OME in the stomach. Due to the degradation
in the acidic environment, free OME was mainly absorbed in
the intestine (Figure 3C and D) and distributed into the
bloodstream. This promotes a delayed release and, con-
sequently, a delayed absorption.62 However, due to the
improvement of OME stability and absorption in the stomach
from OME-BSP NPs, OME from OME-BSP NPs treated rat
gastric ulcer quicker and better. As a result, the combination of

OME and BSP nanopreparations has a better synergistic
antigastric ulcer effect, as shown in Figure 8.
In summary, our formulation reduces the metabolic rate of

OME in the blood and stomach by protecting OME from
complex biological environments such as pH. As nanoparticles
degraded, OME was gradually released into the environment,
resulting in sustained plasma concentrations and effective
absorption levels in the stomach. Finally, by combining OME
with BSP in the nanospheres, OME-BSP NPs can effectively
and synergistically treat the rat gastric ulcer. The pharmacody-
namic improvement of OME and targeted treatment was
achieved.

5. CONCLUSIONS
In this study, we fabricated a nanosphere formulation loaded
with OME and BSP, suitable for people with bleeding gastric
ulcers. The prepared OME-BSP NPs were spherical, uniformly
dispersed, small in size, and with good drug loading. OME-BSP
NPs were mucoadhesive and stable, which can be trapped in
the folds of the stomach, leading to the prolonged residence
time and the increase of absorption. The pharmacodynamic
improvement of OME and targeted therapy was achieved.
Ultimately, the local or systemic effects of OME were realized,
and its dual-use characteristics were fully enabled. Therefore, it
can be safely concluded that OME-BSP NPs were effective and
had potential in the treatment of gastric ulcer.
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