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A B S T R A C T

Helicobacter pylori (H. pylori) is a prevalent global pathogen responsible for gastritis and the potential develop
ment of gastric cancer. Sulforaphane (SFN), a foodborne compound, exhibits notable antibiotic properties against 
H. pylori. However, its utility is limited by poor stability and susceptibility to environmental degradation. Here, 
we developed a gastric-responsive-release microgel for delivering anti-H. pylori SFN. The microgels were pre
pared by cross-linking α-lactalbumin nanotubes then coated with chitosan (CTS-MGs). SFN was loaded into 
microgels with a loading rate of 10.73 ± 0.25 %. The CTS-MG showed a strong adhesion to the gastric mucosa, 
prolonging gastric retention for up to 24 h and responsively releasing SFN in the stomach. Furthermore, CTS- 
MG/SFN dissociated and released nanotubes/SFN, which could penetrate into the gastric mucus layer and 
arrive at the deepest mucus sites where most H. pylori were colonized. Our results revealed that CTS-MG/SFN 
displayed an obvious inhibitory effect against H. pylori. The oral administration of CTS-MG/SFN in H. pylori- 
infected mice effectively alleviated H. pylori-induced gastritis and modulated gastric microbiota homeostasis. 
This work demonstrated high potential of CTS-MG microgels for gastric-targeted and oral delivery of antibiotic 
natural compounds against H. pylori infection.

1. Introduction

Helicobacter pylori (H. pylori), a gram-negative pathogen classified as 
a class I carcinogen, possesses a remarkable ability to colonize deeply in 
gastric mucus on the surface of gastric epithelial cells [1]. H. pylori 
infection rate ranges from 30 % to 50 % in developed countries to a 
striking 85 % to 95 % in developing countries [2]. The robust survival of 
H. pylori in the harsh acidic environment of the stomach can be attrib
uted to two key factors. Firstly, H. pylori employs its flagella for motility, 

enabling it to penetrate the gastric double-mucus layer and ultimately 
adhere to the nearly pH-neutral surface of gastric epithelial cells [3]. 
Secondly, H. pylori secretes urease, which hydrolyzes urea into ammonia 
and carbamate, effectively neutralizing the pH of the stomach [3]. 
Simultaneously, ammonia disrupts the gastric mucosal barrier and in
duces apoptosis in gastric mucosal cells [4]. The host of virulence factors 
produced by H. pylori can directly inflict damage upon the gastric tissue, 
while simultaneously elevating pro-inflammatory factor levels, thereby 
contributing to serious gastric diseases, such as ulcer [5], gastritis [6], 
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and even gastric cancer [7]. Comprehensive insight into the mechanisms 
governing H. pylori’s survival and infection is of vital importance, as it 
facilitates gastric-responsive and effective antibacterial strategies.

The common ways for treating H. pylori infection are triple and 
quadruple therapies, mainly comprising two antibiotics and a proton 
pump inhibitor (quadruple therapy also includes a bismuth salt), with an 
initial eradication rate of over 80 % [8]. However, the efficacy of anti
biotics is decreased by the growing antibiotic resistance exhibited by 
H. pylori [9]. In addition, prolonged antibiotic use may also produce 
several side effects, including gastrointestinal microbiota imbalance and 
systemic disorders, leading to symptoms, such as diarrhea and con
stipation [10]. Therefore, it is necessary to seek more effective and safer 
treatment options for gastric diseases caused by H. pylori infection. 
Recent years have witnessed the discovery of the robust inhibitory ef
fects of certain functional ingredients from foods, such as probiotics 
[11], isothiocyanate [12], and essential oil [13], against H. pylori. 
Distinct from antibiotics, these food-derived bioactive compounds hav
ing an antibiotic property may eradicate H. pylori with minimal side 
effects.

Sulforaphane (SFN), a natural bioactive compound, has a high anti- 
pathogen effect especially against H. pylori infection. SFN is an iso
thiocyanate found in vegetables, such as broccoli, cauliflower, and kale 
[14]. It is renowned for its remarkable anticancer effects, robust anti
oxidant properties, and antibacterial capabilities [15,16]. Notably, re
searchers have found that SFN imparts strong inhibitory effects against 
H. pylori [17]. However, SFN is a highly sensitive compound and very 
vulnerable to environmental conditions, such as temperature and gastric 
digestion [18]. More importantly, it cannot accumulate in the stomach 
due to gastric emptying. Gastro-retentive drug delivery systems can in
crease the release duration by retaining the drugs/bioactives in stomach 
for a longer period of time, thus increasing the bioavailability. Recent 
advances in gastro-retentive technologies focus on floatable, mucoad
hesive and swelling systems [19,20]. These systems can sustained 
release drugs in stomach; however, the drug dispersed in gastric fluid 
probably enter the intestine with gastric emptying, rather than pene
trating deeply into the gastric mucus. The gastric double-mucus layers, 
in the range of 450–700 μm thick [21], include outer loose mucus and 
inner dense mucus, where H. pylori reside by specialized mechanisms 
[22]. The mucus layers could hinder the diffusion of drug molecules and 
delivery particles due to the physical intermingling of mucin strands and 
various interactions within the mucus network [23]. Consequently, 
drugs cannot reach the required concentration at the H. pylori niche, 
potentially fail to achieve the desired therapeutic effect. Most of gastro- 
retentive drug delivery systems are not capable of effectively delivering 
the drug through the gastric mucus to reach the survival zone of H. pylori 
due to the size, charge, and shape of carriers. Therefore, it’s crucial to 
design a multi-functional carrier capable of delivering SFN specifically 
to the stomach and achieving its sustained release on the bottom of the 
gastric mucosa. Protein nanotubes (NTs) as state-of-the-art drug delivery 
systems have been reported to have high mucus-penetrating properties 
[24]. α-Lactalbumin (α-lac) NTs were self-assembled through partial 
enzymolysis by bacillus licheniformis protease (BLP) [25] and reas
sembled by ions [26,27]. The tubular nanocarriers can rotate and fly 
through the pores of the mucus layers, and therefore they have a faster 
diffusion rate. For this reason, α-Lac NTs exhibited the outstanding 
mucus-penetration compared to nanospheres, which was consistent with 
theoretical molecular stimulations [28]. Also, α-lac NTs coated with 
platelet membrane was designed to load a thrombolytic drug for 
enhanced thrombolytic efficiency [29]. The α-lac NTs constructed mi
crospheres which exhibited nanozyme-like properties, could alleviate 
rheumatoid arthritis via repolarizing inflammatory macrophages from 
M1 to M2 [30]. Moreover, a composite carrier comprising low methoxy 
pectin and NTs were constructed for encapsulating capsaicin, which 
possessed strong intestinal mucosal adhesion and permeability, and 
thereby effectively alleviated enteritis induced by Salmonella infection 
[31].

In this paper, a gastric-specific and responsive release delivery sys
tem was designed for loading the natural antibiotic SFN for mucus- 
penetration to ameliorate H. pylori-induced gastritis. Firstly, a compos
ite chitosan-coated microgel (CTS-MG) was prepared through cross- 
linking of α-lac NTs. It exerted gastric mucosal adhesion and respon
sive release properties. NTs could also penetrate into the gastric double- 
mucus layer and reach the deepest mucus layer where H. pylori colonize. 
Secondly, the inhibition effects of CTS-MG/SFN on H. pylori in vitro and 
in an H. pylori infected mice model were both examined to assess their 
therapeutic effects. The modulation effect on gastric microbiota balance 
by CTS-MG/SFN was also investigated. This study provides a promising 
gastric-specific and responsive release delivery system for alleviating 
H. pylori infection-induced gastritis with a natural antibiotic food- 
derived compound.

