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KEY WORDS Abstract  Helicobacter pylori (H. pylori) infection remains the leading cause of gastric adenocarci-
. ) noma, and its eradication primarily relies on the prolonged and intensive use of two antibiotics. However,
Helicobacter pylori o . . . . . L
infection: antibiotic resistance has become a compelling health issue, leading to H. pylori eradication treatment
Antibiotic-f’ree' failure worldwide. Additionally, the powerlessness of antibiotics against biofilms, as well as intracellular
Biofilms: ’ H. pylori and the long-term damage of antibiotics to the intestinal microbiota, have also created an urgent
Autophagy; demand for antibiotic-free approaches. Herein, we describe an antibiotic-free, multifunctional copper-
Gastric mucosal repair; organic framework (HKUST-1) platform encased in a lipid layer comprising phosphatidic acid (PA),
Drug resistance; rhamnolipid (RHL), and cholesterol (CHOL), enveloped in chitosan (CS), and loaded in an ascorbyl
Intestinal microbiota; palmitate (AP) hydrogel: AP@CS@Lip@HKUST-1. This platform targets inflammatory sites where H.
Anti-inflammation pylori aggregates through electrostatic attraction. Then, hydrolysis by matrix metalloproteinases (MMPs)

releases CS-encased nanoparticles, disrupting bacterial urease activity and membrane integrity. Addition-
ally, RHL disperses biofilms, while PA promotes lysosomal acidification and activates host autophagy,
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enabling clearance of intracellular H. pylori. Furthermore, AP@CS@Lip@HKUST-1 alleviates inflam-
mation and enhances mucosal repair through delayed Cu?* release while preserving the intestinal micro-
biota. Collectively, this platform presents an advanced therapeutic strategy for eradicating persistent H.
pylori infection without inducing drug resistance.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Helicobacter pylori (H. pylori) is a well-studied gram-negative
bacterium that persistently colonizes the gastric mucosa of
approximately half of the global population'™, causing numerous
gastrointestinal (GI) and related diseases, including chronic
gastritis, peptic ulcer disease, gastric malignancies, and autoim-
mune diseases””. Early in 1994, H. pylori was recognized as a
Class I carcinogen, and its role in gastric cancer (GC) develop-
ment was subsequently well established'®'®, which our group
identified H. pylori as an independent risk factor and predictor of
GC risk in a national multicenter study'. H. pylori infection was
subsequently shown to serve as the primary and most controllable
risk factor for GC prevention'?, which was confirmed through
several large-scale multicenter long-term follow-up studies'’>'.
However, despite the obvious benefits and decades of therapeutic
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testing, eradication of H. pylori remains remarkably difficult”>>’.
Recent epidemiological work by our group'~ indicated that H.
pylori continues to pose a highly infectious threat to gastric health
and has family cluster infections, primarily due to the ineffec-
tiveness and overuse of antibiotics, which instead lead to
increasing drug resistance®>>*. Thus, improving the efficacy of H.
pylori treatment without inducing drug resistance poses a long-
standing challenge.

Through its long coevolution with humans, H. pylori has
evolved numerous strategies for evasion and manipulation of host
immunity, including invading gastric epithelial cells and produc-
ing intracellular protective niches to escape cell and antibiotic
killing, as well as forming bacterial biofilms®>*>*°. These evasion
mechanisms, especially biofilm formation and interconversion
between planktonic and sessile states, also significantly limit
antibiotic efficacy”>’** while promoting horizontal gene transfer
and overexpression of drug resistance-related efflux pumps®*>°~*',
ultimately resulting in persistent infection in humans. In addition,
the limitations and well-known adverse effects of antibiotic
overuse, such as altering the intestinal microbiota, have made H.
pylori eradication extraordinarily difficult. Therefore, new so-
called antibiotic-free strategies based on nanoparticles are ur-
gently needed.

HKUST-1 is a copper-based metal-organic framework (MOF)
nanoparticle that can be used for the slow release of Cu®" to
reduce the cytotoxicity of Cu®" in different applications, including
antibacterial and mucosal repair effects’*?. HKUST-1 nano-
particles can be modified to improve their function in different
physiological contexts. For instance, rhamnolipid (RHL), an
anionic surfactant glycolipid produced by Pseudomonas or Bur-
kholderia species>*, can disrupt biofilm formation, such as that of
H. pylori, by binding with metal ions in the extracellular poly-
meric substance (EPS) matrix and blocking the signaling required

for EPS biosynthesis’”*>. Modifying the HKUST-1 surface with
RHL could, therefore, potentially improve its access to seques-
tered bacterial cells. Similarly, given its well-established role in
numerous cellular physiological processes’®’, especially in pro-
moting calcium ion (Ca”) efflux, phosphatidic acid (PA) could be
used with HKUST-1 to induce lysosomal acidification, conse-
quently enhancing autophagic flux’>*. Since autophagy can
mediate the clearance of intracellular bacteria through lysosomal
degradation®, we hypothesized that PA could help to eliminate H.
pylori by inducing autophagy. Chitosan (CS) 1is the
N-deacetylation product of chitin and has high biocompatibility
and broad-spectrum bactericidal ability*>*'. Especially in the low
pH environment of the stomach, CS carries more cations due to
the protonation of amino groups (NH*"), and these polycations
interact with the bacterial outer membrane structure, leading to
impaired bacterial outer structure, function, and permeability,
leakage of bacterial inner components, and eventual death’*.
Furthermore, its positive surface charge allows CS to adsorb to
bacteria, including H. pylori****. Ascorbyl palmitate (AP) is a
negatively charged antioxidant that can form a hydrogel that tar-
gets positively charged inflammatory sites and is subsequently
hydrolyzed by secreted matrix metalloproteinases (MMPs, colla-
genase IV) that are enriched at the site of inflammation®>"*°. These
advances in biomaterials led us to consider a multifunctional,
nonantibiotic platform for eliminating H. pylori infection.
Herein, we designed and tested an AP hydrogel loaded with a
CS- and lipid-coated Cu-MOF, AP@CS@Lip@HKUST-1, to
clear planktonic, intracellular, and biofilm-sequestered H. pylori
based on the previously reported properties of each component
mentioned above. Here, HKUST-1 was first utilized for the
eradication of H. pylori, and its modification of CS and liposomes
could further retard the release of Cu?". In addition to serving
as the main source of antibacterial activity, Cu®" (in low
concentrations) serves as an essential metal in proteins needed for
angiogenesis and collagen deposition in tissue regeneration™>*"*’,
which will promote the repair of the gastric mucosa and may
prevent reinvasion of H. pylori after its eradication. We found that
AP@CS@Lip@HKUST-1 indeed confers the properties of each
component, targeting inflammatory sites with H. pylori aggregates
and then releasing CS@Lip@HKUST-1, which adheres to the
electrostatic attraction between CS and H. pylori and kills H.
pylori by disrupting membrane integrity and blocking urease ac-
tivity. Importantly, delivery of RHL through this platform effec-
tively disrupted biofilms, while the PA component induced
clearance of intracellular H. pylori. Finally, we observed that
gastric mucosa repair was enhanced, while inflammation
decreased with increasingly delayed Cu®" release without dis-
rupting the resident microbiota composition. To our knowledge,
this antibiotic-free platform is the first antibiotic-free study that


http://creativecommons.org/licenses/by-nc-nd/4.0/

3186

Yongkang Lai et al.

could eradicate H. pylori with planktonic, intracellular, and bio-
film forms while also promoting gastric mucosal repair without
disrupting intestinal flora homeostasis (Scheme 1).

2. Materials and methods

2.1.  Materials

Copper acetate monohydrate (Cu(CH3;COO),-H20, C105400),
trimesic acid (C¢H3(COOH);, T109692), L-rhamnose monohydrate
(C¢H1205-H,0, R108982), L-a-phosphatidic acid (egg, chicken,
sodium salt, 1.130341), chitosan (C¢H;;NOy4)n, deacetylation de-
gree >95%, viscosity 100—200 mPa s, C105799), L-ascorbic acid 6-
palmitate (Cy,H3g0;, A104524), dimethyl sulfoxide (C,HgSO,
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D103281), cholesterol (C,7H460, C8667), and gentamicin (G1914)
were purchased from Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China). Clarithromycin (C9490), trimethoprim lactate
(T9170), vancomycin (V8050), amphotericin B (A8251), and
polymyxin B sulfate (P8350) were obtained from Sigma-—Aldrich
(Shanghai, China). Cell Counting Kit-8 (40203ES), Live/Dead Cell
Staining Kit (40747ES76), and Hieff UNICON® Universal Blue
gPCR SYBR Green Master Mix (11184ES08) were purchased from
Yeasen Biotechnology (Shanghai, China) Co., Ltd. Urease activity
kit was purchased from Solarbio Technology Co. (Beijing, China).
The rapid urease test kit was purchased from Shandong Bomeda
Biotechnology Co. The SYTO 9/PI Live/Dead Bacterial Double
Stain Kit (MX4234-40T) was purchased from Shanghai Moukang
Biotechnology Co. (Shanghai, China). The Bradford Protein Assay
Kit (23246) and TRIzol™ (15596026) were purchased from
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Scheme 1  An antibiotic-free biomaterial based on AP@CS@Lip@HKUST-1 as a multieffective anti-H. Pylori platform. A) Schematic
illustration of the preparation of CS@Lip@HKUST-1 and AP@CS@Lip@HKUST-1. B) AP@CS@Lip@HKUST-1 exerts a multifunctional
antibacterial process by charge interaction (I), releasing nanoparticles in situ under the action of MMPs (II), showing antibacterial activity by the
combination of copper ions and chitosan (III), eradicating biofilms (IV), promoting autophagy to eradicate intracellular bacteria (V), relieving
inflammation in the stomach and restoring gastric mucosa. Meanwhile, AP@CS @Lip@HKUST-1 showed no effect on the intestinal microbiota.
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Thermo Fisher Scientific Inc. (Massachusetts, USA). H. pylori and
gastric epithelial cells (HFE145) were provided by the Department
of Gastroenterology, The First Affiliated Hospital of Nanchang
University.

