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Abstract

Helicobacter pylori infection represents a significant modifiable risk factor in the pathogenesis of gastric cancer. Nevertheless,
conventional antibiotic treatments have increasingly proven inadequate due to challenges such as antibiotic resistance, microbi-
al dysbiosis, and mucosal damage. In response to these issues, this review introduces an innovative intervention strategy based
on the “nanotechnology-based 3R” approach (Remove H. pylori, Remodel the microenvironment, Repair the gastrointestinal
tract), which aims to offer a comprehensive solution for managing H. pylori infection. This strategy comprises three principal
components. Firstly, the utilization of pH/light/ magnetic multi-responsive nanomaterials facilitates the precise eradication of
the pathogen and its biofilm. Secondly, to address bacterial immune evasion, these nanomaterials are engineered to target and
neutralize virulence factors such as VacA, thereby contributing to the reversal of the local immunosuppressive environment.
Thirdly, the utilization of nanomaterials presents a promising approach for the concurrent repair of the mucosal barrier and the
maintenance of intestinal microbiome homeostasis. Finally, this paper provides a comprehensive analysis of the specific mech-
anisms employed by typical nanomaterials, including metal-organic frameworks, charge-reversal nanoparticles, nanozymes,
and antimicrobial peptide crystals. These mechanisms involve targeted microbial eradication, activation of autophagy, and the
upregulation of tight junction proteins. Furthermore, the study delves into the critical roles played by multimodal external field
stimulation and material-host interaction network analysis, which are essential for future clinical translation. Ultimately, this
review suggests a potential roadmap for system-precision intervention that transcends the conventional “sterilization first”
paradigm. Nonetheless, the current evidence regarding the efficacy and safety of this approach is predominantly derived from
cell and mouse models. Therefore, its clinical applicability requires validation through studies involving large animal models
and prospective clinical trials.

Keywords: Helicobacter pylori; Antibiotic-free; Integrative medicine; Gastrointesti-
nal tract; Nanomaterial; Immune remodeling; Organ repair.

*Correspondence to: Jic Gao, Clinical Research Center, The First Affiliated Hos-
pital of Naval Medical University, Shanghai 200433, China. ORCID: https://orcid.
0rg/0000-0003-1317-2445. Tel: +86-021-31166666, E-mail: gaojichighclea@smmu.
edu.cn; Yiqi Du, Department of Gastroenterology, Shanghai Changhai Hospital, Na-
val Medical University, Shanghai 200433, China. ORCID: https://orcid.org/0000-
0002-4261-6888. Tel: +86-021-31166666, E-mail: duyigi@hotmail.com

#These authors contributed equally to this work.