2. Materials and methods

2.1. Materials

α-lactalbumin (α-lac, ≥85 %) was purchased from Sigma-Aldrich (St. 
Louis, MO, U.S.A.). Bacillus licheniformis protease (BLP) was sourced 
from Novozymes (Bagsvaerd, Denmark). Wheat germ agglutinin (WGA), 
acetonitrile (HPLC Grade), formic acid (HPLC Grade), Columbia blood 
agar base, and brain heart infusion were obtained from Thermo Fisher 
Scientific (Waltham, MA, U.S.A.). Glutaraldehyde (25 %), polyglycerol 
polyricinoleate (≥99 %) and pepsin (>3000 U/mg) were obtained from 
the Macklin Biochemical Co., Ltd. (Shanghai, China). Sulforaphane 
(≥95 %) and Tween 80 were sourced from the Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China). Defibrated sheep blood was 
purchased from the Land Bridge Technology Co., Ltd. (Beijing, China). 
H. pylori strain (ATCC 43504) was sourced from the Guangdong Pro
vincial Microbial Culture Preservation Center (Guangzhou, China). Male 
C57BL/6 J mice were purchased from the SiPeiFu Biotechnology Co., 
Ltd. (Beijing, China). H. pylori rapid urease test paper was obtained from 
the Zhuhai Kedi Technology Co., Ltd. (Guangdong, China). The H. pylori 
urease ELISA kit and the cytokine ELISA kit were purchased from the 
Meimian Industrial Co., Ltd. (Jiangsu, China). All other chemicals were 
of analytical grade unless otherwise specified.

2.2. Preparation of chitosan-coated microgel loaded with sulforaphane

2.2.1. Preparation of microgel (MG)
The inverse-emulsion template method was employed for the prep

aration of cross-linked α-lac nanotubes (NTs)-based microgel (MG). For 
the aqueous phase, 1 mL of α-lac (30 mg/mL) in a 10 mM PBS buffer was 
combined with 20 μL of BLP (14 U/mg). In the oil phase, 10 mL soybean 
oil was mixed with 0.24 g polyglycerol polyricinoleate for 5 min. 
Following this, the oil phase and the aqueous phase were thoroughly 
mixed and homogenized at 5000 rpm for 5 min using a high-speed mixer 
(Ultra turax T18, IKA, Germany) to yield a water-in-oil (w/o) emulsion. 
Subsequently, the emulsion was incubated with 40 μL of CaCl2 solution 
(11.9 mg/mL) at 50 ◦C for 60 min, leading to the formation of gel-like 
α-lac NT in aqueous phase. To facilitate the cross-linking of NTs to 
form MG, 150 μL of 2.5 % glutaraldehyde solution was added to the 
emulsion. The emulsion was then centrifuged three times at 10000 g for 
10 min. Following centrifugation, the precipitated MGs were collected 
and then dissolved in PBS buffer.

2.2.2. Preparation of microgel/sulforaphane (MG/SFN)
10 mL of MG solution at a concentration of 1 mg/mL was mixed with 

1 mL of sulforaphane (SFN) solution (1 mg/mL) for 24 h. The sample 
was then subjected to centrifugation at 13000 rpm for 20 min to remove 
free SFN.

2.2.3. Preparation of chitosan-microgel/sulforaphane (CTS-MG/SFN)
A 10 mL MG/SFN solution (1 mg/mL) was mixed with different 
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volumes (2, 4, 6, 8, 10 mL) of chitosan (CTS) solution at 1 mg/mL. This 
mixture was prepared at pH 5.5 and stirred for 30 min to obtain CTS- 
MG/SFN with different mass ratios of CTS to MG.

2.3. Characterizations of chitosan-coated microgel loaded with 
sulforaphane

2.3.1. Transmission electron microscope (TEM)
The collected samples were stained with uranyl acetate solution and 

then observed under TEM (JEM 1200EX, Jeol, Japan).

2.3.2. Confocal laser scanning microscope (CLSM)
Initially, 50 μL of Cy5 was added to a 10 mL sample (3 mg/mL), and 

then incubated in the dark for 12 h. Afterward, the samples were 
centrifuged and the precipitates were dissolved at final concentration of 
the sample of 30 mg/mL. Morphological changes were examined using a 
CLSM (LSM900, Zeiss, Germany) equipped with a high-resolution Air
yscan mode. Chitosan exhibited spontaneous green fluorescence at an 
excitation wavelength of 488 nm. The excitation wavelength for the Cy5 
fluorescent dye was 651 nm and the color was set to red. A super- 
resolution CLSM (N-STORM, Nikon, Japan) was used to improve the 
clarity of the structure observation of the MG. In this case, the MG 
sample was stained with fast green with the excitation wavelength of 
651 nm (the color was set to green). For a comprehensive analysis of the 
morphology of MG, a fluorescence microscope (DM6B, Leica Micro
systems, Germany) was used. Samples were observed in Thunder mode 
to obtain clear observation.

2.3.3. Atomic force microscope (AFM)
The micromorphologies of samples were observed by AFM (Multi

Mode VIII, Bruker, U.S.A.) on tapping mode. The 3D images of the MG 
and the the frequency distribution of NT height were analyzed and 
measured using NanoScope Analysis software (version 1.4, Bruker). 
During the measurement, the MG or NT was gently pressed down with a 
tiny probe, and the force-indentation curve was recorded.

A calculation model was required to determine the Young’s modulus 
of samples. Although the Hertz model [32] has commonly been used to 
describe the indentation of semi-infinite solid objects, it is not suitable 
for hollow NT. Therefore, an asymmetric loaded hollow cylinder model 
was applied for hollow cylinders or deformations in the shell thickness. 
The Young’s modulus (formula 1) was calculated as follows [33]: 

E =
kR

3
2

1.18t
5
2

(1) 

where E represents the Young’s modulus of the NT; k is the spring 
constant of the NT; R is the radius of the NT; and t is the wall thickness of 
the NT. In addition, the slope of the force-indentation curve at the initial 
stage (linear stage) is the spring constant k. The formula was also 
applicable to calculate Young’s modulus of the MG since it was cross- 
linked by NTs.

2.3.4. Dynamic light scattering (DLS)
The average size distribution and the zeta potential of samples were 

measured using a Nano Zetasizer (Zetasizer Pro, Malvern, UK) and the 
analysis of the scattered intensity correlation function was carried out 
using the CONTIN method.

2.3.5. Thioflavin T fluorescence spectroscopy
100 μL of samples with 20 mM Thioflavin T (ThT) were incubated at 

50 ◦C with an excitation wavelength of 440 nm and an emission wave
length of 480 nm, respectively.

2.3.6. Mercury intrusion porosimetry (MIP)
The MIP was used to investigate the pore structure of the MG. A 1 mL 

sample of MG powder was measured and analyzed using a high- 

performance fully automatic mercury porosimeter (AutoPore V9620, 
Micromeritics, U.S.A.). The maximum operating pressure of the mercury 
porosimeter was approximately 600 MPa, and the range of measurable 
pore diameter was from 0.003 to 950 μm. As the pressure increased, the 
mercury infiltrated smaller diameter pores. Consequently, several pa
rameters, including total pore volume, total pore area, and pore diam
eter, were determined by quantifying the amount of mercury within the 
pores of MG under different external pressures.

Porosity (formula 2) was calculated as follows [34]: 

P =
V0 − V

V0
×100% =

(
1 −

ρ0

ρ

)
×100% (2) 

where P represents porosity; V0 is the total volume; V is the pore volume; 
ρ0 is the bulk density; and ρ is the apparent density.

Density (formula 3) was calculated as follows [34]: 

D =
V
V0

×100% =
ρ0

ρ ×100% (3) 

where D represents density; V0 represents the total volume; V represents 
the pore volume; ρ0 represents the bulk density; and ρ represents the 
apparent density. It is worth noting that the relationship between 
porosity and density was given by: P + D = 1.

2.3.7. Sulforaphane fluorescence spectroscopy
Samples were measured using a spectro fluorophotometer (RF-6000, 

Shimadzu, Japan) and Full wavelength scanning performed at an exci
tation wavelength of 240 nm.