2.2.  Synthesis of biomaterials

2.2.1.  Synthesis of HKUST-1 nanoparticles

HKUST-1 nanoparticles were prepared with slight modification
based on a previously reported method’’. In brief, a solution of
1.2 g Cu(CH3COO),-H,O (6 mmol) and 2.4 g of poly-
vinylpyrrolidone (PVP) in 60 mL of a 25% aqueous solution of
dimethylformamide (DMF) was prepared to obtain the
Cu(CH3COO), solution. A solution of 0.42 g H3;BTC (trimesic
acid, two mmol) in 40 mL of a 25% (v/v) solution of DMF in
ethanol was prepared to obtain the H3BTC solution. The
Cu(CH3COO), solution was added dropwise to the H;BTC solu-
tion with stirring, and 1 mL of TEA (triethylamine) was added to
the reaction mixture. The reaction mixture was stirred for 3 h and
sonicated for 30 min to obtain the HKUST-1 suspension. The
sample was then washed with ultrapure water, DMF, DCM
(dichloromethane), and EtOH (ethanol) three times. Finally, the
sample was dispersed in EtOH, and the EtOH was removed by
rotary evaporation to obtain HKUST-1 nanoparticles.

2.2.2.  Synthesis of Lip@HKUST-1

A solution containing 14 mg/mL RHL, 10 mg/mL PA, and 4 mg/mL
CHOL was prepared. Subsequently, 1 mL of each solution was
mixed and sonicated for 10 min to obtain the Lip mixed solution
(mass ratio of RHL: PA: Chol = 7:5:2). The liposome film was
obtained using the lipid thin film method and Lip@HKUST-1
nanoparticles were obtained by adding 1 mL 80 pg/mL
HKUST-1 suspension and then extruded through a nano-
extruder (with a filter membrane aperture of 400 nm).

2.2.3.  Synthesis of CS@Lip@HKUST-1

CS was dissolved in a 0.2% w/v solution of HAc (acetic acid) in
water. Then, 4 mL of CS solution was mixed with 4 mL of the
Lip@HKUST-1 suspension and sonicated for 10 min. The mixture
was ultrafiltered and centrifuged to remove excess HAc. Subse-
quently, the sample was extruded using a nanoextruder to obtain
CS@Lip@HKUST-1 nanoparticles.

2.2.4.  Synthesis of AP@CS@Lip@HKUST-1

The synthesis of the AP hydrogel was performed according to a
previous report’’. In detail, 25 mg of AP was dispersed in 1 mL of
DMSO and stirred at 80 °C in a constant-temperature water bath
until complete dissolution. Then, 4 mL of CS@Lip@HKUST-1
solution was slowly added dropwise and stirred at a constant
temperature for 10 min. AP@QCS@Lip@HKUST-1 was obtained
by allowing the mixture to stand and cool at room temperature.

2.3.  Characterization

The diameter and zeta potential of the nanoparticles were
measured using a ZetaSizer Nano-ZS 90 (Malvern Instrument,
Malvern, UK). X-ray diffraction (XRD) was performed using a
Bruker D2 Phaser (Germany) to observe the crystal structure of
the samples. X-ray photoelectron spectroscopy (XPS) was con-
ducted using a Thermo Fisher Scientific K-Alpha (USA) to
K-Alpha (USA) to analyze the valence state of the elements.
Fourier transform infrared (FTIR) analysis was performed using

a Thermo Fisher Scientific Nicolet iS20 (USA) to identify the
chemical structure of the samples. The morphological character-
istics and elemental mapping images of the nanoparticles were
observed using transmission electron microscopy (TEM) (FEI
Talos F200X G2, USA, 200 kV). Scanning electron microscopy
(SEM) images were obtained using a field emission scanning
electron microscope (ZEISS Sigma 300, Germany). The content
of RHL in liposomes was determined by liquid chromatography-
mass spectrometry (LC—MS) (Thermo Fisher Scientific Ultimate
3000 UHPLC-Q Exactive, Waltham, Massachusetts, USA) as re-
ported in previous literature'.

2.4.  Cell culture, H. pylori strains, and mice

Normal gastric mucosal epithelial cells were obtained from Pro-
fessor Chuan Xie at the First Affiliated Hospital of Nanchang
University and cultured in DMEM/F12 (Gibco, CA, USA) sup-
plemented with 10% FBS and 1% penicillin/streptomycin in a
CO, incubator (5% CO,, 37 °C). The H. pylori strains
CagA + ATCC43504, TN2GF4, and PMSS1 were used in this
study and were also provided by Professor Chuan Xie at the First
Affiliated Hospital of Nanchang University. H. pylori strains
stored at —80 °C were revived on blood agar plates containing 5%
sheep blood and 1% mixed antibiotics (10 pg/mL vancomycin,
5 pg/mL trimethoprim-treated lactate, 5 pg/mL cefsulodin so-
dium, and 5 pg/mL polymyxin B sulfate). After two generations
of incubation, the bacteria were used for the experiments. The
liquid culture system for H. pylori consisted of Brucella broth,
10% FBS, and 0.5% mixed antibiotics, and the cultures were
incubated on a microshaker.

All animal procedures in this study were approved by the
Ethics Committee of the First Affiliated Hospital of Naval Med-
ical University (Shanghai, China, Approval Number: CHFC(A.E)
2023-017). Specific pathogen-free (SPF) male C57BL/6 mice
(5—6 weeks old, body weight 15—25 g) were purchased from
Jiangsu GemPharmatech LLC (Nanjing, China) and kept at the
SPF level in the Institute of Pancreatic Diseases, Shanghai
Changhai Hospital (Shanghai, China). The mice were housed in a
room with a temperature of 18—22 °C, a 12-h light—dark cycle,
and a relative humidity of approximately 55%.

2.5.  Collagenase degradation experiments on AP hydrogels

The degradation rate of AP@CS@Lip@HKUST-1 in different
environments was determined using a weighing method similar to
that used in a previous study’”. Briefly, 100 mg of
AP@CS@Lip@HKUST-1 was prepared according to the afore-
mentioned method and incubated with 2 mL of PBS (pH 7.4,
37 °C), 2 mL of collagenase IV solution (1, 0.25, 0.0625 and
0.015625 mg/mL) or 2 mL of simulated gastric fluid (SGF) in a
dialysis bag (molecular weight cutoff 3500). The samples were
placed in a shaker at 100 rpm and 37 °C. At certain time points,
samples were taken, lyophilized, and weighed. The degradation
rate was calculated using the following Eq. (1):

Degradation rate (%) = (W, - W,) / Wy x 100 (1)

where W, represents the weight after lyophilization of
AP@CS@Lip@HKUST-1 before the experiment, and W, repre-
sents the weight after lyophilization of the samples in the dialysis
bag at a certain time interval. In addition, we obtained optical
images of the AP hydrogels at different times.
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2.6. Release of Cu*" in HKUST-1

The release of Cu?™ from HKUST-1 and CS@Lip@HKUST-1 in
simulated gastric fluid (SGF, pH 1.5, 37 °C) was assessed with
slight modification according to a previous study®. HKUST-1
(80 pg/mL, 5 mL) and CS@Lip@HKUST-1 (80 pg/mL, with
HKUST-1 as the concentration reference, 5 mL) were added to a
dialysis bag (molecular weight cutoff, MWCO: 3500) and incu-
bated in 20 mL of SGF with continuous shaking (100 rpm, 37 °C).
At designated time points, 1 mL of the release medium was
collected for Cu®" release analysis using inductively coupled
plasma—mass spectrometry (ICP-MS). An equal volume of fresh
medium was replenished at 37 °C.

2.7.  Cell compatibility and live/dead cell staining assay

Gastric epithelial cells were seeded in 96-well plates at a density
of 1 x 10* cells per well. After overnight cell attachment, the
medium was replaced with 100 pL. medium containing various
concentrations (using the concentration of HKUST-1 as the
reference) of CS@Lip@HKUST-1, Lip@HKUST-1, or HKUST-1,
and the cells were incubated for 24 h, 48 h, and 72 h, respectively.
Cell viability was assessed using the Cell Counting Kit-8 (CCK-8)
assay. The culture medium was replaced with 100 pL of 10%
CCK-8 dye solution per well. After incubating for 1 h at 37 °C, the
water-soluble methotrexate dye was measured at a wavelength of
450 nm using a microplate reader (Molecular Devices
SpectraMax® i3, USA). Three replicate wells were used for each
group, and cell viability was calculated using the following Eq.

(2):

Cell Vlablhty (%) = (ODcxpcrimcmal groups ODhlank gmups)

)

/ (ODconlrol groups ODblank groups) x 100

The live/dead cell staining assay was performed by replacing

the medium with calcein-AM and PI dyes after the materials were

cocultured with the cells. After incubating for 30 min at 37 °C, the

cells were observed under a fluorescence inverted microscope
(Leica, DMIL LED, Germany).

2.8.  Hemolysis evaluation

Fresh blood was collected from rats and centrifuged at 5000 rpm
(SCILOGEX, CF1524R, Beijing, China) for 5 min to remove the
supernatant. Two milliliters of the collected blood was diluted to
50 mL with saline. Then, 300 pL of the diluted blood was mixed
with 1.2 mL of saline containing different concentrations of
CS@Lip@HKUST-1 (0, 20, 40, 60, 80, 100 pg/mL, using the
concentration of HKUST-1 as the reference). As negative and
positive controls, 300 pL of erythrocytes were added to 1.2 mL of
saline and deionized water, respectively. The mixtures were
incubated at 37 °C for 2 h, and the absorbance of the supernatant
was measured at 540 nm using a microplate reader. The hemolysis
rate was calculated using the following Eq. (3):

2.9.  Mucosa permeation studies

Using the Transwell system, we explored the transport capability of
CS@Lip@HKUST-1 through the mucosa using previously reported
method™. In brief, freshly slaughtered pig mucosa was coated onto
polycarbonate membranes with a pore size of 3 um, and H. pylori
suspension (1 mL) was present in the receptor chamber.
Subsequently, fluorescently labeled CS@Lip@HKUST-1 (0.5 mL)
was gently added to the mucosal surface, and the entire culture dish
was incubated in a shaker at 37 °C (100 rpm). Every 6 h, 200 puL
samples were taken from the receptor chamber, the value of ODggg
was measured, and an equivalent amount of fresh PBS was
replenished. Finally, fluorescence measurements were taken at the
receptor site. The formula for calculating the apparent permeability
coefficient (P,pp) is as follows in Eq. (4):

P (%) = (dQ/dt) x 1 / (4% Cy) x 100 4)

where dQ/dr is the flux of fluorescently labeled CS@Lip-
@HKUST-1 from the donor side to the receptor side, Cy is the
initial concentration of CS@Lip@HKUST-1 in the donor cham-
ber, and A is the membrane area (cm?).