How to cite this article: Wang J, Wu H, Zhang T, Wu Y, Cui H, Wu X, et al. Heli-

Introduction

Gastric cancer remains one of the most prevalent and lethal major
cancers worldwide, ranking fifth in new cases among all malig-
nant tumors and third in mortality, and continues to pose a sig-
nificant public health burden.! Gastric cancer is often diagnosed
at an advanced stage, a characteristic that significantly increases
the difficulty of treatment and leads to a high mortality rate.> A
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large number of epidemiological and molecular biological stud-
ies have shown that H. pylori infection is one of the most impor-
tant modifiable risk factors for gastric cancer development, and
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it has been classified as a Class I carcinogen.®* H. pylori infec-
tion significantly increases the risk of gastric cancer through
mechanisms involving chronic infection, immune dysregulation,
and multiple carcinogenic pathways.>® Studies have shown that
H. pylori infection is one of the main causes of gastric cancer. It
significantly increases the risk of gastric cancer by continuously
inducing gastric mucosal inflammation, immune response disor-
ders, and remodeling of the tumor microenvironment.” According
to the “Fifth National Consensus Report on the Management of
H. pylori Infection”, the “Management of H. pylori Infection—
Maastricht VI/Florence Consensus Report”,® the IHPWG Consen-
sus,” and the Kyoto Global Consensus in 2015, H. pylori infection
is contagious and is a major controllable cause of gastric cancer.
The Kyoto Consensus clearly stated that all infected individuals
should receive eradication therapy to prevent the development
of gastric cancer and reduce transmission, and that initial eradi-
cation treatment is critically important.!” Numerous studies have
shown that the decline in cancer incidence is closely related to the
global reduction in H. pylori infection rates.!! H. pylori infection
can trigger a variety of gastrointestinal diseases, posing a serious
threat to public health and increasing the medical burden.!? The
Department of Gastroenterology and Clinical Research Center of
Shanghai Changhai Hospital, affiliated with Naval Medical Uni-
versity, led by Academician Zhaoshen Li and Director Yiqi Du,
has long been committed to research on H. pylori prevention and
control. Between 2021 and 2023, the team led a large-scale epi-
demiological survey covering 29 provinces, 10,735 families, and
over 31,000 individuals nationwide. The results revealed that the
individual H. pylori infection rate in China was 40.66%, whereas
the family infection rate was as high as 71.21%. A previous study
systematically demonstrated that “family clustering” is the core
link in the transmission of H. pylori.'® On the basis of the above
data, the team, in collaboration with 57 centers in China, formu-
lated the world’s first “Chinese Consensus on the Control and
Management of Family H. pylori Infection (2021 Edition).” This
consensus proposes a comprehensive family intervention strategy
of “screening—simultaneous eradication—follow-up,” upgrading
the “individual treatment” model to a “family management” model
for the first time. It provides an evidence-based pathway and op-
erational guidelines for reducing reinfection rates and preventing
primary gastric cancer.'*!5 In 2023, Nobel laureate and discoverer
of H. pylori, Professor Marshall, published an article in the journal
Gut highly appraising China’s proposed “family-based H. pylori
screening-eradication” strategy, deeming it feasible and worthy of
global promotion.!® A nationwide multicenter long-term follow-up
study confirmed that standardized eradication of H. pylori can sig-
nificantly reduce the risk of gastric cancer.!” Currently, the treat-
ment strategy for H. pylori infection still involves multidrug com-
bination regimens, typically including combinations of antibiotics,
proton pump inhibitors, and bismuth agents.®!%1° The National
Consensus on the Management of H. pylori Infection recommends
bismuth quadruple therapy as the first-line regimen for eradicat-
ing H. pylori infection.?? However, traditional antibiotic therapy
faces many challenges in clinical application. On the one hand,
antimicrobial resistance is increasingly severe. On the other hand,
the extensive use of broad-spectrum antibiotics inevitably disrupts
the balance of the gut microbiota, which may lead to long-term ad-
verse metabolic and immune consequences.?!"*? Facing this clini-
cal dilemma, it is urgent to break out of the “antibiotic-dominated”
mindset and construct a systematic intervention strategy that takes
into account pathogen clearance, microecological protection, and
host immune remodeling.?* In recent years, intelligent biomateri-
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als, with their responsive advantages to pH, enzymes, light, mag-
netism, etc., have been able to precisely eliminate H. pylori in the
stomach while synchronously repairing the mucosa and balancing
the microbiota, providing the possibility for closed-loop manage-
ment of “treatment-repair-homeostasis maintenance”.?* This strat-
egy can not only effectively overcome the problem of antibiotic
resistance but also avoid unnecessary interference with the gut
microbiota.?

In recent years, the rapid development of nanomedicine has pro-
vided revolutionary tools for the precise intervention of H. pylori
infection.2628 Specifically, the application of nanomaterials in the
treatment of H. pylori infection is mainly reflected in the follow-
ing three aspects: (1) directly enhancing the killing efficiency of
drug-resistant bacteria through targeted delivery, sustained-release
or controlled release, or physical penetration; (2) modulating the
functions of immune cells to kill pathogens or eliminate bacterial
toxins, thereby reshaping the inflammatory microenvironment of
the stomach; (3) using mucosal repair factors or prebiotics/pro-
biotics to simultaneously promote gastric tissue regeneration and
the balance of the gut microbiota.?”2° Building on the “Remove-
Remodel-Repair” (3R) multidimensional synergistic mechanism,
this article introduces a novel nanomaterial-mediated comprehen-
sive therapeutic paradigm. This approach involves three sequential
steps: initially, the efficient removal of pathogens (Remove), fol-
lowed by the remodeling of the infected microenvironment (Re-
model), and ultimately, the repair of damaged organs (Repair). The
objective is to systematically manage H. pylori infections. Figure
1 illustrates the 3R strategy framework. Furthermore, we aim to in-
tegrate innovations across three dimensions, nanomaterials, immu-
nology, and microecology, to propose and explore a potential new
individualized non-antibiotic pathway for combating H. pylori.>