2.3.8. High-performance liquid chromatography (HPLC)
Samples were mixed with acetonitrile for 1 h to extract the SFN, and 

centrifuged at 13300 rpm for 10 min to remove CTS and protein resi
dues. The supernatant was collected for determination of the encapsu
lated SFN by HPLC. The HPLC system (LC-20 CE, Shimadzu, Japan) with 
a C18 reversed-phase column (250 mm × 4.6 mm, 5 μm, Dikam Tech, 
CA, U.S.A.). The flow rate was set at 0.3 mL/min, and the injection 
volume was 2 μL. Mobile phase A consisted of a 0.1 % formic acid 
aqueous solution, while mobile phase B was acetonitrile. The gradient 
elution procedure is detailed in Table 1 [35]. The loading rate was 
calculated using the following formula (4): 

Loading rate (%) =
a
b
×100% (4) 

where a represents the mass of encapsulated SFN; and b represents the 
mass of the CTS-MG, MG, or NT carriers.

2.3.9. Spectroscopic quantitation
The sample was subjected to ultrafiltration using a centrifuge tube to 

remove free SFN. The contents of SFN in the upper solution were 
determined by reacting quantitatively with an excess of vicinal dithiols, 
resulting in a product that has a maximum absorbance peak at 365 nm. 
The concentration of SFN can be calculated using standard samples [36].

Table 1 
Gradient elution procedure.

Time (min) Mobile phase A (%) Mobile phase B (%)

0 95 5
4 60 40
6 60 40
7 95 5
8 95 5
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2.4. Stability analysis of chitosan-coated microgel loaded with 
sulforaphane in simulated gastric fluid

2.4.1. The release rate of sulforaphane
The simulated gastric fluid (SGF) was achieved using the INFOGEST 

static consensus method [37]. Samples collected at specified time in
tervals were ultrafiltered and then determine the released SFN using 
HPLC. The release rate was calculated according to the following for
mula (5): 

Release rate (%) =
c
a
×100% (5) 

where c represents the mass of released SFN; and a represents the mass 
of encapsulated SFN.

2.4.2. Stability analysis of NT, MG, and CTS-MG in SGF
Samples were collected at specific time points to observe changes in 

morphology using both TEM and CLSM.

2.5. Antibacterial experiment

2.5.1. Bacterial culture
H. pylori was cultured and conducted in the standard Level 2 (P2) 

biosafety laboratory in China Agricultural University. Firstly, 23.5 g of 
Columbia blood agar base and 9.6 g of brain heart infusion were dis
solved in 780 mL of water, and 40 mL of defibrinated sheep blood was 
added to create a solid medium. H. pylori was cultured on a plate using 
H. pylori selective additives, consisting of 5 mg vancomycin, 2.5 mg 
trimethoprim, 2.5 mg cefotaxime, and 2.5 mg amphotericin B, under 
specific growth conditions, including a temperature of 37 ◦C and a 
microaerophilic atmosphere (85 % N2, 10 % CO2, 5 % O2) for 1–2 d. In 
addition, 37 g of brain heart infusion was dissolved in 1 L of water and 
autoclaved at 121 ◦C for 15 min. After cooling to 46 ◦C, 10 % fetal 
bovine serum was added to create a liquid medium. This liquid medium 
was used for the passage culture of H. pylori.

2.5.2. Disc diffusion test
The antimicrobial activity of different samples was assessed by the 

disc diffusion test [38,39]. In detail, 100 μL of diluted H. pylori sus
pension (~106 CFU/mL) was inoculated into a solid medium. A 6 mm 
diameter sterile filter paper circle was then placed on the surface of the 
solid medium. This filter paper was then soaked with 5 μL of different 
samples, where 2.5 μg/mL of SFN was encapsulated by 25 μg/mL of the 
MG carrier. 2.5 μg/mL clarithromycin was used as a positive control. 
After culturing at 37 ◦C for 48 h, the diameter of the inhibition zone was 
measured.

2.5.3. Determination of minimum inhibitory concentration (MIC)
Firstly, 100 μL of diluted H. pylori suspension (~106 CFU/mL) was 

mixed with 100 μL of different samples, containing various concentra
tions of SFN, which were encapsulated by the carriers. The mixture was 
then added to a 96-well plate and incubated at 37 ◦C under micro
aerophilic conditions for 48 h. After incubation, the viability of H. pylori 
was measured by recording the absorbance at 600 nm using a microplate 
reader (Infinite M200 Pro, TECAN, Switzerland). The MIC was defined 
as the minimum concentration of SFN that inhibited the growth of 
H. pylori in the culture medium [40]. The viability of H. pylori was 
calculated according to the following formula (6): 

Viability (%) =
OD600(H.pylori + Sample + PBS) − OD600(PBS)

OD600(H.pylori + PBS) − OD600(PBS)
×100%

(6) 

where OD600 represents the absorbance at 600 nm.

2.5.4. Colony count at minimum inhibitory concentration
Two hundred microliters of diluted H. pylori suspension (~104 CFU/ 

mL) were mixed with 200 μL of CTS-MG/SFN sample, with the con
centration of SFN set to either 1 × MIC90 or 5 × MIC90. The mixture was 
incubated at 37 ◦C under microaerophilic conditions for specified du
rations (0, 4, 8, 12, 24, 48 h).

Post-incubation, 100 μL of the sample was poured into Columbia 
blood agar at 50 ◦C using the anaerobic bacteria pouring method, and it 
was shaken evenly. For 1 × MIC90, the sample was diluted 100 times at 
0 h and 10 times at 4, 8, and 12 h. For 5 × MIC90, the sample was diluted 
100 times at 0 h and 10 times at 4 h. After 3–5 d of incubation at 37 ◦C 
under microaerobic conditions, the colonies of H. pylori were counted.

2.6. Animal experiment

2.6.1. Ethics statement
All animal experiments were approved by the Beijing Laboratory 

Animal Ethics Committee (approval number: AW21212202–4-1) and 
conducted in accordance with the Guide for the Care and Use of Labo
ratory Animals. Mice involved in the study were housed in specific 
pathogen-free (SPF) animal laboratories and provided with ad libitum 
access to food and water.

2.6.2. Fluorescence imaging analysis of CTS-MG/SFN, MG/SFN, and NT/ 
SFN retention in the gastrointestinal tract

In vivo fluorescence imaging (PerkinElmer IVIS Spectrum, Waltham, 
MA, U.S.A.) was employed to assess the retention of samples in the 
gastrointestinal tract. Each mouse received 200 μL of Cy5-labeled sam
ples (30 mg/mL) by gavage and then sacrificed via cervical dislocation 
at various time points (1, 2, 4, 6, 12, 24, and 48 h). The gastric and 
intestinal organs were excised for in vivo imaging.

2.6.3. Mucus-penetrating measurement of CTS-MG/SFN, MG/SFN, and 
NT/SFN

For mucus-penetrating measurements of CTS-MG/SFN, MG/SFN, 
and NT/SFN, mice were sacrificed, and the stomach was excised and 
washed with PBS to remove its contents. 50 μL of Alexa Fluor 488-con
jugated WGA was added to the stomach to stain the mucus. The stomach 
was ligated at both ends with surgical sutures. After incubating at 37 ◦C 
for 30 min, 50 μL of Cy5-labeled samples (30 mg/mL) were injected. 
After a further 38 h incubation, the stomach was sectioned and observed 
by CLSM.

2.6.4. Multiple particle tracking of CTS-MG/SFN
The ex vivo tracking of CTS-MG/SFN was performed in the mice 

gastric mucus as our previous work described26. The CTS-MG/SFN, MG/ 
SFN and NT were labeled using FITC and the excess dye was removed by 
ultrafiltration. Mice gastric mucus was placed on confocal dish carefully 
and incubated for 30 min at 37 ◦C. Four microliters of sample (250 μg/ 
mL) was pipetted on the mucus and incubated for 2 h prior to micro
scopy. The tracking of sample was captured using a super-resolution 
fluorescence microscope (Multi-SIM, Nikon, Tokyo, Japan) with a 
100× oil objective lens. Movies were recorded for 20 s at a temporal 
resolution of 60 ms. Twenty movies for each group and the trajectories 
for n = 100 particles were analyzed. The mean squared displacement 
(MSD) and effective diffusivities (Deff) of particles were calculated via 
the following formula (7 and 8): 

MSDt =

∑
[
�
x(t+τ) − xt

)2
+

(
y(t+τ) − yt

)2
]

n
(7) 

Deff =

∑
[MSDt/4t]

n
(8) 
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2.6.5. Intervention of gastritis caused by H. pylori via CTS-MG/SFN gavage
Male C57BL/6 J mice aged 7–8 w underwent a 7 d adaptation period. 