2.10. Invitro H. pylori antibacterial test

H. pylori was scraped from Columbia blood plates and resus-
pended in Brucella broth. The bacterial concentration was
adjusted to 10° CFU/mL. Then, 10° CFU/mL bacteria were
incubated with 10 mL of Brucella broth, 1 mL of FBS, 50 pL of
mixed antibiotics, and 0.88 mg of the sample in a three-gas
incubator with shaking for 24 h. After that, the mixture was
diluted, and 20 pL of the diluted solution was spread evenly onto a
blood agar plate. The plate was incubated for another 72 h, and the
colonies on the plate were photographed and counted.

2.11.  Scanning electron microscopy (SEM) morphological
observation of H. pylori

H. pylori morphology was observed using SEM following
methods described in the previous literature™. Briefly, after
coculture with the nanoparticles, the mixture was centrifuged at
5000 rpm (SCILOGEX, CF1524R) for 5 min, after which the
supernatant was removed. The bacterial precipitate was collected
and washed three times with PBS. Then, the supernatant was
discarded, and a prechilled 2.5% glutaraldehyde solution was
slowly added along the tube wall to fix the bacteria at 4 °C for
more than 12 h. The solution was then dehydrated with different
concentrations of ethanol and dispersed in tert-butanol. The
mixture was freeze-dried on silicon wafers and sprayed with gold,
after which the bacterial morphology was observed via SEM.

2.12.  H. pylori live/dead staining test

After coculture with the sample, the H. pylori solution (1 mL) was
added to SYTO 9/PI Live/Dead Bacterial Double Staining

HemOlySiS rate (%) = (ODexperimemal groups ODnegalive control grnup) / (ODpnsitive control group — ODnegative control group) x 100 (3)
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Reagent (1.5 pL SYTO 9 + 1.5 pL PI) and incubated for 15 min
in low light. The solution was then observed and photographed
under an ortho-fluorescence microscope (MshOt, MF43-N,
China). At least 10 visual fields from each group were randomly
selected to count the number of live bacteria (green fluorescence).
2.13.  H. pylori protein excretion test

After aspiration of the above suspension, the leaked protein
concentration was measured using a Bradford protein assay kit
according to the product instructions, and detected using a spec-
trophotometer at 595 nm. Cag A proteins (Santa Cruz Biotech-
nology, sc-28368, USA) were detected using Western blotting
(WB) following methods described in the previous literature.

2.14.  Urease activity of H. pylori
The urease activity of H. pylori after treatment with different
groups was measured using urease activity kit and rapid urease
test kit following the manufacturer’s instructions. The tested
samples are solutions obtained after coculturing bacterial sus-
pensions with nanoparticles. In the rapid urease test, after coin-
cubating the sample with urease detection solution (0.9% NaCl,
20 mmol/L urea, 14 pg/mL phenol red) in the test tube for 1 h, a
photograph was taken, and then the OD value was measured at
550 nm using a spectrophotometer. While in the urease activity
assay test, the urease activity of untreated bacterial suspensions
serves as a reference to compare the mucosal activity after
different treatments, expressed as a percentage.
2.15.  Construction of the intracellular H. pylori model
The intracellular bacterial infection model was constructed as
described in the references™*’. Approximately 4 x 10> cells were
inoculated in 6-well plates and incubated in a CO, incubator for
24 h. H. pylori was then added to the cell culture medium at a ratio
of 100:1 MOI and incubated in a 37 °C incubator for 6 h to allow
bacterial invasion into the cells. The cells were washed three times
with PBS and incubated in medium containing 100 mg/L. genta-
micin for 1.5 h to kill extracellular bacteria. The number of
intracellular bacteria was verified using three methods: CFU assay,
PCR assay, and immunofluorescence staining.

CFU assay: The cells were incubated with 1% saponin at 37 °C for
15 min to increase cell membrane permeability. The cell suspension
was then diluted and plated onto blood agar plates. After incubation
for 5 days in a three-gas incubator, the colonies were counted.

PCR: H. pylori DNA was extracted using the Wizard Genomic
Extraction Kit (Promega, A1120). The number of intracellular H.
pylori was determined by determining the ratio of H. pylori-spe-
cific 16S DNA to Gapdh, as described in a previous reference”.
The primers used for detecting H. pylori DNA were as follows:
forward primer: 5'-TTTT GTT AGA GAA GAT AAT GAC GGT
ATC TAA C-3' and reverse primer: 5'-CAT AGG ATT TCA CAC
CTG ACT GAC TAT C-3'. The primers for detecting human
GAPDH DNA were as follows: forward primer: 5-GAC TTC
AAC AGC GAC ACC C-3' and reverse primer: 5'-AGA AGA
TGA AAA GAG TTG TCA GGG C-3'. The relative expression of
each gene was calculated using the 272" method as in Eq. (5):

AACt = (thxpcrimcmal group target genes thxpcrimcntal group internal reference gcncs) -

Immunofluorescence staining: The cells were fixed with 4%
paraformaldehyde at room temperature for 30 min. After washing
with PBS, the cells were treated with 0.5% Triton-X100 for
15 min to increase cell membrane permeability. The cells were
then washed with PBS and incubated overnight at 4 °C with 3%
BSA and primary antibody (Abcam, 20459). The next day, the
cells were washed with PBS and incubated with a secondary
antibody (Abcam, 150080) at room temperature for 1 h. DAPI and
an anti-fluorescence quencher (Thermo Fisher, P36981) were
added after three washes with PBS, and the cells were observed
using confocal laser scanning microscopy (CLSM, Olympus,
FV1200).

2.16.  Intracellular H. pylori antibacterial test

After constructing the intracellular H. pylori model as described
above, the cells were treated with PBS, CS@RHL/CHOL-
@HKUST-1 (80 pg/mL, with the concentration of HKUST-1 used
as the reference), or CS@RHL/PA/CHOL@HKUST-1 (80 pg/mL,
with the concentration of HKUST-1 used as the reference) for an
additional 24 h. The aforementioned methods (CFU assays, PCR
assays, and immunofluorescence staining) were used to assess the
intracellular survival of H. pylori.

2.17.  Experiments on the mechanism of intracellular bacteria
eradication

i) Autophagy-related experiments: immunofluorescence staining
and Western blotting were used to measure the level of autophagy
in cells after treatment with nanoparticles. After constructing the
intracellular H. pylori model and treating it with nanoparticles, as
described above, the protein was extracted from the cells and
detected using a Bradford kit. Autophagy-related proteins were
detected using WB following methods described in the previous
literature®. For immunofluorescence staining, the methods were
as described above, and the primary antibodies used were
SQSTM1/p62 (Servicebio, GB11531) and LC3-B (CST, 3868S).
ii) Lysosomal acidification measurement: Lysosomal acidification
was measured using the LysoSensor™ Green DND-189 probe.
The intracellular H. pylori models treated with nanoparticles were
incubated with the LysoSensor™ Green DND-189 probe at 37 °C
for 1 h, and the green fluorescence intensity was observed using
CLSM. iii) Cytosolic Ca>*" measurement: cytosolic Ca>" levels
were determined using Fura-2/AM (Yeasen, 40702ES50). The
intracellular H. pylori models treated with nanoparticles were
washed with PBS three times and incubated with Fura-2/AM
(0.5 pumol/L) for 30 min. After adding GPN (200 pmol/L), the
continuous fluorescence intensity of the cells was detected at
excitation wavelengths of 340 and 380 nm over a certain period of
time using a microplate reader.

2.18.  Construction of the H. pylori biofilm model and
eradication of H. pylori mature biofilms

H. pylori biofilms were cultured as described previously in the
literature>". Briefly, H. pylori with an ODggy value of 0.1 was
cultured in confocal/24-well/96-well plates containing 5%

(5)
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Brucella broth medium and incubated in a triple-air incubator
without shaking for 3 days. The medium was then replaced with
PBS, CS@RHL/PA/CHOL/@HKUST-1 (80 pg/mL, with the
concentration of HKUST-1 used as the reference), or CS@PA/
CHOL/@HKUST-1 (80 pg/mL, with the concentration of
HKUST-1 used as the reference), after which the cells were
incubated for another 24 h. The biofilm eradication effect was
evaluated using crystal violet staining, CLSM, and SEM, as pre-
viously described®’.

2.19.  Penetration of nanoparticles in biofilms

The penetration of nanoparticles into the biofilm was studied
using CLSM based on methods reported in previous studies®®. In
brief, after successfully constructing the H. pylori biofilm, Cy-7-
labeled nanoparticles were slowly added and cocultured for 1
and 2 h, respectively. After gentle washing three times with PBS,
the biofilm was stained with DAPI for 20 min, and observation
was performed using CLSM.

2.20.  Cell scratch assay

The cells were evenly spread in a 6-well plate and starved. A
scratch was made on the cell monolayer using a 10 pL pipette tip.
The cells were then gently washed three times with PBS to remove
floating cells. Subsequently, the cells were cocultured with
or without AP@CS@Lip@HKUST-1 (80 pg/mL, using the
concentration of HKUST-1 as the reference) at 37 °C. Images
were captured at 0, 12, 24, 36, and 48 h. The cell migration rate
was calculated using the following Eq. (6):

HKUST-1 were administered to each mouse in the form of a so-
lution by gavage. AP@CS@Lip@HKUST-1 was preloaded into a
1 mL syringe at a fixed volume and delivered into the stomach in a
paste-like form through the syringe before it formed a hydrogel.
Additionally, a control group without H. pylori infection and
treated with PBS were included for comparison with the afore-
mentioned five groups. On the second day after the completion of
the treatment, all the mice were sacrificed, and the stomachs were
imaged first. Then, they were cut longitudinally along the greater
curvature. A portion of the stomach was ground in sterile distilled
water, and a homogenate of the stomach tissue was taken to
perform the plate coating test to assess in vivo antibacterial ac-
tivity. Another portion of the stomach tissue homogenate was used
to measure urease activity using a rapid urease test kit and urease
activity kit following the methods described above. The remaining
part of the stomach was subjected to H&E staining, and the
content of H. pylori in the stomach tissue was assessed under a
microscope.