Remove H. pylori

Nanomaterials have demonstrated great potential in the precise
elimination of H. pylori. By ingeniously combining material prop-
erties with the physiological characteristics of the pathogen, nano-
materials can achieve efficient targeted delivery and antibacterial
effects.3! pH-responsive materials take advantage of the unique pH
characteristics of the gastric environment. For example, protonated
polymers such as chitosan and tannic acid can release antimicrobi-
al substances under acidic gastric conditions. This not only elimi-
nates H. pylori but also protects the intestinal microbiota from dis-
ruption.?? Enzyme-responsive materials leverage overexpressed
enzymes at the site of infection, such as matrix metalloproteinases
(MMPs), to achieve precise targeted release of drugs. Nanogels
composed of ascorbyl palmitate (AP) can target inflamed sites and
release drugs, thereby effectively combating H. pylori.3* Nanoma-
terial-based phototherapy has also shown excellent performance.
Photothermal agents such as gold nanostars (GNSs) can convert
light energy into heat energy to disrupt the bacterial living envi-
ronment. For example, the GNS@ADb constructed by Zhi et al.3*
could effectively kill drug-resistant H. pylori with the assistance
of a near-infrared laser while maintaining the balance of the intes-
tinal microbiota. Photosensitizers such as chlorin ¢6 (hereinafter
referred to as Ce6) generate reactive oxygen species (ROS) under
irradiation with specific laser wavelengths, causing irreversible
damage to biomolecules through oxidation. The ZnO2-Ce6@lipo
developed by Wong et al.’s efficiently eradicated H. pylori. Sono-
dynamic therapy leverages the cavitation effect of ultrasound and
the ROS generated by sonosensitizers to kill bacteria. For example,
Fe-HMME@DHA@MPN can release Fe-HMME and HMME in
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Fig. 1. Schematic diagram of 3R (Remove, Remodel, Repair) integrated therapy for H. pylori infection based on nanomaterials. Created with BioRender.
com. H. pylori, Helicobacter pylori; IL-6, interleukin-6; PCNA, proliferating cell nuclear antigen; TNF-a, tumor necrosis factor-alpha; ZO-1, zonula occludens-1.

an acidic environment, generating singlet oxygen under ultrasound
irradiation to achieve sonodynamic therapy.’® Magnetic materials
can generate local high temperatures under an alternating magnetic
field, thereby disrupting the living environment of H. pylori. For
example, the FeCo@G nanoheater can upregulate the expression
of HSP70 under the action of an alternating magnetic field, thereby
enhancing the body’s resistance to H. pylori infection.’” In addi-
tion, the development of multistimuli-responsive materials and
multifunctional nanoplatforms has further enhanced therapeutic
efficacy. For example, Pd(H)@ZIF-8@AP, which combines pho-
tosensitizers and pH-responsive materials, can achieve multiple
precise strikes, thereby effectively eliminating H. pylori (Table
1).33-3638-44 The MSPLNP-Au-CB nanomaterial integrates diag-
nostic, therapeutic, and imaging functions, enabling precise locali-
zation and efficient eradication of H. pylori.3 In summary, nano-
materials have shown significant advantages in precise targeting
and efficient antibacterial activity against H. pylori. However, to
further improve therapeutic efficacy and safety and promote their
clinical application, the performance of nanomaterials still needs
to be optimized.

Response mechanisms of nanomaterials for H. pylori clearance

The eradication of H. pylori using nanomaterials is achieved
through sophisticated responses to either endogenous stimuli with-
in the gastric microenvironment or precisely applied exogenous
stimuli. These responsive mechanisms enable spatiotemporally
controlled drug release, physical disruption of bacteria, or genera-
tion of bactericidal agents, thereby enhancing precision and reduc-
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ing off-target effects. As summarized in Table 1, these strategies
can be broadly categorized into endogenous stimulation (e.g., pH,
enzymes, ROS) and exogenous/multimodal stimulation (e.g., light,
ultrasound, magnetic field).

Nontargeted strategies for removal

Non-targeted (ligand-free) nano-strategies rely on bulk or environ-
ment-triggered actions to eradicate H. pylori. Lipid nanoparticles
(such as liposomes) achieve drug delivery by physically encapsu-
lating antibiotics (e.g., amoxicillin) or natural antibacterial lipids
(e.g., linolenic acid). The membrane structure of liposomes can
fuse with bacterial cell membranes, disrupting the integrity of the
H. pylori cell membrane and thereby killing bacteria. For exam-
ple, the liposome-encapsulated linolenic acid system (LipoLLA)
designed by Obonyo et al.*> was able to kill 99.9% of H. pylori
after incubation at a concentration of 67 pg/mL for 30 m while
also disrupting the cell membranes of its dormant forms (coccoid
forms), and no drug resistance was induced within 10 days. Inor-
ganic nanoparticles (such as zinc oxide and silver nanoparticles)
leverage their unique physicochemical properties to release metal
ions (Zn%*, Ag") or generate ROS in the gastric acid environment,
thereby exerting antibacterial effects.*® Metal ions can bind to li-
popolysaccharides on the H. pylori cell membrane, disrupting the
cell membrane structure. Additionally, metal ions can form stable
coordination bonds with nitrogen, oxygen, or sulfur atoms within
bacterial cells, thereby interfering with the normal physiological
functions of bacteria. ROS induce oxidative stress and damage
bacterial cell membranes and DNA, thus achieving a bactericidal
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effect. For example, the pH-sensitive GNSs (GNS@AD) designed
by Zhi et al.3* could effectively kill H. pylori in the stomach, in-
cluding drug-resistant strains, through a photothermal conversion
process that generates heat with the assistance of a near-infrared
laser. In addition, after complete eradication of H. pylori in vitro,
most of the GNS@Abs can be excreted from the body without dis-
rupting the balance of the gut microbiota (Table 1).3* These non-
targeted strategies involving nanomaterials also have significant
advantages in reducing the emergence of drug-resistant strains,
providing new ideas for future clinical treatments.