The animal ethics review was carried out by the Laboratory Animal 
Welfare and Animal Experiment Ethics Review Committee of China 
Agricultural University, and the approval number was AW21212202–4- 
1. All mice were divided into five groups: normal control (NC) group; 
H. pylori infection (HP) group; CTS-MG/SFN intervention (CTS-MG/ 
SFN) group; free SFN intervention (SFN) group; and positive control 
(PC) group, which received triple therapy (omeprazole, amoxicillin, and 
clarithromycin). The HP, CTS-MG/SFN, SFN, and PC groups were 
administered 200 μL of H. pylori suspension (~108 CFU/mL) for each 
mouse on days 1, 3, 5, and 7, respectively, and then left alone for 1 w to 
establish the H. pylori infection model. The NC group continued to 
receive 200 μL of PBS. Subsequently, the CTS-MG/SFN, SFN, and PC 
groups were gavaged with 200 μL of the respective formulations once 
daily for 1 w. The concentrations of SFN, omeprazole, amoxicillin, and 
clarithromycin were 20, 52, 260, and 65 mg/kg bw, respectively. The 
NC and HP groups received 200 μL of PBS. The body weight of mice was 
recorded every other day until day 21. On day 22, the mice were 
euthanized after a 12 h fast, and relevant indicators were measured. 

(1) Colony counting experiment

The number of H. pylori colonies in the gastric mucosal solution was 
counted according to the method described in Section 2.5.4. 

(2) Rapid urease test

The stomachs of mice were excised under sterile conditions, and the 
gastric body and antrum were dissected along the large curvature of the 
stomach. The gastric body was longitudinally cut, and the gastric mu
cosa was separated into PBS. The gastric mucosal solution was then 
dropped onto an H. pylori rapid urease test paper. A positive result was 
indicated if the color of the test paper changed from yellow to cherry red 
within 1 min, indicating a strong positive, or within 3 min, indicating a 
weak positive [41]. If the paper did not change color, the result was 
considered negative. 

(3) Evaluation of serum urease level

Blood samples were collected from the orbits of mice, and then 
centrifuged at 10000 rpm for 10 min to obtain serum. The serum urease 
level of the samples was evaluated using an ELISA kit, specifically an 
H. pylori urease ELISA kit, according to the manufacturer’s instructions. 

(4) H&E staining

The gastric antrum and other tissues, including the heart, liver, 
spleen, lung, kidney, and intestine, were then fixed with 4 % para
formaldehyde for pathological examination. After fixation, the tissues 
were embedded in paraffin, sectioned at 5 mm, and stained with he
matoxylin and eosin (H&E). The stained samples were scanned using a 
digital slide scanner (Pannoramic MIDI, 3DHISTECH, Hungary) to 
obtain morphological images. 

(5) Evaluation of pro-inflammatory cytokine levels

The levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in 
the mice’s serum were evaluated by ELISA, following the protocol of the 
manufacturer. 

(6) Gastric microbiota analysis

Total DNA was extracted from gastric antrum samples using a 
magnetic bead-based DNA extraction kit (TianGen) following the man
ufacturer’s instructions. The hypervariable regions of V3–V4 of bacterial 

16S rRNA genes were amplified and sequenced on the Illumina NovaSeq 
platform at the Beijing Novogene Biotechnology Co., Ltd. The amplifi
cation primers for the 16S rRNA genes were 338F and 806R. The NEB 
Next® Ultra ™ II FS DNA PCR-free Library Prep Kit (New England 
Biolabs) was used for library construction. The constructed library was 
quantified using qubit and q-PCR, and then sequenced on PE 250 using 
NovaSeq6000. Raw data were processed to remove chimeric sequences, 
resulting in the final valid data. Operational taxonomic units (OTUs) 
were clustered at a 97 % similarity cutoffusing UPARSE version 7.1 [42]. 
The taxonomy of each OTU representative sequence was analyzed 
against the 16S rRNA database with a confidence threshold of 0.7.

2.7. Statistical analysis

Data were presented as mean ± standard deviation. Statistical 
analysis was performed using GraphPad Prism (version 10). A one-way 
ANOVA was employed for statistical analysis. Differences between two 
groups were compared using unpaired Student’s t-test.

3. Results and discussion

3.1. Preparation and characterization of CTS-MG/SFN

The gastric-specific and muco-penetrating and responsive release 
microgel (MG) was designed by chitosan (CTS) coating on microgels of 
cross-linked α-lactalbumin (α-lac) nanotubes (NTs) via the inverse- 
emulsion template method (Fig. 1A). Firstly, α-lac was partially hydro
lyzed specifically at Glu and Asp sites by bacillus licheniformis protease 
(BLP), and these α-lac peptides could self-assemble into NTs by Ca2+ ions 
[43]. Then, the NTs were cross-linked into MG within the water-in-oil 
emulsion droplets. Subsequently, the MG was loaded with the natural 
food-derived antibiotic sulforaphane (SFN) and then coated with an 
oppositely-charged chitosan layer. Finally, a composite carrier system 
loaded with SFN (CTS-MG/SFN) was constructed.

Specifically, the NTs were formed after 1 h incubation with Ca2+ ions 
at a molar ratio of 1:2 (protein: Ca2+) at 50 ◦C. The distinct hollow 
structure of NTs was clearly observed by transmission electron micro
scopy (TEM) (Fig. 1B), and their porous structure was favorable to load 
SFN. In addition, the outer diameter of NTs was approximately 20 nm 
(Fig. S1A), and the average length of NTs was 918 nm (Fig. S1B). Such 
NTs with special structure further formed MG via the inverse-emulsion 
template method. The MGs were dispersed homogeneously and stably 
in aqueous media, which were observed by TEM (Fig. 1C). A fluffy 
spherical structure of MG was clearly evident, and the NTs on the surface 
of MG were stretched out (Fig. 1D), confirmed by 3D AFM image 
(Fig. S2). The spatial structure of MG was stabilized by cross-linking NTs 
with glutaraldehyde via the Schiff base bonds, which were formed be
tween the amino groups on NTs and aldehyde groups in glutaraldehyde 
[44]. Then, the detailed formation process of MG within the emulsion 
droplets was followed, as shown in Fig. 1E. Optimum conditions to form 
a dense spherical MG were established by cross-linking NTs with 150 μL 
glutaraldehyde for 30 min (Fig. 1E and Fig. S3).

The formation kinetics of MG and NT were further monitored by 
fluorescent dye Thioflavin T (ThT), and the data showed that the fluo
rescent intensities of MG and NT were both increased at similar rates and 
finally reached a plateau after 40 min (Fig. S4). The results indicated 
that the kinetics of NTs self-assembly process within the inverse- 
emulsion droplets were similar to that which occurred in bulk. In 
comparison to NT, the intensity distribution of MG shifted towards the 
direction of larger hydrodynamic diameter from 0.55 ± 0.11 μm to 6.23 
± 1.12 μm (Fig. 1F). The mechanical properties of MG and NT were 
determined using local indentation with AFM tips and measurement of 
deformation resistance. The force versus indentation curves of MG and 
NT are shown in Fig. 1G. It can be found that when the tip reached the 
top of sample at 0 nm and then began to indent. At the initial stage, the 
force was linear with the indentation depth. At the same force, the 
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indentation depth of MG was smaller than that of NT, which revealed 
that the deformation resistance of MG was stronger than that of NT. 
Specifically, the deformation resistance of the object could be quantified 
by the value of Young’s modulus [45]. The Young’s modulus was 0.15 ±
0.03 GPa for NT and 1.02 ± 0.05 GPa for MG, respectively. The Young’s 
modulus for MG was nearly six times higher than that of NT, indicating a 
stronger mechanical strength which enabled better resistance to the 
external environment. The pore structures of MG were further 

determined by mercury intrusion porosimetry (MIP). The pore volume 
distribution curve and the pore length distribution curve showed that 
the average pore diameter of MG was 81.7 nm (Fig. 1H and Fig. S5A). 
The cumulative intrustion of mercury increased continuously with the 
increase of pressure. When reaching the platform, the pores in MG were 
filled with mercury, and thus the total pore volume could be calculated 
as 4.22 mL/g (Fig. S5B). Similarly, the total pore area could also be 
calculated as 0.236 m2/g (Fig. S5C). Other structural parameters of MG 