2.23.  Biological safety study

Following the above mentioned treatment, the heart, liver, spleen,
lungs, and kidneys of mice were collected for H&E staining to
evaluate animal safety. H&E staining was performed by Wuhan
Servicebio Technology Co., Ltd. (Wuhan, China). Blood was
collected from the mouse eyes for routine blood tests, and serum
was obtained for liver and kidney function tests. Blood count, as
well as liver and kidney function, were measured by Daixuan
Biotechnology Co. (Shanghai, China).

Cell migration (%) = (Scratch wound area at 0 h — Scratch wound area at testing time) /Scratch wound area at 0 h x 100 (6)

2.21. Invivo H. pylori infection model

The H. pylori animal model was established following the
methods described in previous literature®’. Six-week-old C57BL/6
mice were obtained from Jiangsu Collective Pharmachem
Biotechnology Co (Nanjing, China). All mice were orally gavaged
with 300 puL of H. pylori suspension (CFU/mL) once every other
day for two weeks. After infection, the mice were kept under
normal conditions for four weeks. Subsequently, five 10® mice
were randomly selected for execution, and their stomachs were
taken for plate coating, urease tests, and H&E staining to evaluate
the infection status. The Sydney system was used to evaluate the
inflammation of the H&E images™.

2.22.  Invivo antimicrobial evaluation of H. pylori infection

H. pylori-infected mice were randomly divided into five groups
(n = 8): PBS, Lip@HKUST-1 (8 mg/kg, with the concentration of
HKUST-1 used as the reference), CS@Lip@HKUST-1 (8 mg/kg,
with the concentration of HKUST-1 used as the reference), anti-
biotics (clarithromycin, 14.3 mg/kg/day), and AP@RCS@Lip@-
HKUST-1 (8 mg/kg, with the concentration of HKUST-1 used
as the reference). In detail, Lip@HKUST-1 and CS@Lip@-

2.24.  In vivo anti-inflammatory evaluation

Enzyme-linked immunosorbent assay (ELISA) analysis and
immunohistochemistry analysis were also conducted to evaluate
the in vivo anti-inflammatory effects of the nanoparticles. Serum
obtained from the treated mice was diluted and coincubated with
ELISA detection solution (for MPO activity, IL-10, IL-6, IL-18,
IL-2, and IL-12) according to the instructions of the ELISA Kkit.
The absorbance was measured at ODysy nm. For immunohisto-
chemistry analysis, after discontinuation of administration, stom-
ach tissues were collected from the mice. The tissues were fixed,
dehydrated with formaldehyde, and embedded in paraffin. Paraffin
sections were prepared and subjected to immunohistochemical
staining (TGF-B) to observe gastric inflammation. Immunohisto-
chemistry analysis was performed by Wuhan Servicebio Tech-
nology Co., Ltd. (Wuhan, China).

2.25.  In vivo mucosal repair evaluation

The stomachs of mice treated with AP@QCS@Lip@HKUST-1, H.
pylori-infected mice, and normal mice were collected to observe
gastric tissue inflammation repair under optical light. Fluorescence
staining was also performed to assess the status of gastritis repair
in vivo. Ki67, B-catenin, and PCNA staining were performed to
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evaluate the apoptosis of gastric epithelial cells, while ZO-1,
Occludin-1, and Claudin staining were performed to evaluate the
repair of the gastric mucosa. Fluorescence staining was performed
by Wuhan Servicebio Technology Co., Ltd. (Wuhan, China).

2.26. Targeting adhesion experiments and in vivo metabolism of
materials

AP@CS@Lip@HKUST-1 was labeled with Cy7 (MCE, HY-
DO0825) and administered to normal and H. pylori-infected mice
(n = 5) via gavage with Cy7-labeled AP@CS@Lip@HKUST-1.
After 8 h, the gastric and ileal tissues were imaged using the
IVIS imaging system (Tanon ABL X6, China).

2.27.  Penetration of nanoparticles in biofilms

After a one-day fasting period, H. pylori-infected mice (n = 6) were
gavaged with Cy7-labeled CS@Lip@HKUST-1. Subsequently, the
mice were euthanized at 0, 15, 30 min, 1, 1.5, and 2 h after gavage,
and the gastric tissue was imaged using an IVIS imaging system.

2.28.  Gut microbiota analysis

Fecal samples were collected from each group of mice on the
second day after the completion of treatment. The abundance and
diversity of bacteria in the mouse feces were determined using 165
rRNA sequencing. The analysis was conducted by Daixuan
Biotechnology Co. (Shanghai, China).

2.29.  Transcriptomic analysis

Gastric tissues from mice treated with PBS and AP@CS-
@Lip@HKUST-1, as well as normal mice, were obtained for
transcriptional analysis to identify genetic differences in mice
treated with AP@CS@Lip@HKUST-1. The experiments were
conducted by Major Biomedical Technology Co. (Shanghai,
China).

2.30.  Total RNA extraction

Total RNA was extracted from tissues using TRIzol™ according
to the instructions. Briefly, 60 mg of tissues were weighed and
ground into powder in liquid nitrogen while homogenizing for
5 min. After resting for 5 min, the tissues were centrifuged at
12,000 g for 5 min at 4 °C; the supernatant was then transferred
to a new tube containing 0.3 mL of chloroform/isoamyl alcohol
(24:1). Then, the samples were centrifuged again for 10 min (4 °C,
12,000 rpm, ROTINA, 420R, Kirchlengern, Germany), and the
supernatant with retained RNA was transferred to a new tube with
an equal amount of isopropanol solution and centrifuged again for
20 min (4 °C, 13,600 rpm, ROTINA, 420R). After removing the
supernatant, it was washed twice with 1 mL of 75% ethanol; the
remaining ethanol was collected by centrifugation for 2 min (4 °C,
13,600 rpm, ROTINA, 420R) and then air-dried in a biosafety
cabinet for 5 min. Finally, diethyl pyrocarbonate-treated water was
added to dissolve the RNA for 25—100 pL. Subsequently, the
RNA was analyzed using an Agilent 2100 Bioanalyzer (Thermo
Fisher Scientific, MA, USA) for the identification and quantifi-
cation of total RNA.

2.31. Statistical analysis

All data are expressed as the mean =+ standard deviation (SD).
Statistical analyses were performed using R statistical software
3.6.1 (www.r-project.org). The difference between the two groups
was compared using Student’s z-test, while the difference between
three or more groups was compared using one-way ANOVA. P
value < 0.05 was considered statistically significant (ns: not sig-
nificant, *P < 0.05, **P < 0.01, and ***P < 0.001).

3. Results and discussion

3.1.  Synthesis and characterization of CS@Lip@HKUST-1

The strategy for synthesizing HKUST-1 nanoparticles for the de-
livery and slow release of Cu?" is shown in Fig. 1. X-ray photon
spectroscopy (XPS) showed that the HKUST-1 nanoparticles
comprised Cu, C and O, with Cu®* as the core metal and trimesic acid
(H3BTC) as the ligand skeleton, which was consistent with the re-
ported composition of HKUST-1 (Fig. 1A)*®. The Cu 2p and Cu LM2
spectra showed electron binding energies of 954.28, 934.38, and
571.08 eV, corresponding to Cu 2p'?, Cu 2p*?, and Cu LM2,
respectively (Supporting Information Fig. SIA and S1B). Addi-
tionally, an electron binding energy of 284.38 eV in the C 1 s and O
1 s spectra corresponded to aromatic carbon (C—C), 288.18 eV
corresponded to carboxylic acid carbon (~COOH), and 531.28 eV
corresponded to carboxylic acid oxygen (O—C=0) (Fig. S1C and
S1D). Integration of the characteristic peak areas indicated that Cu,
C and O accounted for 8.02%, 59.14% and 32.84%, respectively. To
further validate the successful preparation of HKUST-1, the crystal
phases were characterized by X-ray crystallography (XRD), which
revealed a cubic crystal structure with an average crystal length of
26.20 A, which was consistent with previous reports’~*. The
diffraction peaks at 11.663°, 13.425°, 17.558°, and 19.118° repre-
sented distances of 222, 400, 500, and 440° between lattice planes,
respectively (Fig. 1B).

Morphological examination by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) confirmed
that HKUST-1 nanoparticles were porous and spherical on the
surface (Fig. 1C and D(a)), while a bright band observed by TEM
of Lip@HKUST-1 and CS@Lip@HKUST-1 indicated that
HKUST-1 was successfully enveloped in RHL/PA/CHOL lipo-
somes and CS (Fig. 1D (b and c)), and the LCMS result showed
that RHL accounted for 46.33% of the overall liposome mass
(Supporting Information Fig. S2). Additional TEM elemental
mapping showed that C, O and Cu were uniformly distributed in
the nanoparticles (Supporting Information Fig. S3). Examination
of the average particle size of HKUST-1, Lip@HKUST-1, and
CS@Lip@HKUST-1 indicated that they averaged 204.66 nm,
233.03 nm, and 273.77 nm in diameter, respectively (Supporting
Information Fig. S4), corresponding to incremental size in-
creases with the addition of successive lipid and chitosan layers
from HKUST-1 to Lip@HKUST-1 and CS@Lip@HKUST-1. In
addition, we examined the particle size and potential changes of
Lip@HKUST-1 and CS@Lip@HKUST-1 over 7 days, and the
results showed that Lip@HKUST-1 and CS@Lip@HKUST-1
have high stability (Supporting Information Fig. S5). In our
study, we used liposomes as our anti-H. pylori formulation for the
following three reasons: first, both PA and rhamnolipids are lipids,
and they could be well mixed with other lipids to formulate
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Characterization of nanoparticles and hydrogels. (A) XPS spectra of Cu 2p, Cu LM2, O Is, and C 1s in HKUST-1. (B) XRD patterns

of HKUST-1. (C) SEM image of HKUST-1 in PBS, bars represent 200 nm. (D) TEM images of HKUST-1 (a), Lip@HKUST-1 (b), and
CS@Lip@HKUST-1 (c), bars represent 100 nm; enlarged Figure: bars represent 10 nm. (E) Optical images of AP hydrogels and
AP@CS@Lip@HKUST-1 before and after hydrogel formation. (F) FTIR transmission spectra of CS, AP, AP hydrogels, and
AP@CS@Lip@HKUST-1. (G) SEM images of the AP hydrogel (a) and AP@CS@Lip@HKUST-1 (b), bars represent 1 pm.

liposomes; second, liposomes have good biocompatibility and
represent the most common nanomedicines at present; and finally,
negatively charged liposomes could be well coated by positively
charged chitosan due to electrostatic interactions. Taken together,
these results confirmed the successful generation of
CS@Lip@HKUST-1 nanoparticles.