Targeted strategies for removal

Unlike bulk-action platforms, ligand-directed nanocarriers home
to H. pylori surface epitopes or essential enzymes. For example,
the pectin-coated liposomes prepared by Gottesmann et al.*? sig-
nificantly enhanced the bactericidal effect by utilizing the specific
interaction between pectin and the surface structure of H. pylori.
In addition, pH-responsive nanomaterials can release drugs in the
acidic environment of the stomach, increasing the concentration
of drugs at the site of infection, thereby enhancing the antibacte-
rial effect and reducing the impact on the gut microbiota.*’ Jing et
al.*® were the first to use the unique urea channel Urel on the H.
pylori membrane to design urea-chitosan/TPP nanoparticles. The
carrier particles are approximately 230 nm in size and have pH-
sensitive characteristics: almost no drug release in gastric acid (pH
1.2) but rapid drug release in the gastric mucosal layer (pH 6.0).
This characteristic increased the local concentration of amoxicil-
lin at the lesion by 14 times, and the antibacterial rate was close
to 90% within 6 h. Competitive experiments revealed that the ad-
dition of urea significantly weakened the drug effect, confirming
that the targeting molecule was indeed Urel and providing direct
evidence for “drug-channel” lock-and-key delivery.® In a system-
atic review, Almarmouri et al.*® pointed out that urease is a key
enzyme for acid resistance in the stomach of H. pylori, which is
not expressed by the host and the main symbiotic bacteria, so it has
natural selectivity. The micromolar inhibitors (quercetin, thiocar-
bamide derivatives, metal complexes, etc.) collected by the authors
can reduce the gastric bacterial load by 2-3 log in animal mod-
els without significantly changing the Shannon index of intestinal
flora, thereby achieving efficient bactericidal activity and main-
taining microecological homeostasis.** Targeted nanomaterials
have significantly improved the treatment of H. pylori infection by
precisely delivering drugs and inhibiting urease activity while re-
ducing the occurrence of drug resistance and the impact on normal
tissues, providing a new direction for clinical application.

Progressive selection framework for precise removal of nano-
materials

Although Table 1 systematically summarizes various responsive
nanomaterials used for H. pylori clearance, from a clinical transla-
tion perspective, these strategies are not in the same mature ech-
elon. Based on the four dimensions of oral feasibility, gastric reten-
tion efficacy, difficulty in large-scale production, and regulatory
acceptability, we can divide the existing nanomaterials into three
progressive levels: Tier 1: pH-responsive monofunctional nano-
materials. Representative systems include ZAN@CS MNDs and
Pd(H)@ZIF-8.4%4! Their primary advantage lies in exclusive reli-
ance on intrinsic gastric acidity for triggering, requiring no exter-
nal devices. Preclinical studies have demonstrated stomach-specif-
ic drug release and minimal perturbation of the gut microbiota. The
principal bottleneck is no longer efficacy, but rather the absence of
comprehensive long-term toxicity profiles.**#! Tier 2: Photother-
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mal/sonodynamic/magnetothermal physical sterilization nanoma-
terials. Representative systems include GNS@AD, Ver PLGA@
Lec, and FeCo@G.3**** Their irreplaceable value resides in an-
tibiotic-independent physical bactericidal mechanisms. Neverthe-
less, clinical translation is constrained by the fact that ultrasound/
magnetic field devices have not yet been integrated into routine
clinical pathways for H. pylori eradication.’**>* Tier 3: Multi-
modal response nanomaterials. Representative systems include
Fe-HMME@DHA@MPN. Despite their conceptual sophistica-
tion, definitive evidence of clinical endpoint benefits is lacking. At
the current stage, such platforms should be positioned primarily as
proof-of-concept models for mechanistic exploration.3¢

In summary, the trajectory of “orally administered single-stim-
ulus responsive materials — physical sterilization-enhancing ma-
terials — multimodal theranostic platforms” constitutes a rational,
stepwise translational roadmap for the field of nanomaterial-medi-
ated H. pylori eradication.