Fig. 1. Preparation and characterization of CTS-MG/SFN. (A) Schematic presentation of the preparation of the α-lac CTS-MG/SFN by inverse-emulsion template 
method (created with BioRender.com). (B) Transmission electron microscope (TEM) image of α-lac nanotubes (NTs). Scale bar = 100 nm. (C) TEM image of microgels 
(MGs). Scale bar = 5 μm. (D) Confocal laser scanning microscope (CLSM) image of MG in N-STORM mode. Scale bar = 2 μm. (E) TEM images of MG at different time 
points. Scale bar = 1 μm. (F) Hydrodynamic diameters of MG and NT. (G) The force versus indentation curves of MG and NT. (H) Pore volume distribution curve with 
pore size diameter of MG. (I) Zeta potential of chitosan-coated MG/SFN (CTS-MG/SFN) with different ratios between CTS and MG (n = 3 independent experiments). 
(J) Sulforaphane (SFN) fluorescence intensity curve of free SFN, MG, and CTS-MG/SFN. (K) Loading rate of CTS-MG, MG, and NT with SFN determined by HPLC (n =
3 independent experiments). *P < 0.05, ** P < 0.01, *** P < 0.001.
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measured by MIP are shown in Table S1. The result indicated that the 
MG was a porous and spatial structure, which was consistent with the 
results of the morphology images (Fig. 1C and D).

Chitosan as a positively-charged natural polysaccharide, was rela
tively stable under gastric environment [46]. Therefore, chitosan on the 
negative-charged surface of MG/SFN was further adsorbed via electro
static interaction to further improve the stability of MG during gastric 
digestion. The positively-charged (-NH3

+, pKa = 6.5 [47]) chitosan and 
negatively-charged MG/SFN could form a stable polymer layer on MG 
(CTS-MG/SFN) during the pH range of 4.5–6.5. The zeta-potential of 
CTS-MG/SFN increased significantly to 47.22 ± 1.40 mV from − 16.35 
± 0.85 mV for MG/SFN (Fig. 1I and Table S2), indicating a successful 
coating layer of chitosan. When the mass ratio of chitosan to MG reached 
0.6, no significant change of zeta-potential was found, suggesting that 
the surface of MG was completely adsorbed by chitosan, and thus CTS- 
MG/SFN was successfully constructed. To verify whether CTS-MG could 
encapsulate hydrophobic SFN, the full wavelength fluorescence scan
ning spectra of free SFN, MG, and MG/SFN were measured (Fig. 1J). The 
results showed that MG had no fluorescence signal, while CTS-MG/SFN 
and free SFN had a similar absorption peak at 240 nm, which confirmed 
that SFN was successfully encapsulated into CTS-MG. The encapsulation 
efficiency of CTS-MG, MG and NT were 94.7 %, 94.2 % and 32.4 %, 
respectively, which further indicated a successful loading of SFN 
(Fig. S6). The loading rate of CTS-MG, MG, and NT were further 
determined by high performance liquid chromatography (HPLC). The 
loading rate for CTS-MG and MG were 10.73 ± 0.25 % and 10.51 ±
0.32 %, respectively, while 3.62 ± 0.27 % for NT (Fig. 1K). The 

increased loading rate for SFN might be due to that they were mostly 
absorbed on the pore channels within the MG network. The above re
sults indicated that CTS-MG could be a potential carrier for SFN 
delivery.

3.2. Gastric-specific and responsive release properties of CTS-MG/SFN in 
simulated gastric fluid

The release behavior of SFN from NT, MG and CTS-MG in simulated 
gastric fluid (SGF) was measured, respectively, for 38 h. Due to gastric 
acid and pepsin digestion, SFN was mostly released from NT after 4 h 
(Fig. 2A) and MG after 16 h (Fig. 2B), respectively. However, only 10 % 
of SFN was released from CTS-MG after 24 h SGF digestion, and finally 
approximately 49 % released within 38 h of SGF incubation (Fig. 2C), 
revealing a stabilized strong structure of CTS-MG, which could resist 
gastric digestion. Recently, many chitosan carriers have been developed 
to deliver functional components to resist gastric digestion [48–50]. For 
example, Arora et al. designed CTS-alginate polyelectrolyte composite 
nanoparticles for encapsulating amoxicillin [50]. These CTS-alginate 
carriers released 76 % amoxicillin in SGF after 6 h, and the protective 
time of amoxicillin was approximately 10 h. In comparison, CTS-MG 
could retain SFN for 38 h, which had a much longer retention time 
than the CTS-alginate system, exhibiting gastric-specific and responsive 
release behavior as a promising stomach delivery system.

The stomach-responsive rupture properties for CTS-MG were further 
investigated. The CTS-MG structure was clearly observed by the spon
taneous fluorescent chitosan (green) coating and Cy5-labeled MG (red) 

Fig. 2. Stomach responsive release characteristics of CTS-MG/SFN in SGF. (A) The release of SFN from NT in simulated gastric fluid (SGF). Data were presented as 
mean ± s.d. (B) The release of SFN from MG/SFN over time in SGF. (C) The release of SFN from CTS-MG/SFN over time in SGF. (D) CLSM images of CTS-MG/SFN 
incubated in SGF at different digestion times. Scale bar = 2 μm. (E) TEM images of CTS-MG/SFN incubated in SGF at different digestion times. Scale bar = 2 μm. (F) 
Schematic of the CTS-MG/SFN incubated in SGF and gradually ruptured into α-lac NTs. *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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via CLSM (Fig. 2D). Meanwhile, an intact and smooth MG was also 
evident after chitosan coating on the surface of MG via TEM (Fig. 2E). 
The gradually rupture of CTS-MG in SGF over time was observed. The 
chitosan was only partially removed from the MG surface after 16 h, and 
completely dissociated from MG after 24 h. Then, MG without chitosan 
coating was dissociated into NTs after 14 h of incubation (Fig. S6). 
Furthermore, NTs were completely hydrolyzed into amorphous aggre
gates in SGF incubation after 4 h (Fig. S7). The MG was positively 
charged at low pH in SGF, and thus positively-charged chitosan fell off 
from MG due to electrostatic repulsion. Without the spatial steric hin
drance of chitosan, MG was directly exposed to gastric acid and pepsin, 
rapidly dissociating into NTs. The NTs could effectively penetrate deeply 
into the mucus layer because of faster diffusion rate [28] and release 
SFN at the colonized sites of H. pylori, which significantly enhanced the 
local drug concentration. This long rupture time for CTS-MG and its 
subsequent dissociation into NTs (Fig. 2F) were beneficial for the gastric 
responsive release system by allowing sufficient time for the retention of 
MG and its deep penetration into the bottom of the gastric mucus layer. 
Therefore, CTS-MG showed a high potential as a gastric responsive 
sustained-release system.

3.3. In vivo stomach retention and penetration of CTS-MG/SFN in the 
stomach mucus layer

We hypothesize that CTS-MG CTS-MG has the potential to improve 
the stability of NTs against gastric digestion. Furthermore, it enhances 
the permeability of NTs into the gastric mucus, promoting the localized 
release of SFN, which effectively inhibits the growth of H. pylori within 
the deeper layers of the gastric mucus. (Fig. 3A). To validate this hy
pothesis, the retention and biodistribution of Cy5-labeled CTS-MG/SFN, 
MG/SFN, and NT/SFN in mice after oral administration were further 
evaluated by an animal fluorescence imaging system. It clearly showed 
that the MG/SFN was only retained in the stomach for 12 h and dis
appeared completely at 24 h (Fig. 3B); whereas the NT/SFN remained in 
the stomach for only 2 h (Fig. S8). These results indicated that MG was 
more resistant to the gastric conditions than NT, which was degraded by 
pepsin and acid in SGF. It is worth noting that CTS-MG/SFN exhibited a 
high fluorescence intensity in the stomach up to 24 h (Fig. 3B), which is 
much longer than that of MG/SFN, indicating that the CTS layer could 
further enhance the retention time of CTS-MG/SFN in the stomach. This 
was ascribed to the fact that CTS stablized the MG structure and made it 
more resistent to SGF, and it was also an excellent mucoadhesive poly
saccharide which could interact with the oppositely-charged gastric 
mucosa [51]. The adhesion of CTS to the gastric mucosa could also 
promote the mucoadhesive interaction of CTS-MG/SFN to the mucus 
layer.