Since Cu®" was adopted as the primary antimicrobial
component to eradicate H. pylori and subsequently promote
mucosal repair, we compared the rates of Cu’t release from
HKUST-1 and CS@Lip@HKUST-1 in simulated gastric fluid
(SGF). Inductively coupled plasma-mass spectrometry (ICP-
MS) analysis indicated that 94.6% of Cu®" was released from
HKUST-1 into SGF within 4 h of incubation, whereas only 48.9%
of Cu*" was released from CS@Lip@HKUST-1 in the same time
period, and 94.2% was released by 12 h (Supporting Information
Fig. S6). These results suggested that the addition of liposomes
and chitosan layers could indeed significantly decrease the rate of
Cu®" release, potentially prolonging the antibacterial and tissue
regeneration-promoting effects of the nanoparticles.

3.2. Characterization and inflammation targeting ability of
AP@CS@Lip@HKUST-1

The high acidity conditions in the stomach coupled with the
ability of H. pylori to below the gastric mucosa both contribute to
steadily increasing drug resistance and the limited effectiveness of
many conventional drugs toward this pathogen®. These factors
suggest that targeting H. pylori aggregation sites may be an
effective strategy for suppressing H. pylori populations. Further-
more, H. pylori infection commonly results in localized sites of
inflammation in the gastric mucosa, which exhibit a characteristic
positive charge accompanied by increased MMP secretion™.
Thus, AP, which can self-assemble into a stable, negatively
charged hydrogel under acidic conditions, can be rapidly degraded
by MMP, suggesting that it might be an effective material for
alleviating local inflammation in the gastric mucosa.

Here, CS@Lip@HKUST-1 was encased in AP and formed a
hydrogel (Fig. 1E). Analysis with a ZetaSizer Nano-ZS 90 showed
that CS@Lip@HKUST-1 carried a positive zeta potential, while
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AP@CS@Lip@HKUST-1 had a negative zeta potential, which
could facilitate the targeting of inflammatory sites in the stomach
(Supporting Information Fig. S7). We thus hypothesized that
MMP degradation of the AP layer could enhance the release of
CS@Lip@HKUST-1, promoting its bactericidal activity toward
H. pylori via charge-based interactions. To further validate the
molecular structure of this AP self-assembled hydrogel, we used
Fourier transform-infrared spectroscopy (FT-IR) to analyze the
functional groups and chemical bonds of the AP hydrogel mo-
lecular spectrum. The results identified 1172 cm ™' peak corre-
sponding to the ester bond (C—O—C) of ascorbic acid, an
absorption peak at 1683 cm ™" corresponding to the carbon-carbon
double bond (C=C) in the ascorbic acid group, and three ab-
sorption peaks at 3546, 3469 and 3372 cm ™' corresponding to the
three hydroxyl groups (—OH) in the palmitic acid molecule, which
are hydrophilic groups in the ascorbic acid molecule. In addition,
we also found hydrophobic groups in palmitic acid molecules,
such as the large 2918 cm ™" peak with high methylene (—~CH,-)
content and the carbonyl group (C=0) at 1730 cm™'
(Fig. 1F)°>°. However, in the molecular spectra of the AP
hydrogels, the number of hydroxyl and methylene groups was less
than that of the AP molecules. These results thus indicated that the
self-assembled AP hydrogels were successfully constructed
through hydrophobic and hydrophilic interactions.

Similar analysis of the CS molecule spectrum showed an ab-
sorption peak at 1158 cm™' corresponding to an ether bond
(C—0—C) and a characteristic peak at 1593 cm ™" for the primary
amino group (—NH;) of chitosan. These results indicated that
chitosan was positively charged and could be used to construct
hydrogels with negatively charged AP through electrostatic in-
teractions, which was supported by analysis of AP@CS hydrogel
spectra that showed an overall reduced content of chitosan pri-
mary amino groups (Fig. 1F). Further SEM observation of the AP
hydrogel and AP@CS@Lip@HKUST-1 surface morphology
(Fig. 1G) revealed the presence of scale-like structures on the AP
hydrogel (Fig. 1G(a)), aligning well with the findings of a previ-
ous study®’. In addition, many round bumps were found on the
hydrogel surface after loading CS@Lip@HKUST-1, presumably
formed by the encapsulation of nanoparticles in the hydrogel
(Fig. 1G (b)).

Then, the rate of enzymatic degradation of the AP hydrogel
was investigated, which showed that only ~25% of the AP
hydrogel degraded within 20 h in PBS (Supporting Information
Fig. S8A). In contrast, the degradation rate markedly increased
in the presence of collagenase IV, with >90% of the AP hydrogel
degrading within 6 h. Supporting Information Figs. S8B and S9
further validate the stability of AP in acidic environments and
PBS, which demonstrates that the hydrogel remains stable in both
acidic and neutral environments. Additionally, we explored the
minimum collagenase IV concentration for the degradation of the
AP hydrogel (Fig. S8C). The results indicate that, the AP
hydrogels exhibited a degradation pattern comparable to that
observed in PBS when exposed to a collagenase IV concentration
of 0.015625 mg/mL. We next sought to verify that
AP@CS@Lip@HKUST-1 indeed targeted inflammatory sites in
mice that were infected or not infected with H. pylori. To this end,
infected mice and uninfected mice were orally administered Cy7-
labeled Ap@CS@Lip@HKSUT-1 and then sacrificed after 8 h.
IVIS imaging of the gastric tissues showed a strong fluorescent
signal in mice with H. pylori infection with a large amount of
fluorescent residue in the stomach samples, whereas uninfected
control mice had obviously lower fluorescence in stomach tissue

(P<0.001) (Supporting Information Fig. S10). Examination of
intestinal samples showed markedly lower fluorescence, validating
that AP@CS@Lip@HKUST-1 preferentially targeted sites in the
stomach (Supporting Information Fig. S11).

3.3.  Cytotoxicity and anti-H. pylori activity of
CS@Lip@HKUST-1 in vitro

In the proposed bactericidal mechanism for eliminating H. pylori by
AP@CS@Lip@HKUST-1 (Fig. 2A), the AP hydrogel targets local
inflammation sites in the stomach corresponding to H. pylori ag-
gregation and is then hydrolyzed by secreted MMPs, releasing
CS@Lip@HKUST-1 to target H. pylori through electrostatic
attraction between CS and H. pylori*>**°! In the presence of gastric
acids, Cu”" is slowly released from nanoparticles, compromising H.
pylori cell membrane integrity and resulting in membrane rupture
and cell death. Additionally, CS@Lip@HKUST-1 can inhibit the
urease activity of H. pylori and effectively kill H. pylori by pro-
moting sensitivity to gastric acid.

For clinical gastric applications, favorable biocompatibility
should be the primary consideration. To investigate the safety and
biocompatibility of the HKUST-1, Lip@HKUST-1, CS@Lip@-
HKUST-1, and AP@CS@Lip@HKUST-1 biomaterials, we
treated HFE-145 gastric epithelial cells with each nanoparticle
type (at different concentrations) and examined cell viability after
1, 2, and 3 days through a CCK-8 assay. The results confirmed that
each of the four treatment groups was higher than 80% when the
concentration of nanoparticles was 80 pg/mL (using the concen-
tration of HKUST-1 as the reference) (Supporting Information
Fig. S12A-S12D). Additionally, live/dead cell staining assays
showed a high live cell rate (green fluorescence) of CS@Lip@-
HKUST-1 after 1, 2, and 3 days of coculture with gastric epithe-
lial cells (Fig. 2B, Supporting Information Figs. S13 and S14).
Next, a hemolysis assay was performed to evaluate the blood
compatibility of CS@Lip@HKUST-1, with PBS as the negative
control and water as the positive control. Similarly, erythrocyte
hemolysis assays showed that CS@Lip@HKUST-1 (80 pg/mL)
had excellent blood compatibility, with a hemolysis rate of 0.6%,
and the mouse red blood cells readily separated from the solution
(Supporting Information Fig. S15).

After the hydrolysis of AP, the released CS@Lip@HKUST-1
becomes the primary effective substance for eradicating H. pylori
in the stomach. Therefore, the retention time of
CS@Lip@HKUST-1 in the stomach is the first issue we need to
explore. As shown in Supporting Information Fig. S16, the fluo-
rescence of Cy7-labeled CS@Lip@HKUST-1 remained present in
the mouse stomach within 2 h after administration, indicating that
CS@Lip@HKUST-1 can persist in the mouse stomach for at least
2 h. We speculate that CS imparts the ability for nanoparticles to
penetrate the mucosal barrier, thereby increasing the retention
time of nanoparticles in the stomach”%. To further investigate this
phenomenon, we explored the ability of CS@Lip@HKUST-1 to
penetrate the gastric mucus barrier in vitro (Supporting
Information Fig. SI7A). As shown in Fig. S17B, the P,p, values
of HKUST-1, Lip@HKUST-1, and CS@Lip@HKUST-1 were
1.06 x 107>, 4.15 x 107>, and 1.08 x 10™* cm/s, respectively.
These findings indicate that, compared to HKUST-1 and
Lip@HKUST-1, CS@Lip@HKUST-1 has superior mucosal
penetration effects. Furthermore, by determining the viability of
H. pylori beneath the mucosa, we further confirmed the mucosal
penetration  of CS@Lip@HKUST-1, suggesting  that
CS@Lip@HKUST-1 has stronger antibacterial activity than
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Figure 2  Antibacterial abilities of nanoparticles in vitro. (A) The antibacterial mechanism of CS@Lip@HKUST-1. CS@Lip@HKUST-1

targets H. pylori by electrostatic attraction and subsequently destroys the H. pylori bacterial membrane by slowly releasing Cu®* while inhibiting
H. pylori urease activity. (B) Live/dead cell staining of HFE-145 cells after coculture with CS@Lip@HKUST-1 for 3 days; bars represent 100 um.
Colony plate images (C) and colony count plots (D) of different samples after coculture with H. pylori under acidic (pH = 2) and neutral
(pH = 7) conditions; bars represent 1 cm. (E) Live (green fluorescence)/dead (red fluorescence) bacterial staining of H. pylori after coculture with
different treatments; bars represent 50 um. (F) Morphological changes in H. pylori in SEM images after treatments, red arrows represent bacterial
membrane breaks; bars represent 1 pm. (G) Bradford kit to detect H. pylori overflow protein concentration after different treatments. (H) The
urease activity of H. pylori after treatments was measured by a urease activity kit. (I) Absorption spectra of urease detection solution (532 nm) of

H. pylori after treatment. Data are presented as the mean £+ SD (n
significant.

HKUST-1 and Lip@HKUST-1 (Fig. S17C). In conclusion, we
conclude that CS@Lip@HKUST-1 has excellent mucosal pene-
tration ability, allowing nanoparticles to persist in the stomach for
at least 2 h.