Molecular targeting

Molecular targeting is a key strategy for the precise elimination
of H. pylori. By precisely intervening in the key pathogenic fac-
tors or metabolic pathways of bacteria, molecular targeting clear-
ance strategies provide new ideas for overcoming drug resistance
and biofilm barriers. The virulence factors CagA, VacA, and T4SS
are the core “weapons” of H. pylori pathogenesis.>" In vitro stud-
ies have confirmed that small-molecule inhibitors can block the
energy ATPase Caga of the T4SS and inhibit the translocation of
CagA, thereby reducing the release of IL-8 from epithelial cells
and the inflammatory response.3’ Enzyme targeting: Urease is the
key enzyme by which H. pylori resists gastric acid and is con-
sidered the “lifeline”. After being covalently modified by silver
nanoparticles, the half-maximal inhibitory concentration (ICy,) of
the natural product quercetin is reduced from 42 pM to 1.8 pM,
with no cross-inhibition of mammalian urease.5! Immune micro-
environment targeting: During H. pylori infection, cytokines such
as IL-17, which are secreted by Th17 cells, play important roles
in the immune response. However, the VacA toxin of H. pylori
can induce myeloid cells in the gastric mucosa to differentiate
into CD25"Foxp3* regulatory T cells (Tregs), which inhibit pro-
tective inflammatory responses by releasing IL-10. Experiments
have shown that mice depleted of CD25" Treg cells produce higher
levels of IFN-y in response to H. pylori stimulation, with massive
infiltration of macrophages and T cells in the gastric mucosa,
which aids in bacterial clearance.>? Bacterial cell wall targeting:
The hydroxyl groups in phenylboronic acid can reversibly cova-
lently bind to peptidoglycan in the bacterial cell wall, thereby en-
hancing the ability of the material to recognize and target bacteria.
For example, studies have shown that gold nanoparticles (AuNPs)
modified with phenylboronic acid can specifically bind to pep-
tidoglycan on the surface of gram-positive bacteria through this
mechanism, disrupting the cell wall structure and leading to bacte-
rial death.53 Molecular targeting strategies demonstrate significant
therapeutic potential by precisely intervening in key pathogenic
factors, metabolic pathways, and the immune microenvironment
of H. pylori. These strategies not only effectively inhibit bacterial
virulence and survival but also enhance the host immune response
and maintain microbiota balance. Multidimensional interventions,
including the targeting of virulence factors, enzyme systems, im-
mune microenvironments, and bacterial cell walls, provide new
ideas for overcoming drug resistance and biofilm barriers and of-
fer theoretical and technical support for the precise prevention and
treatment of H. pylori infections.
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Physical targeting

Physical targeting strategies activate the functions of nanomate-
rials through external physical stimuli (such as light, ultrasound,
and magnetic fields) to achieve spatiotemporally controllable and
precise elimination of H. pylori infections. In recent years, pho-
toresponsive nanomaterials have shown great potential in antibac-
terial therapy through physical targeting mechanisms. Ti e al.5*
developed a CDs@ZIF-8 composite nanofiber membrane that trig-
gers the production of ROS upon visible light exposure, disrupting
bacterial membrane structures to achieve photodynamic steriliza-
tion. Gao et al.>% constructed a black phosphorus-based nanoplat-
form (BP@EPL-LA) that generates ROS and nitric oxide under
near-infrared light irradiation. It achieves pH-responsive targeting
through charge reversal, enhancing electrostatic adsorption with
bacterial membranes in the acidic infection microenvironment.
This significantly improves sterilization efficiency and effectively
clears drug-resistant bacterial biofilms in vivo, promoting tissue
repair.5 Ultrasound-responsive materials (such as Ver-PLGA@
Lecithin) generate a large amount of ROS through sonodynamic
therapy, disrupting biofilm structures and killing H. pylori. Liu et
al.® reported that Ver-PLGA@Lecithin can effectively produce
ROS under ultrasound triggering, clearing H. pylori from biofilms
while having minimal impact on the gut microbiota. The diversity
of the gut microbiota is maintained after treatment.*3 Magnetic
materials (such as FeCo@G) generate heat through the magneto-
thermal effect under an alternating magnetic field, upregulating
HSP70 in host cells and thereby inhibiting H. pylori coloniza-
tion. Xia et al. demonstrated that FeCo@G has good stability in
the acidic environment of the stomach. It destroys H. pylori cell
membranes through heat generation and activates host defense
mechanisms to achieve efficient sterilization. Within 24 h after
treatment, 95% of the material can be excreted from the gastroin-
testinal tract, indicating high safety.** Moreover, the MC@PHDA
hydrogel achieves physical targeting clearance of hepatocellular
carcinoma by activating the photothermal effect of MoS, and the
photodynamic action of Chlorella through spatiotemporally pre-
cise irradiation with 660 nm and 808 nm lasers, generating local
hyperthermia and ROS. This light-controlled technique not only
efficiently eradicates cancer cells but also protects surrounding
normal tissues, highlighting the unique advantages of physical tar-
geting in tumor therapy.5® Physical targeting technology activates
nanomaterials through external physical stimuli (such as light, ul-
trasound, and magnetic fields) to achieve precise elimination of A.
pylori infections. This technology not only significantly improves
the efficiency of H. pylori clearance but also reduces interference
with the gut microbiota, demonstrating significant advantages and
broad application prospects.