The mucus penetration of CTS-MG/SFN, MG/SFN, and NT/SFN in 
mouse gastric mucus ex vivo was further investigated by 3D scanning of 
CLSM. The mucin fibers were labeled with Alexa Fluor 488-conjugated 
wheat germ agglutinin (WGA, green). CTS-MG/SFN, MG/SFN, and 
NT/SFN were labeled with Cy5 (red), respectively. CTS-MG/SFN 
showed higher red fluorescence intensity deeply in the bottom of the 
gastric mucus layer than MG/SFN (Fig. 3C) and NT/SFN (Fig. S9), 
indicating more NTs released from CTS-MG and penetrated deeply into 
the gastric mucus layer. The stomach mucosa had a two-layered mucus 
system with an inner, attached mucus and an outer, loose mucus [52]. 
H. pylori could colonize the inner mucus and induce apoptosis, cell 
proliferation, and destruction of epithelial cell junctions [3]. Therefore, 
a high-loaded and effective mucus-penetrated carrier was important for 
antibiotic effects on H. pylori. The α-Lac NTs, which were released from 
CTS-MG and loaded with SFN, could penetrate deeply into mucus bot
tom where H. pylori can be killed effectively with a high SFN local 
concentration, which was a prerequisite for anti-H. pylori therapy.

The diffusion trajectory of carriers moving inside the gastric mucus 
were measured by multiple particle tracking (MPT), and the time scale- 
dependent mean-squared displacements (MSDs) reflecting the diffusion 

area can be obtained from the trajectory. The effective diffusion coef
ficient (Deff) can be calculated from the MSD by formula (8). As shown in 
Fig. 3D, NT/SFN possessed the largest trajectory area while CTS-MG/ 
SFN possessed the smallest trajectory area since the CTS-MG have 
mucoadhesive properties and its Brownian motion was restricted inside 
mucus network. The diffusion area of MG/SFN was also small probably 
due to the mucus pore size limitation. NT/SFN could move more freely 
in a largest area with the largest MSD value (Fig. 3E), consistent with the 
fastest Deff level in gastric mucus than other formulations (Fig. 3F). It 
indicated a faster gastric mucus-penetrating capability of NTs, consis
tent with the higher mucus permeability of NTs in intestinal mucus [28]. 
Therefore, the CTS-MG could prolong the retention time of SFN in the 
stomach, and allow more NTs/SFN to penetrate easily into the gastric 
mucus and release more SFN there to effectively inhibit H. pylori growth. 
This reduced the required dose of SFN, thereby increasing the thera
peutic window.

3.4. The in vitro inhibition effect of CTS-MG/SFN on H. pylori

The preliminary antimicrobial activity on H. pylori for different for
mulations with equal SFN concentration was determined using the disc 
diffusion test (Fig. 4A). The larger diameter of the inhibition zone where 
antibiotics treated the pathogen with lower minimum inhibitory con
centrations (MICs) indicated a stronger antibacterial effect. Notably, the 
diameter of the inhibition zone of CTS-MG/SFN was 2.01 ± 0.07 cm, 
which was the highest inhibition diameter and similar to that of the 
positive drug (clarithromycin, 2.10 ± 0.04 cm) (Fig. 4B). Moreover, the 
diameter of the inhibition zones of SFN and MG were 1.47 ± 0.06 cm 
and 0.81 ± 0.04 cm, respectively (Fig. 4B). CTS-MG showed a similar 
antibacterial effect on SFN due to that CTS was also an antimicrobial 
agent for inhibiting H. pylori activity [53–55]. The results indicated that 
the combination of SFN and CTS in the CTS-MG/SFN formulation was as 
strong as those of positive drugs. The MICs of different formulations with 
equal SFN concentration were further determined on H. pylori (Fig. 4C 
and Fig. S10). MIC90 was defined as the minimum concentration of the 
sample that resulted in inhibition of growth by 90 % of H. pylori [40]. 
The lower MIC90 suggested a high antimicrobial effect since less anti
biotics were needed for killing 90 % of pathogens. The result showed 
that MIC90 of CTS-MG/SFN was reduced to 2.5 μg/mL, which was half 
that of the MIC90 for SFN (5 μg/mL), and similar to the MIC90 of the 
positive drug clarithromycin (Fig. 4C). The antibacterial effect of the MG 
empty carrier was also weak. Specifically, approximately 70 % H. pylori 
still survived at a concentration of 100 μg/mL, while the CTS-MG empty 
carrier showed a significant antibacterial effect, and its MIC90 was 12.5 
μg/mL (Fig. S10). These results confirmed once again the inhibitory 
effect of CTS-MG carriers on H. pylori and also demonstrated the syn
ergistic effect of SFN and chitosan, collectively inducing a strong 
inhibitory effect in CTS-MG/SFN formulation on H. pylori.

To reflect the effects of time and concentration on the inhibition of 
H. pylori, CTS-MG/SFN with SFN concentrations of 1 × MIC90 or 5 ×
MIC90 was mixed with H. pylori, and then colony-counting experiments 
were performed. The number of bacterial colonies gradually decreased 
from 104 CFU/mL to 0 CFU/mL over time (Fig. 4D and Table S3). There 
was a significant difference in the speed of the inhibitory effect 
depending on the concentration used. For 1 × MIC90, the colony did not 
completely disappear until 24 h; for 5 × MIC90, the colony completely 
disappeared after 8 h (Fig. 4D and E, and Fig. S11), demonstrating a 
significantly faster and stronger antibacterial effect at the higher con
centration. These results indicated that the increased SFN concentra
tions in CTS-MG/SFN could significantly shorten the time of complete 
H. pylori-inhibition and accelerate the antibacterial process.

3.5. The alleviation effect of CTS-MG/SFN on H. pylori-induced gastritis 
in vivo

To further evaluate the alleviation effect of CTS-MG/SFN on H. pylori 
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Fig. 3. The retention and penetration capacity of CTS-MG/SFN in the stomach of mice. (A) Schematic of adhesion and penetration of CTS-MG/SFN through the 
mucus (created with BioRender.com). (B) The retention and biodistribution of Cy5-labeled MG/SFN or CTS-MG/SFN in the gastrointestinal tract at different times. 
(C) 3D images of mucus penetration of Cy5-labeled MG/SFN or CTS-MG/SFN in mouse gastric mucus labeled with Alexa Fluor 488-WGA. (D) Representative tra
jectories of CTS-MG/SFN hydrolysates in mouse gastric mucus on a time scale of 20 s by multi-particle tracking. (E) Mean squared displacement (MSD) as a function 
of time scale for hydrolysates in mucus. (F) Distributions of the logarithms of effective diffusivity (Deff) values for CTS-MG/SFN hydrolysates at a time scale of 1 s.
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(HP)-induced gastritis in vivo, an animal model of H. pylori infection in 
C57BL/6 J mice was developed through the oral inoculation of H. pylori 
every 48 h for four times (on days 1, 3, 5, and 7, respectively), followed 
by a 7 days period of observation to allow the establishment of H. pylori 
infection. These groups were then gavaged with 200 μL of PBS (healthy 
(NC) and H. pylori infection group (HP)), SFN (20 mg/kg bw, CTS-MG/ 
SFN and SFN group), and positive drugs omeprazole-clarithromycin- 
amoxicillin triple antibiotics therapy (PC) once daily, and euthanized 
on day 22 (Fig. 5A). The body weights of mice in the H. pylori-infected 
groups and the treated HP groups did not vary substantially in the short- 
term (Fig. 5B), and the dietary intake of the mice was also maintained at 
a normal level (Fig. S12).