To experimentally characterize the bactericidal effects, we
examined colony formation on agar plates containing HKUST-1,
Lip@HKUST-1, and CS@Lip@HKUST-1 and found that the
CS@Lip@HKUST-1 treatment showed the strongest antibacterial

3), ¥*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not

effects, followed by Lip@HKUST-1, in both neutral and acidic
environments (Fig. 2C and D). It is likely that the enhanced
antibacterial properties of Lip@HKUST-1 over HKUST-1 might
be attributable to increased nanoparticle uptake by H. pylori’,
which was further increased by the intrinsic antimicrobial prop-
erties of CS and the electrostatic interaction between CS and H.
pylori*>®. Subsequent live/dead staining assays showed that the
CS@Lip@HKUST-1 possesses excellent antibacterial activity, as
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indicated by the large amount of red fluorescence observed after
treatment with CS@Lip@HKUST-1 (Fig. 2E, Supporting
Information Fig. S18). SEM imaging also depicted obvious
membrane damage and cell death (red arrow) increasing in
severity from HKUST-1 to Lip@HKUST-1, most prominently in
cells treated with CS@Lip@HKUST-1 (Fig. 2F).

In light of these data, we then investigated the antibacterial
mechanism of action for these nanoparticles. Quantification of
total protein extracts in culture supernatants showed that all the
treatments could significantly induce the loss of protein compared
with the untreated control. Notably, the greatest loss of protein
occurred in the CS@Lip@HKUST-1 group, followed by the
Lip@HKUST-1 and HKUST-1 groups (Fig. 2G). Then, H. pylori-
specific protein (Cag A) levels in the supernatant were analyzed
using the WB assay, and the results were consistent with the above
protein quantification assay (Supporting Information Fig. S19).
We also found that CS@Lip@HKUST-1 conferred the strongest
significant inhibition of H. pylori urease activity compared with
that in controls (Fig. 2G and H). In summary, CS@Lip@HKUST-
1 appeared to disrupt the H. pylori cell membrane and induce
protein leakage while also inhibiting urease activity and leading to
bacterial death. Notably, compared with previous studies,
CS@Lip@HKUST-1 adopts a novel antibiotic-free antimicrobial
strategy with both targeting and inhibition of urease activity,
thereby destroying the survival environment of H. pylori, which
makes it very difficult for H. pylori to develop drug

: 30,35,63
resistance™*>%7,

3.4. Antibiofilm activity of CS@Lip@HKUST-1 toward H.
pylori

Biofilm, formed by H. pylori strains, is a protective barrier that
can avoid exposure to antibiotics while also reportedly exhibiting
higher rates of horizontal gene transfer and upregulation of drug
resistance efflux pumps, consequently promoting the likelihood of
developing drug resistance and increasing survival rates under
antibiotic exposure™. Thus, it is imperative to endow nano-
particles with an eradication effect on H. pylori biofilms. To
improve nanoparticle efficacy toward biofilm-forming strains, we
applied RHL to the outer lipid layer based on its reported effects
in binding metal ions inside EPS and interrupting the signaling
pathway (Fig. 3A)**°. Thus, we hypothesized that increasing H.
pylori exposure to CS@Lip@HKUST-1 could increase cytotox-
icity while precluding or inhibiting biofilm reformation®”. TEM
imaging and crystal violet staining of H. pylori biofilm confirmed
that H. pylori was tightly aggregated within an extracellular ma-
trix, indicating that the H. pylori biofilm model was successfully
constructed (Supporting Information Figs. S20 and S21). The
application of prepared nanoparticles can significantly enhance
their antibiofilm efficacy if they can efficiently penetrate biofilms.
Therefore, our scrutiny focused on the penetration of nano-
particles into the H. pylori biofilm using CLSM. Our findings
revealed that CS@Lip@HKUST-1 exhibited a superior penetra-
tion rate within the H. pylori biofilm, rapidly infiltrating the bio-
film within 1 h (Supporting Information Fig. S22). In contrast,
Lip@HKUST-1, even after 2 h, exhibited limited penetration into
the H. pylori biofilm. This disparity may be ascribed to the
positively charged surface of CS@Lip@HKUST-1, which in-
teracts with the abundant negatively charged components in the
biofilm.

Next, we examined whether adding RHL to the liposomal layer
of CS@Lip@HKUST-1 inhibited H. pylori biofilm formation via

quantitative analysis of crystal violet staining. As shown in
Supporting Information Fig. S23, compared with CS@-
Lip@HKUST-1 (No RHL), treatment with CS@Lip@HKUST-1,
which contained RHL, indeed inhibited biofilm formation, and
CS@Lip@HKUST-1 presented a biofilm eradication effect in a
dose-dependent manner, which could eliminate more than 90% of
the biofilm compared to controls at a concentration of 80 pg/mL
(Supporting Information Fig. S24).

In addition, we also used CLSM for live-dead staining of
biofilms, which showed that both cell density and viability
dramatically (green fluorescence) decreased in H. pylori biofilms
treated with CS@Lip@HKUST-1 but not CS@Lip@HKUST-1
(No RHL) (Fig. 3B). Furthermore, SEM was performed for
morphological examination after different treatments, and the re-
sults indicated that treatment with CS@Lip@HKUST-1 (No RHL)
resulted in disruption, but not clearance, of the biofilm. In
contrast, exposure to CS@Lip@HKUST-1 resulted in complete
clearance of the H. pylori biofilm (Fig. 3C).

Taken  together, these results demonstrated that
CS@Lip@HKUST-1 can rapidly permeate biofilms and that the
addition of RHL to the liposome layer could markedly enhance
the antibacterial effects of CS@Lip@HKUST-1 in clearing H.
pylori in biofilms.

3.5.  PA-dependent clearance of intracellular H. pylori via
autophagy rescue in vitro

In addition to biofilm formation, H. pylori may also reside within
host cells, sporadically emerging, disseminating, and recolonizing
gastric mucosa, consequently resulting in treatment failure and
recurring infection’. In addition, Xie et al.>’ indicated that these
intracellular H. pylori may inhibit autophagy, inducing a DNA
damage response and ultimately leading to tumorigenic trans-
formation in gastric cells. Eliminating intracellular H. pylori is
therefore critical to reducing the risk of persistent infections as
well as the incidence of gastric cancer. In the current study, we
established an in vitro model of intracellular H. pylori using a
previously published method®” in which H. pylori was stained red
for CLSM imaging around the nucleus of HFE-145 gastric
epithelial cells (Supporting Information Fig. S25), verifying that
the bacteria had indeed entered the cell. Intracellular H. pylori
cells were also detected through qPCR analysis, in which H. py-
lori-infected cells expressed higher levels of H. pylori 16S rDNA
than the control group (P < 00.001) (Supporting Information
Fig. S26). These validation results indicated that the intracellular
bacterial infection model was successfully established.

Then, we examined whether HKUST-1-derived nanoparticles
could decrease the viability of intracellular H. pylori. Plate counts
of H. pylori in HFE-145 lysates showed that intracellular H. pylori
exposed to CS@Lip@HKUST-1 formed significantly fewer col-
onies (P < 0.05) than other treatment groups (Fig. 4A, Supporting
Information Fig. S27), whereas CS@Lip@HKUST-1 (No PA) had
no obvious effect on bacteria. Moreover, qPCR analysis showed
that intracellular H. pylori DNA levels were significantly lower in
cells treated with CS@Lip@HKUST-1 than in the untreated
control or CS@Lip@HKUST-1 groups (No PA) (P < 0.05)
(Fig. 4B). Additionally, CLSM imaging indicated that intracellular
colonization by H. pylori (red fluorescence) was significantly
decreased after treatment with CS@Lip@HKUST-1 (Fig. 4C,
Supporting Information Fig. S28).

Based on the above results, we then explored the possible
mechanisms through which CS@Lip@HKUST-1 could suppress
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Antibiofilm activity of nanoparticles against H. pylori. (A) The antibiofilm mechanism of CS@Lip@HKUST-1. Nanoparticles

penetrate into the biofilm and destroy the biofilm through RHL, which then kills H. pylori in the biofilm. (B) CLSM images of H. pylori biofilms
after different treatments. The biofilm was stained with SYTO 9 (green: live bacteria) and PI (red: dead bacteria), scale: 100 pm. (C) SEM images
of H. pylori biofilms architecture after different treatments, SEM scale: 5 um; Enlarged SEMscale: 1 pm.

intracellular H. pylori. H. pylori survival in host cells was previ-
ously shown to depend on the inhibition of Ca*" efflux from ly-
sosomes, which in turn inhibits lysosomal acidification and
cellular autophagy>’~"-*%, Conversely, PA was previously shown to
promote Ca”" efflux, inducing lysosomal acidification and sub-
sequently resulting in host cell elimination of intracellular
Mycobacterium tuberculosis™. In this context, we hypothesized
that the PA in CS@Lip@HKUST-1 might also promote host

elimination of intracellular H. pylori via lysosomal acidification
and induction of host autophagy. To test this possibility, we
explored whether and how PA affected autophagy by quantifying
the autophagy marker proteins p62 and LC3 in HFE-145 cells
treated with CS@Lip@HKUST-1. Western blot analysis showed
that p62 protein levels increased while LC3 B II/I decreased in
untreated cells infected with H. pylori compared to uninfected
untreated control cells (Fig. 4D and E), suggesting that H. pylori
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Figure 4  Killing ability of CS@Lip@HKUST-1 against intracellular H. pylori. (A) After coculturing the H. pylori model with nanoparticles,
the intracellular H. pylori concentration was visualized using a plate assay. (B) Relative expression of intracellular H. pylori DNA after different
treatments. (C) CLSM images of intracellular H. pylori content after different treatments, cell nucleus (in blue), and H. pylori (in red rods); scale:
20 um. (D) After coculturing the intracellular H. pylori model with nanoparticles, whole-cell lysates were collected to examine LC3B and P62
protein levels by Western blotting, and (E) the LC3B-1I:LC3B-I ratio and relative P62 protein levels were quantified. CLSM images are shown for
(F) P62 and (G) LC3B protein expression in HFE-145 cells after coculturing the intracellular H. pylori model with nanoparticles, scale: 10 pum.
(H) Lysosomal acidification levels in HFE-145 cells after coculturing the intracellular H. pylori model with nanoparticles; scale: 20 pm. (I)
Lysosomal calcium levels in HFE-145 cells after coculturing the intracellular H. pylori model with nanoparticles. Data are presented as the
mean + SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.