Environmental targeting

Environmental targeting strategies utilize the acidic microenviron-
ment of the H. pylori colonization area to design pH-responsive
nanodrugs, achieving precise drug release and activation at the site
of infection.5” Zhang et al.>® devised a more straightforward “endog-
enous enzyme-mimicking” strategy. They synthesized fullerinol na-
noparticles that undergo a pinacol rearrangement of vicinal hydroxyl
groups into carbonyl moieties under the low-pH conditions of the
stomach. This structural conversion leads to a marked increase in the
surface C=0/C—O ratio, which effectively “switches on” the peroxi-
dase-like activity of the fullerinol nanoparticles. Consequently, these
activated nanoparticles can catalyze the generation of antibacterial
species precisely at the site of Helicobacter pylori infection, ena-
bling targeted bacterial eradication and biofilm disruption without
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inducing antibiotic resistance.3® This mechanism of “environmental
response—structural transformation—local amplification of steriliza-
tion” provides new ideas for the precise treatment of H. pylori infec-
tions.>® Wang et al.% elaborated on the design and fabrication of
mono- or multifactor-responsive nanoscale antibacterial systems by
exploiting the unique microenvironmental features of the infection
site, such as low pH, enzymes, toxins, and temperature. These intel-
ligent systems can achieve precise drug release, surface charge re-
versal, and deep penetration at the site of infection, significantly im-
proving the clearance efficiency of drug-resistant bacteria and their
biofilms while reducing toxicity to normal tissues.* Moreover, the
low-pH environment of the stomach provides a natural opportunity
for the activation of pH-responsive materials. For example, ZnO,
nanoparticles were shown to fully release Zn>* ions in a gastric acid
environment. These metal ions precisely target the cell membrane
of H. pylori, disrupting its integrity and thereby disturbing bacterial
metabolic activities, leading to bacterial death.3 Similarly, the Bi-
MOF@CS-Se nanodrug, with its unique metal-organic framework
structure, rapidly dissociates and releases Bi** ions under acidic con-
ditions. The Bi** ions effectively inhibit the key energy metabolism
processes of H. pylori and enhance the permeability of the bacterial
cell membrane, demonstrating excellent antibacterial efficacy. In the
neutral intestinal environment, these materials exhibit good stability,
avoiding disturbance to the gut microbiota and thus achieving pro-
tection of the intestinal microecology.>® The inflamed gastric region
is typically characterized by the overexpression of MMPs. Enzyme-
responsive materials ingeniously exploit this feature to achieve
precise drug release. For example, the AP@CS@Lip@HKUST-1
nanoplatform, with its outer AP hydrogel layer degrading under the
action of MMPs, releases the loaded antibacterial components in an
orderly manner. This on-demand release mechanism not only en-
hances the precision of antibacterial therapy but also significantly
reduces the potential toxicity of drugs to normal tissues, achieving
efficient and safe pathogen clearance. Moreover, the phosphatidic
acid (PA) component in this material can activate the autophagy
pathway in gastric epithelial cells, aiding in the clearance of intra-
cellular bacteria and further enhancing the thoroughness of the an-
tibacterial effect.*! This intelligent responsive property enables the
material to clear gastric pathogens while maintaining the stability of
the intestinal microbiota, providing strong support for the balance of
gastrointestinal microecology.

Remodel the microenvironment

Nanocarriers can efficiently adsorb virulence factors such as VacA
excreted by H. pylori through a “capture-clear” strategy, thereby
reshaping the gastric mucosal immune microenvironment. In the
treatment of H. pylori infection, nanomaterials play an impor-
tant role by reshaping the inflammatory microenvironment in the
stomach. For example, the ZAN@CS MND nanodrug protonates
and becomes positively charged in the acidic gastric environment,
where it targets H. pylori, disrupts its cell membrane, and disman-
tles the biofilm structure. Moreover, this nanomaterial can modu-
late the immune response, increasing the number of CD4" T cells
in the stomach and reducing the expression of proinflammatory
factors. This strategy not only eliminates pathogens but also re-
shapes the microenvironment by regulating immune cell functions,
providing new ideas for the treatment of H. pylori infection.*