The colonization level of H. pylori on gastric mucosa was directly 
evaluated by colony counting, as shown in Fig. 5C. The number of HP 
colonies on the gastric mucosa of the HP-infected mice was significantly 
increased to 108 CFU/mL, indicating that the H. pylori-infected mice 
model was successfully established. Notably, after CTS-MG/SFN treat
ment on H. pylori-infected mice, the number of bacterial colonies 
significantly decreased to an approximately normal level (15 ± 2 CFU/ 
mL), similar to the positive drugs omeprazole-clarithromycin- 
amoxicillin triple therapy treated group (14 ± 2 CFU/mL), and much 
lower than the SFN group (over 102 CFU/mL). H. pylori could secrete 
urease to hydrolyze urea into ammonia and carbamate, thus the pH 
value at the inner mucus layer of the stomach was increased to resist the 
gastric acid environment [3,56,57]. Indeed, the fact that H. pylori could 
secrete urease has been widely used to assist in clinical diagnosis. 
Therefore, a rapid urease test based on the pH shift of gastric mucosal 
solution showed that the control (NC) group was yellow, which indi
cated no H. pylori infection and a strong acidic environment. Conversely, 
the H. pylori infection (HP) group was red (Fig. 5D), which showed a 

strong positive and weak acidic environment (pH 3–7) [41]. After the 
treatment of HP infection with CTS-MG/SFN, SFN, and the positive drug 
(PC), the results turned from red to yellow, which indicated that all 
treatments had an inhibitory effect on H. pylori. Furthermore, H. pylori 
infection could lead to increased permeability of the epithelial cell layer, 
which may cause the bacteria and their enzymes, such as urease, to enter 
the bloodstream [3]. Due to gastric fluid complexity, the serum urease 
test was an effective quantitative tool to evaluate the colonization level 
of H. pylori in mice after the intervention of corresponding preparations. 
Compared with the NC healthy group, the level of serum urease was 
increased significantly in the HP-infected group (Fig. 5E). Remarkably, 
the CTS-MG/SFN treatment on the HP-infected group significantly 
reduced the level of serum urease to nearly normal, which was lower 
than the SFN group and similar to the drug-treated group. CTS-MG/SFN 
exhibited the best effect on reducing the serum urease level compared to 
free SFN, since the gastric responsive CTS-MGs could deliver SFN deeply 
into the bottom of the gastric mucosa and inhibit the growth of H. pylori. 
Similarly, the nanodrugs (ZnO-Ag-mercaptoacetamide@chitosan) with 
a high permeability into mucosa could also effectively inhibit the pro
liferation of H. pylori [58].

To elucidate the effect of CTS-MG/SFN on the mucosal damage 
resultant from H. pylori infection, H&E staining of pathological sections 
of mouse gastric antrum tissue was conducted (Fig. 5F). The NC group 
showed that the gastric mucosa glands of mice were intact, regular and 
closely arranged without an obvious inflammatory reaction. After 
H. pylori infection, however, the structure of gastric mucosal epithelial 
cells became abnormal, disordered, and irregularly shaped (black 
arrow). More inflammatory cells were also infiltrated in the bottom 
mucosa (red arrow). However, the structure of gastric mucosa after CTS- 
MG/SFN treatment tended to be intact, and the arrangement was 

Fig. 4. The inhibitory effect of CTS-MG/SFN on H. pylori. (A) The antimicrobial activity of different samples determined by the disc diffusion test. (B) Diameter of the 
inhibition zone for different samples. Data were presented as the mean ± s.d (n = 3 independent experiments). (C) The 90 % minimum inhibitory concentration 
(MIC90) of SFN and CTS-MG/SFN. (D) Colony count for CTS-MG/SFN at 1 × and 5 × MIC90, respectively. (E) Images of the H. pylori treated with CTS-MG/SFN at 1 ×
and 5 × MIC90, respectively, for different incubation times. ** P < 0.01. ns, not significant.
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relatively tight, which suggested that the mucosal damage and inflam
matory cell infiltration were recovered. In addition, the SFN group and 
triple antibiotics therapy treated group also exhibited therapeutic ef
fects. Other tissue slices, such as heart, liver, spleen, lung, kidney, and 
intestine, did not show any effect by H. pylori infection (Fig. S13).

Since H. pylori could cause local gastric mucosal inflammation, the 
levels of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in serum 
were further evaluated to reveal the degree of inflammation in mice 
(Fig. 5G). The levels of four pro-inflammatory cytokines in the HP- 
infected group were significantly increased, leading to inflammation 

in mice. After CTS-MG/SFN treatment, the levels of three pro- 
inflammatory cytokines were significantly reduced to nearly normal 
levels, and the effects were more obvious than SFN alone and close to 
positive drugs. The most critical virulence factor of H. pylori was the 
cytotoxin-associated gene pathogenicity island (cag PaI). It encoded a 
type IV secretion system (T4SS), which was the primary trigger of pro- 
inflammatory cytokine production in epithelial cells via NF-κB activa
tion [59]. Sulforaphane could directly inhibit the growth and prolifer
ation of H. pylori, and also possessed potent antioxidant and anti- 
inflammatory properties, which inhibited the activity of inflammation- 

Fig. 5. The intervention effect of CTS-MG/SFN on H. pylori-induced gastritis. (A) Therapeutic regimen in a C57BL/6 J mouse model (created with BioRender.com). 
(B) Body weight of mice treated with different samples (n = 6 independent experiments). (C) The colony counts in gastric mucosal solution for different samples. (D) 
Rapid urease test for different samples. (E) The serum urease level determined by ELISA kit. (F) Hematoxylin-eosin (HE) stained gastric tissues sections treated with 
different samples. (G) The levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in mice’s serum evaluated by ELISA. *P < 0.05, ** P < 0.01. ns, 
not significant.
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related enzymes, such as NF-κB, and reduced the inflammatory response 
in the gastric mucosa, thereby indirectly inhibiting H. pylori activity 
[60]. Therefore, CTS-MG/SFN could deliver SFN to the H. pylori lesion 
location and effectively inhibit the growth of H. pylori, induce the 
expression of antioxidant enzymes, and reduce oxidative stress and in
flammatory responses caused by H. pylori.

3.6. The modulation effect on gastric microbiota balance by CTS-MG/ 
SFN

As a human pathogen and class 1 carcinogen, H. pylori induced 
atrophic gastritis with a loss of parietal cells and an increase of gastric 

pH, which could disrupt the gastric microbiota homeostasis and cause 
deterioration of gastrointestinal microenvironment [41,61,62]. Tradi
tional triple therapy often leads to dysbiosis of gastrointestinal micro
biota [63]. Therefore, the modulation effects on gastric microbiota 
balance in CTS-MG/SFN-treated mice were investigated. Changes in α- 
and β-diversity of the gastric microbiota are interpreted as indicators of 
alterations in the microbial ecosystem. A decline in α-diversity is 
indicative of dysbiosis, reflecting a less diverse and potentially less 
stable microbial community, which has been associated with the 
occurrence and severity of certain diseases [64]. Changes in β-diversity 
are interpreted as shifts in the overall microbial community structure 
and composition, which could reveal distinct clustering of microbial 