might inhibit early autophagy in host cells to evade elimination by
the host, which is consistent with previous studies”*’. In H. py-
lori-infected HFE-145 cells treated with CS@Lip@HKUST-1 (No
PA), no obvious change was found in either p62 or LC3B II/I

expression, while the addition of CS@Lip@HKUST-1 resulted in
decreased p62 protein expression to levels comparable with the
control group but increased LC3B II/I expression. These results
suggested that treatment with CS@Lip@HKUST-1 could restore



3198

Yongkang Lai et al.

autophagy in host cells infected with H. pylori in a PA-dependent
manner (Fig. 4D and E).

We then conducted immunofluorescence staining of p62 and
LC3B to further verify the above results. CLSM images showed
enhanced deposition of autophagy-associated p62 protein (red
fluorescence) (Fig. 4F, Supporting Information Fig. S29), while
LC3B protein levels decreased in infected cells (Fig. 4G,
Supporting Information Fig. S30). These results implied that
autophagy was inhibited in H. pylori-infected cells, aligning well
with our above results. In contrast, p62 deposition decreased and
LC3B increased in cells treated with CS@Lip@HKUST-1 nano-
particles but not in the CS@Lip@HKUST-1 (No PA) group or
untreated controls, suggesting that autophagy was rescued in the
presence of PA. To further explore how CS@Lip@HKUST-1
promotes autophagy to induce host clearance of intracellular H.
pylori, we performed lysosomal acidification and lysosomal cal-
cium ion detection assays. As shown in Fig. 4H and Supporting
Information Fig. S31, the intracellular lysosomal pH increased,
as did calcium ion deposition in the lysosome (Fig. 4I) in H. py-
lori-infected cells.

Taken together, our results suggested that H. pylori could
evade clearance from host cells by blocking lysosomal acidifica-
tion through inhibition of calcium efflux from the lysosome to
prevent the initiation of autophagy”®’. In contrast, CS@Lip@-
HKUST-1 could promote the host elimination of intracellular H.
pylori by activating lysosomal calcium efflux and acidification and
restoring autophagy>®.

3.6. Anti-H. pylori activity of CS@Lip@HKUST-1 in vivo

Next, whether CS@Lip@HKUST-1 conferred the same effects on H.
pylori clearance in vivo was examined. To this end, C57BL/6 mice
were randomly divided into five H. pylori-infected groups (PBS,
Lip@HKUST-1, CS@Lip@HKUST-1, antibiotics, and
AP@CS@Lip@HKUST-1) and one uninfected control group
(treated with PBS) (Fig. 5A). Each group was gavaged
1 x 108 colony-forming units (CFU)/mL H. pylori PMSS1 (or PBS
for the uninfected control group) every other day for seven total in-
oculations. After four weeks of infection, five mice were randomly
selected for sacrifice, and rapid urease tests, plate coating, and H&E
staining were performed to assess the successful establishment of the
H. pylori-infected mouse model. Compared to those of the control
group (mice without H. pylori infection), the plates coated with
stomach tissue from H. pylori-infected mice exhibited numerous
small colonies (Supporting Information Fig. S32A), the rapid urease
test showed a positive result (pink color) (Fig. S32B), and H&E
staining revealed significant infiltration of inflammatory cells in the
gastric tissues of H. pylori-infected mice, with a large number of rod-
shaped bacteria observed on the surface of the gastric epithelium and
in the gastric pits (Fig. S32C). These results indicate the successful
establishment of our H. pylori-infected mouse model. We then
administered the treatments immediately every other day for another
two weeks, and the mice were sacrificed on the second day after the
treatments were completed. Colony counts showed that H. pylori
infection was significantly lower in the Lip@HKUST group
compared to PBS controls (P < 0.05), while the CS@Lip@HKUST-
1 group had lower CFUs, comparable to antibiotic-treated positive
controls, and the least infection was detected in mice treated with
AP@CS@Lip@HKUST-1 (P < 0.001), which also had significantly
fewer CFUs than the antibiotic treatment (P < 0.05) (Fig. 5B and C).
The same trend was recapitulated in the urease activity test and rapid
urease tests (Fig. 5D and E).

Additionally, H&E staining of stomach sections to evaluate
gastric mucosal conditions revealed mucosal necrosis, extensive
infiltration by inflammatory cells, and abundant H. pylori cells
(red arrow) in the gastric mucosa and near the small recesses in
H. pylori-infected mice treated with PBS. Whereas a reduction in
inflammation as well as a decrease in H. pylori was observed in
mice treated with Lip@HKUST and CS@Lip@HKUST-1, H.
pylori colonization was still observed in mice treated with an-
tibiotics. In contrast, inflammatory sites were largely absent in
the stomach of mice treated with AP@CS@Lip@HKUST-1,
while the mucosa appeared repaired with no obvious coloniza-
tion by H. pylori cells (Fig. 5F, Supporting Information
Fig. S33). These results indicated that the hydrogel-based de-
livery of HKUST-1.

3.7.  Anti-inflammatory and mucosal repair effects

After colonizing the gastric mucosa, H. pylori destroys gastric
epithelial cells by secreting a variety of virulence factors, resulting
in inflammation and gastritis in the stomach, which are the primary
drivers of H. pylori-related GI diseases, such as gastric erosion,
peptic ulcers, and even gastric cancer®®. Therefore, the simultaneous
elimination of H. pylori, inhibition of gastric inflammation and
promotion of gastric mucosal repair are clinically important for
gastric cancer prevention. In this part, we analyzed the anti-
inflammatory and mucosal repair ability of AP@CS@Lip@-
HKUST-1 (Fig. 6A). Cell migration plays a key role in gastric
mucosal repair®®. According to Fig. 6B and Supporting
Information Fig. S34, AP@CS@Lip@HKUST-1 could signifi-
cantly promote the migration of gastric epithelial cells in a time-
dependent manner, which suggested that the nanoparticles had the
ability to promote mucosal repair in vitro. As shown in Fig. 6C, the
stomachs of mice infected with H. pylori showed a redder appear-
ance, which may be attributed to eosinophil infiltration caused by
gastritis, while after AP@CS@Lip@HKUST-1 treatment, the
stomachs of mice returned to their normal color, which was not
significantly different from that of the control group. Next, we
further explored the expression of inflammatory factors in the
stomach of mice after AP@CS @Lip@HKUST-1 treatment, and the
results showed that the expression of the inflammatory factors MPO,
IL-18, IL-6, IL-2, and IL-12 was significantly reduced after treat-
ment with Lip@HKUST-1, CS@Lip@HKUST-1, and antibiotics
(P < 0.05), while the AP@CS @Lip@HKUST-1 group showed the
lowest expression (Fig. 6D —F, Supporting Information Fig. S35). In
addition, the AP@CS@Lip@HKUST-1 group also showed the
highest expression level of the anti-inflammatory factor IL-10
(P < 0.05) (Fig. 6G). The immunohistochemical results similarly
demonstrated the anti-inflammatory effect of AP@CS@-
Lip@HKUST-1 (Supporting Information Fig. S36). In this study,
AP@CS@Lip@HKUST-1 had the best anti-inflammatory effect,
which might be due to the targeting of AP to the site of inflammation,
allowing the nanoparticles to target the site of inflammation for
precise release of Cu®", thus achieving antibacterial and anti-
inflammatory effects. However, it is also possible that this could
be caused by a decrease in H. pylori, and based on the results
available in this study, it is not yet possible to clearly discern the
main cause of the modulation of inflammation in the stomach.
However, based on previous literature reporting the anti-
inflammatory effect of copper ions®’ and the significant anti-
inflammatory effect of our material group compared to antibiotics,
we can still infer that Cu®" did exert some anti-inflammatory effects
in our study.
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Antibacterial ability of nanoparticles and hydrogels. (A) Schematic diagram of the construction and treatment process for the H.

pylori-infected mouse model. Colony plate images (B) and colony count plots (C) after different treatments in the H. pylori-infected mouse model.
(D) Intragastric colonization of H. pylori after different treatments assessed by rapid urease assay. (E) The urease activity of H. pylori colonization
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different treatments, scale: 100 um, enlarged figure scale: 20 pm. Data are presented as the mean + SD (n

*kEP < 0.001, **¥**P < 0.0001. ns, not significant.

After being infected with H. pylori, H. pylori secretes viru-
lence factors, such as VacA and CagA, which could impair cell-
cell junctions and cause their disruption, which is one of the
main mechanisms of gastric mucosal damage caused by H.
pylori®®. B-Catenin is a member of the armadillo protein family
and can reflect the level of adhesion junctions of gastric epithelial
cells®®. Similar to Ki-67 and PCNA, §-catenin can also reflect the
proliferation of gastric epithelial cells’’. When gastric epithelial

3), ¥*P < 0.05, **P < 0.01,

cells are infected by H. pylori, -catenin expression is reduced due
to the disruption of gastric epithelial cell adhesion junctions by H.
pylori. According to Fig. 6H and Supporting Information Fig. S37,
treatment with Lip@HKUST-1 and CS@Lip@HKUST-1 signifi-
cantly increased the expression of Ki-67, §-catenin and PCNA,
and the expression of Ki-67, §-catenin and PCNA was the highest
in the AP@CS@Lip@HKUST-1 group. Zonula occludens-1
(ZO-1), occludin-1 and claudin are tight junction proteins of
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**x%P < (0.0001. ns, not significant. (H) Fluorescence staining of gastric epithelial cells after different treatment in mice. The apoptosis of gastric
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evaluated by Occludin-1 and ZO-1 fluorescence staining of gastric tissues. Scale: 50 pum.

gastric epithelial cells that can reflect gastric mucosal repair
ability®®. As shown in Fig. 6H and Fig. S37, the expression of ZO-
1, Occludin-1 and Claudin was very low in the H. pylori group,
while the expression of ZO-1, Occludin-1 and Claudin was
significantly increased after treatment with Lip@HKUST-1 and
CS@Lip@HKUST-1, while AP@CS@Lip@HKUST-1 induced
the highest expression of ZO-1 and Occludin-1 (Fig. 6H,

Fig. S37). All these results indicated that AP@CS@-
Lip@HKUST-1 has the best gastric mucosa repair effect.