Nanocarriers adsorb virulence factors

Nanocarriers can specifically adsorb the key virulence factor VacA
of H. pylori, thereby significantly improving the host immune
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microenvironment. VacA is one of the main virulence factors of
H. pylori and can induce vacuolation in host cells and disrupt the
integrity of cell membranes, thereby inhibiting the function of im-
mune cells and weakening the host immune response.®! By care-
fully designing nanocarriers with the ability to specifically adsorb
VacA, it is possible to effectively reduce the damage caused by
VacA to host cells and avoid the inhibitory effects of VacA on im-
mune cells, thereby enhancing the host immune response. For ex-
ample, Ver-PLGA@Lecithin nanoparticles have an adsorption rate
of over 90% for VacA in the pH range of 2—7. They can block the
binding of VacA to integrin 1, significantly downregulating the
activation of the NLRP3/IL-1pB axis.*® Similarly, H. pylori outer
membrane vesicles are rich in VacA, which can be synchronously
adsorbed and delivered by chitosan-modified mesoporous silica
nanoparticles along with antibiotics, thereby reducing the IL-8
storm induced by outer membrane vesicles.®? In addition, poly-
dopamine (PDA)-coated cerium oxide nanorods (PDA-CeO,) can
clear free VacA through electrostatic interactions, restore the M2
polarization of macrophages, and increase IL-10 levels.® These
studies collectively demonstrate that nanoplatforms lay the foun-
dation for immune homeostasis in the subsequent “remodeling-
repair” process by “clearing” virulence factors.

Activating the innate immune response

The use of nanomaterials has emerged as a novel strategy for
treating H. pylori infections by reshaping the immune microen-
vironment through the activation of the innate immune response.
In recent years, nanomaterials have shown great potential in ac-
tivating innate immunity. Research indicates that copper-based
metal-organic frameworks (MOFs) nanomaterials can induce
immunogenic cell death through photothermal therapy, releas-
ing damage-associated molecular patterns and tumor-associated
antigens. This process activates the maturation of dendritic cells
(DCs), which in turn stimulates T cell-mediated immune respons-
es, effectively suppressing tumor recurrence.® Nanomaterials can
mimic pathogen-associated molecular patterns to activate pattern
recognition receptors, such as Toll-like receptors (TLRs), on the
surface of host cells.% This activation mechanism can induce im-
mune cells to secrete proinflammatory cytokines (such as IL-6 and
IL-1pB) and enhance the phagocytic capacity of immune cells such
as macrophages, thereby improving the clearance efficiency of H.
pylori.% Specifically, certain nanomaterials bind to TLR4, thereby
activating downstream signaling pathways, promoting inflamma-
tory responses, and effectively inhibiting the growth of H. pylori.
This process not only enhances the innate immune response but
also provides the potential to reshape the gastric immune microen-
vironment.®’ In terms of reshaping the immune microenvironment,
nanomaterials can serve as an immunomodulatory platform by
regulating the proportion of immune cell subsets (e.g., enhancing
type 1 helper T-cell responses and suppressing regulatory T-cell
activity), thereby breaking the immune tolerance induced by H.
pylori. For example, the nanomaterials mentioned by Liu et al.%
can induce immunogenic cell death, releasing damage-associated
molecular patterns to activate DCs and T cells, thereby enhanc-
ing antitumor immune responses. Similarly, Nowak et al.% dem-
onstrated the role of MOF nanoparticles in delivering antisense
oligonucleotides, which target PD-L1 to increase immune cell
activity and inhibit tumor growth. These studies indicate that na-
nomaterials can not only clear pathogens by activating the innate
immune response but also modulate the immune microenviron-
ment to enhance immune cell function. In addition, nanomaterials
can be used in combination with other therapies (such as antibiot-

DOI: 10.14218/CSP.2025.00028 | Volume 00 Issue 00, Month Year

Cancer Screen Prev

ics and vaccines) to increase therapeutic efficacy and reduce the
risk of drug resistance. This potential is further highlighted in the
treatment of H. pylori. For example, nanomaterials can be loaded
with anti-H. pylori drugs or immune modulators to achieve tar-
geted delivery, thereby increasing the local drug concentration
and reducing systemic adverse effects. Moreover, by precisely
controlling the composition and structure of nanomaterials, the
immune microenvironment can be dynamically regulated to pro-
mote gastric mucosal repair.”’ In summary, the 3R strategy based
on nanomaterials (removing pathogens, remodeling the immune
microenvironment, and repairing tissue) offers a novel perspective
for the treatment of H. pylori infection. By activating the innate
immune response to eliminate pathogens and remodeling the im-
mune microenvironment to promote tissue repair, this integrated
therapeutic paradigm holds promise to overcome the limitations
of traditional therapies and achieve breakthroughs in the preven-
tion and treatment of H. pylori-related diseases (such as gastritis,
gastric ulcers, and gastric cancer). Future research needs to further
optimize the biocompatibility and targeting of nanomaterials and
explore their safety and efficacy in clinical applications.