Fig. 6. The modulation effect on gastric microbiota balance by CTS-MG/SFN. (A) The Chao1 index of observed species. (B) The Shannon index of observed species. 
(C) The Simpson index of observed species. (D) The principal coordinate analysis (PCoA) of microbiota after various treatments. (E) The relative abundance of 
Proteobacteria with different treatment. (F) The relative abundance of Helicobacter with different treatments. (G) The relative abundance of gastric microbiota at the 
phylum level. (H) Venn diagram of operational taxonomic units (OTUs). I Heatmap of species abundance clustering of gastric microbiota at the genus level. J 
Phylogenetic tree of strains using the maximum-likelihood algorithm, and the columns show the abundance of gastric microbiota (n = 6 independent experiments).
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communities associated with specific diseases [65]. α-diversity refers to 
the intra-sample diversity, while β-diversity examines the inter-sample 
diversity [66]. Thus, α- and β-diversity play complementary roles in 
providing a comprehensive understanding of gastric microbial com
munities. α-Diversity results showed that Chao1, Shannon index, and 
Simpson index decreased (Fig. 6A, B and C) in the H. pylori-infected (HP) 
group compared with the normal (NC) group, which suggested that 
H. pylori reduced gastric microbial diversity. CTS-MG/SFN treatment 
could restore microbial diversity to normal levels than SFN and triple 
therapy (PC) groups. Principal coordinate analysis (PCoA) on β-diversity 
of gastric microbiota showed that the CTS-MG/SFN group was situated 
closest to the healthy group, while HP and triple antibiotics therapy 
groups were far from them (Fig. 6D). This indicates that the gastric 
microbial diversity of CTS-MG/SFN was similar to that of the healthy 
group; whereas, the HP-infected and triple therapy group were not. 
H. pylori could reproduce quickly in the gastric environment and gain a 
predominance [67], which altered the gastric microbial composition in 
the H. pylori-infected group. Triple therapy contained clarithromycin 
and amoxicillin, which are traditional broad-spectrum antibiotics 
capable of indiscriminately eradicating bacteria, and thus lead to the 
decline in microbial diversity and gastrointestinal dysbiosis [63]. 
Moreover, long-term use of antibiotics might increase the risk of drug 
resistance, leading to super pathogens. Sulforaphane, a native isothio
cyanate, could effectively eradicate H. pylori and enhance gastric mu
cosa protection [60], mitigate corpus inflammation [17], and normalize 
intestinal flora [68]. Therefore, natural food-sourced bioactive SFN as a 
natural antibiotic that has less side effects could constitute a promising 
substitute for antibiotics. For this reason, CTS-MG/SFN would be a more 
ideal alternative. Furthermore, the relative abundance of H. pylori at the 
phylum level, namely Proteobacteria, increased to 24 %, which indicates 
a successful infection. The relative abundance of H. pylori was 4.8 % in 
the SFN group; whereas, it was 0.4 % in CTS-MG/SFN group, which was 
close to the NC group (Fig. 6E). At the genus level, the relative abun
dance of Helicobacter, mainly including H. pylori, was decreased to 0.02 
% in the CTS-MG/SFN group, which was similar to the NC group and 
much lower than the SFN group (2.7 %, Fig. 6F). The results confirmed 
that CTS-MG/SFN exhibited excellent penetration performance in 
delivering SFN to the lesion of H. pylori deep in the inner gastric mucosa, 
thereby effectively inhibiting the proliferation of H. pylori and main
taining the gastric microbiota balance.

The compositions of the gastric microbiota of mice in each group 
were subsequently analyzed at the phylum level (Fig. 6G). The relative 
abundance of Proteobacteria in the HP group was abundant, representing 
34.45 % of the gastric microbiota, which was mainly attributable to 
H. pylori proliferation. Meanwhile, other main phyla, such as Firmicutes, 
Bacteroidetes, Actinobacteria decreased, probably resulting from the 
contribution of H. pylori. CTS-MG/SFN treatment could efficiently 
modulate the relative abundance of phyla close to the healthy group 
more than the SFN and triple therapy groups, especially decreasing 
proteobacteria abundance. Moreover, the Venn diagrams of operational 
taxonomic units (OUTs) among the groups revealed that CTS-MG/SFN 
had the most common OTUs (485) with the healthy group, which was 
much higher than in the HP-infected (296) and triple therapy groups 
(279, Fig. 6H). The triple therapy group severely disrupted the balance 
of flora, while CTS-MG/SFN reduced harmful bacteria, including 
H. pylori, and maintained the homeostasis of gastric microbiota to the 
normal level.

The compositions and relative abundances based on the top-35 high 
abundances (Fig. 6I) and the phylogenetic tree of the gastric microbiota 
(Fig. 6J) were analyzed at the genus level. The clustering analysis also 
confirmed that the pattern of gastric flora in the CTS-MG/SFN group was 
similar to that of the healthy group, while some undesirable changes 
occurred in the HP-infected and triple therapy groups (Fig. 6I). Notably, 
the relative abundances of some potential beneficial bacteria Lactoba
cillus, Akkermansia, Lachnospiraceae, Ruminococcus, Faecalibacterium 
were significantly increased in the CTS-MG/SFN group, but decreased in 

the HP-infected and triple therapy groups (Fig. 6I and J). This was due to 
that CTS/MG could deliver SFN to penetrate into the inner gastric 
mucus, which effectively suppressed H. pylori growth and promoted the 
proliferation of probiotics (such as Lactobacillus) avoiding been washed 
away by gastric juice. In particular, a widely studied Lactobacillus, 
L. reuteri, has been proven to improve the eradication rate of H. pylori 
and reduce the side effects caused by conventional triple therapy [69]. 
In addition, Lachnospiraceae and Ruminococcus could produce anti- 
inflammatory butyrate [70,71]. Akkermansia and Faecalibacterium also 
played an important role in protecting gastrointestinal barrier function 
[72,73]. Remarkably, the relative abundances of harmful bacteria Pre
votella, Klebsiella and Escherichia-Shigella were significantly increased in 
the HP-infected group, but decreased in the CTS-MG/SFN group (Fig. 6I 
and J). Prevotella was a key pathogen of periodontitis and contributed to 
gastrointestinal inflammation [74]. Escherichia-Shigella was the primary 
pathogen of bacillary dysentery, leading to severe diarrhea, fever, and 
abdominal pain [75]. The above results showed that CTS-MG/SFN could 
constitute an outstanding strategy to eradicate H. pylori and effectively 
modulate the balance of gastric microbiota after H. pylori infection.

In summary, the NTs were self-assembled from the partial hydrolysis 
of α-lac and formed MG by cross-linking based on the inverse-emulsion 
template method. The MG was loaded with SFN and then coated with 
CTS. After oral administration, CTS-MG/SFN could adhere to mucus for 
24 h and gradually released NT/SFN, which could effectively penetrate 
the gastric double-mucus layer and target the release of SFN in the 
survival zone of H. pylori. The level of H. pylori decreased, resulting in a 
reduction of the levels of pro-inflammatory cytokines and restoration of 
the gastric microbiota balance.

4. Conclusion

In this paper, α-lac nanotubes (NTs) were first cross-linked into 
microgel (MG) by the reverse phase emulsion template method. MG with 
high hydrodynamic diameter, mechanical strength, and special pore 
structure could load more functional components and resist external 
environmental damage. To further improve the stability of MG, the 
chitosan-MG (CTS-MG) composite structure was prepared by electro
static interaction between positively-charged chitosan and negatively- 
charged MG at neutral pH. Sulforaphane (SFN) was successfully 
loaded in CTS-MG with a loading rate of 10.73 ± 0.25 %. It was 
demonstrated that CTS-MG had a good gastric-specific and responsive 
release property, which could effectively protect SFN from degradation 
in the gastric environment for 38 h. Moreover, CTS-MG remained in the 
stomach as long as 24 h after oral uptake, due to the excellent adhesion 
property of chitosan and high permeability of NT/SFN in the gastric 
mucus layer, which could reach the colonization site of H. pylori. NT/ 
SFN was dissociated and SFN released there. We confirmed that CTS-MG 
loaded with SFN had the optimal antibacterial effect against H. pylori in 
vitro by the disc diffusion test, determination of MIC, and colony 
counting. Finally, the inhibitory effect of CTS-MG loaded with SFN on 
H. pylori was verified in vivo in the H. pylori-infected mice model by 
evaluation of urease levels and colony counting. The pro-inflammatory 
cytokines (TNF-α,IL-1β,IL-6) levels decreased, and pathological obser
vation of their gastric antrum tissue further confirmed that CTS-MG 
loaded with SFN had imparted a significant intervention effect on 
H. pylori-induced gastritis in mice. In summary, this work provides a new 
strategy for the effective delivery of hydrophobic bioactive ingredients 
and prevention of gastritis induced by H. pylori.
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