Collectively, through the slow release of Cu?",
CS@Lip@HKUST-1 can not only kill H. pylori and relieve
inflammation but also promote gastric mucosal repair by pro-
moting cell proliferation as well as repairing gastric epithelial cell
tight and adhesion junctions.
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3.8.  Invivo safety analysis and influence on the homeostasis of
intestinal flora

Nanotoxicity in vivo should also be considered before further
application of AP@CS@Lip@HKUST-1. Routine tests of blood
(Supporting Information Fig. S38) and blood biochemistry
(Supporting Information Fig. S39) in mice treated with
AP@CS@Lip@HKUST-1 were close to those of the control group,
with no abnormal blood parameters. In addition, no pathological
symptoms were observed in sections of the heart, liver, spleen, lung
or kidney of treated mice compared with the control group, indi-
cating that the nanoparticles caused no pathological damage to the
main organs (Supporting Information Fig. S40). These results
suggested that the AP@CS@Lip@HKUST-1 hydrogel exhibited
reasonable biocompatibility/low cytotoxicity in vivo.

In addition to good in vivo biocompatibility, negligible effects on
the homeostasis of intestinal flora should be another goal when
designing biomaterials for H. pylori eradication’. As shown in
Fig. 7A and B, there was no significant difference in intestinal flora
a-diversity (Chao 1 and Shannon indexes) between the
AP@CS@Lip@HKUST-1 group and the control group (Supporting
Information Table S1). However, in the antibiotic group, the intes-
tinal bacterial richness was significantly reduced (Supporting
Information Table S2). Next, we analyzed the relative abundance

of the intestinal flora colony structure. As shown in Fig. 7C, anti-
biotic treatment significantly increased harmful bacteria (Escher-
ichia—Shigella) in the intestinal flora of mice, while no harmful
bacteria were observed in the intestinal flora composition after
AP@CS@Lip@HKUST-1 treatment. Additionally, we investigated
the changes in the abundance of Lactobacillus and Bifidobacterium
in the mouse intestine after AP@CS@Lip@HKUST-1 treatment
(Supporting Information Fig. S41). The results showed that,
compared to that in the control group, there was no significant
change in the abundance of these two bacterial groups after
AP@CS@Lip@HKUST-1 treatment. In contrast, the abundance of
both bacterial groups significantly decreased after antibiotic treat-
ment, further demonstrating that AP@CS@Lip@HKUST-1 treat-
ment has a minimal effect on the intestinal flora. This may be due to
the targeting of nanoparticles to the site of inflammation in the
stomach as well as to H. pylori, resulting in their action only at the
site of H. pylori colonization and greatly reducing the harm to the
intestinal commensal flora™®’. In addition, we also predicted
changes in the intestinal flora after AP@CS@Lip@HKUST-1
treatment. As shown in Supporting Information Fig. S42, the
function of intestinal flora after AP@CS@Lip@HKUST-1 treat-
ment tended to promote cell proliferation metabolism, demon-
strating that AP@CS@Lip@HKUST-1 could promote mucosal
repair.
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Cell proliferation genes

The impact of AP@CS@Lip@HKUST-1 on the homeostasis of intestinal microbiota and transcriptome analysis of the stomach after

AP@CS@Lip@HKUST-1 treatment. Flora richness (A) Chao 1 diversity and (B) Shannon indexes of a-diversity in the feces of mice after
different treatments. (C) Relative abundance of colony structures in mouse feces after treatment was measured by 16S rRNA sequencing. (D)
Bubble diagram showing GO pathway enrichment analysis of AP@CS@Lip@HKUST-1/H. pylori comparison. (E) Bubble diagram showing
KEGG pathway enrichment analysis of AP@CS@Lip@HKUST-1/H. pylori comparison. (F) Gene expression analysis of the positive regulation
of the inflammatory response and cell proliferation in mouse gastric tissue between the AP@CS@Lip@HKUST-1 treatment and H. pylori (PBS

treatment) groups, n = 3 mice per treatment. Data are presented as
kP < 0.0001. ns, not significant.

the mean = SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001,
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Overall, the results of the in vivo safety evaluation and
microbiome analysis showed that AP@CS@Lip@HKUST-1 has a
favorable in vivo safety profile, with minimal impact on the in-
testinal flora while eradicating H. pylori.

3.9. Role of AP@CS@Lip@HKUST-1 in the stomach by
transcriptomic analysis

To further investigate the molecular mechanisms underlying the
efficacy of AP@CS@Lip@HKUST-1 treatment, we collected
gastric tissues from control mice as well as H. pylori mice and
mice after gavage treatment for transcriptomic analysis
(Supporting Information Fig. S43). In total, 3276 significantly
differentially expressed genes (DEGs) were found to be expressed
([log, FC]>1, g-value <0.05), and the Venn plot showed in detail
the genetic changes between the three groups (Supporting
Information Fig. S44). Compared with the H. pylori group, the
AP@CS@Lip@HKUST-1 group exhibited 278 upregulated genes
and 162 downregulated genes among 440 DEGs, and the volcano
plot shows the distribution of these DEGs (Supporting Information
Fig. S45). Then, GO functional enrichment analysis was per-
formed to elucidate the pathways in which the DEGs were
involved. As shown in Fig. 7D, the GO functional enrichment
analysis  proved that the pathways activated by
AP@CS@Lip@HKUST-1 treatment were correlated with those
affected by bacterial infection, which confirmed the antibacterial
function of our nanoparticles. In addition, GO enrichment analysis
also showed that DEGs were associated with inflammatory re-
sponses and positive cell proliferation, which was also consistent
with our previous experimental results, validating the efficacy of
our nanoparticles in promoting cell proliferation and gastric
mucosal repair as well as anti-inflammatory properties. Moreover,
KEGG pathway analysis also revealed that DEGs in the
AP@CS@Lip@HKUST-1 group were enriched in inflammation-
related pathways, including TNF signaling pathways and IL-17
signaling pathways, and cell proliferation-related pathways,
including ECM-receptor interaction signaling pathways, Ras
signaling pathways and PPAR signaling pathways, suggesting that
AP@CS@Lip@HKUST-1 may exert anti-inflammatory and pro-
repair functions (Fig. 7E). Furthermore, we analyzed the DEGs in
the GO analysis in the inflammatory response as well as cell
proliferation between the AP@CS@Lip@HKUST-1 and H. pylori
groups. As shown in Fig. 7F, H. pylori infection significantly
suppressed the expression of anti-inflammatory genes (Bcl6 and
Krt13) while leading to the upregulation of proinflammatory gene
(e.g., Itga2 and Lpl) expression, and AP@CS@Lip@HKUST-1
treatment resulted in the downregulation of these proin-
flammatory genes and the upregulation of anti-inflammatory gene
expression, demonstrating the anti-inflammatory efficacy of
AP@CS@Lip@HKUST-1. In addition, our results also found that
genes related to the promotion of cell proliferation (e.g., Tnc, Blm,
Mmp12) were also upregulated after AP@CS@Lip@HKUST-1
treatment, suggesting that AP@CS@Lip@HKUST-1 has a
repairing effect on gastric mucosa (Fig. 7F). In addition, RT-qPCR
also demonstrated the above results (Supporting Information
Fig. S46). Taken together, these results indicate that
AP@CS@Lip@HKUST-1 showed anti-inflammatory and prolif-
erative effects by increasing the expression of a series of genes
associated with anti-inflammation and cell proliferation.

To the best of our knowledge, this is the first multifunctional
antibiotic-free platform that simultaneously eradicates planktonic,
biofilm, and intracellular H. pylori without disrupting the

homeostasis of the intestinal flora while also repairing the gastric
mucosa. Simultaneous eradication of planktonic, biofilm, and
intracellular H. pylori can kill H. pylori more thoroughly, and the
repair of the gastric mucosa can once again establish a complete
gastric mucosal barrier to prevent the body from being infected
with H. pylori again.

4. Conclusions

This study introduces a multi-effect Cu®>"-organic nanoparticle
platform for clearing planktonic, biofilm-sequestered, and intra-
cellular H. pylori in the stomach. Sequential coatings of these
nanoparticles also alleviate inflammation while promoting the
repair of the gastric mucosa without damaging the intestinal
microecology. This platform, comprising HKUST-1 within an
RHL/PA/CHOL liposomal membrane layer enveloped within
chitosan (CS) and delivered as a negatively charged AP-based
hydrogel, first enters the stomach and targets positively charged
inflammation sites in the stomach. The hydrogel is subsequently
hydrolyzed by secreted MMPs in the stomach environment,
releasing CS@Lip@HKUST-1. These nanoparticles then adhere
to H. pylori aggregates at inflammatory sites through electrostatic
interactions between the cell membrane and CS. The slow release
of Cu®>" from HKUST-1 disrupts the bacterial membrane and in-
hibits urease activity, resulting in cytotoxicity toward H. pylori.
Additionally, the RHL component of the lipid membrane can
disrupt H. pylori biofilms and prevent its reformation, while the
PA component can activate autophagy in infected cells, facilitating
clearance of intracellular H. pylori. In addition to its antibacterial
effects, the gradual accumulation of Cu®* confers anti-
inflammatory effects and enhances the repair of damaged mu-
cosa through previously reported positive effects on angiogenesis
and collagen deposition. The findings in this study indicate that
this antibiotic-free, multifunctional, HKUST-1-based platform and
its Cu*"-based mechanism of action may serve as an effective
therapeutic option for recalcitrant H. pylori infection and warrant
further exploration and development for clinical application.
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