Promotion of adaptive immune responses

In recent years, the ability of nanovaccines to enhance antigen
presentation and modulate the immune microenvironment has
provided a solid theoretical and experimental basis for their “re-
modeling” role in the treatment of H. pylori infection.”! Studies
have demonstrated that the self-adjuvant lipopeptide vaccine H.
pyloril0 modified with Pam2Cys (based on the CagA antigen
epitope) can effectively activate DCs and multiple pattern recogni-
tion receptors, such as TLR2/NLR/RLR, when administered via
intranasal mucosal immunization in mice. This activation induc-
es a robust Thl and Th17 T-cell response, significantly expands
memory CD4" T cells, and elicits a specific secretory IgA antibody
response in the gastric mucosa, gut, and saliva. The use of H. py-
lori10 alone can reduce H. pylori colonization in the stomach by
approximately 10-fold, and its combination with H. pylori4 shows
even better efficacy, indicating that this vaccine strategy holds
great promise for inducing protective immunity and eliminating
pathogens.”” A large-scale retrospective analysis revealed that H.
pylori infection acts as a “double-edged sword” in gastric cancer
immunotherapy. Among patients with Epstein—Barr virus-nega-
tive, microsatellite-stable gastric cancer, those who were positive
for H. pylori and who received anti-PD-1/PD-L1 therapy exhibited
significantly prolonged immune-related progression-free survival.
The tumor microenvironment in these patients is characterized as
an “immunologically hot tumor,” with increased PD-L1 expres-
sion and infiltration of nonexhausted CD8" T cells, indicating that
H. pylori infection can enhance immune responses and improve
therapeutic outcomes. Conversely, in mismatch repair-deficient/
microsatellite instability-high (dMMR/MSI-H) colorectal can-
cer and esophageal squamous cell carcinoma, H. pylori positiv-
ity was associated with shorter immune-related progression-free
survival, possibly due to its interference with immune recognition
or regulatory mechanisms. The status of H. pylori infection can
serve as an important predictive factor for the immunotherapy re-
sponse. Future studies should consider cancer type and molecular
characteristics to individually assess whether the eradication of H.
pylori is necessary to optimize immunotherapy strategies.” Using
IFN-y gene knockout mice and their derived gastric epithelial cell
line GSMO6, it was found that IFN-y significantly enhances the
expression of MIP-2 (the murine homolog of IL-8) and inducible
nitric oxide synthase mRNA during H. pylori infection, indicating


https://doi.org/10.14218/CSP.2025.00028

Cancer Screen Prev

its role in mediating Thl-type immune responses and promoting
gastric mucosal inflammation. Pretreatment with IFN-y increases
COX-2 expression in infected cells but does not significantly al-
ter COX-2 levels in vivo. One study demonstrated that [FN-y is
an important regulator of H. pylori-induced gastric inflammatory
responses.”

Regulating the function of immune cells

In recent years, with the widespread application of nanotechnol-
ogy in the biomedical field, its potential in immune regulation
and inflammation treatment has gradually attracted attention. In
the chronic infection microenvironment of H. pylori, the matura-
tion of DCs is impeded, macrophages are polarized toward the M2
phenotype, and Tregs are overexpanded. These factors collectively
constitute the pathological basis of immune evasion and persistent
inflammation.”>7¢ In a colitis model, PSB@NP-FA nanoparticles
remodeled the immune microenvironment by regulating mac-
rophage polarization and T-cell responses. Although colitis and A.
pylori gastritis differ in inflammatory context, the core strategy, us-
ing stimuli-responsive nanomaterials for localized delivery of im-
munomodulators, remains conceptually relevant. For H. pylori in-
fection, analogous platforms could be designed to target the gastric
mucosa and counteract H. pylori-induced immune suppression.”’
The research team of Liao Lan and Wei Junchao synthesized chiral
AuNPs via the GSH reduction method. They demonstrated that
L-AuNPs selectively activate macrophage autophagy, drive M2
anti-inflammatory polarization, and remodel the pro-osteogenic
immune microenvironment, significantly enhancing bone regen-
eration efficiency. This study not only highlights the potential of
nanomaterials to precisely regulate immune cell functions through
stereoselectivity but also provides new insights for immune
regulation in the field of orthopedics.”® In addition, macrophage
membrane-coated nanoparticles leverage “homotypic homing” to
enrich the infection site and precisely enter macrophages via the
mannose pathway. This triggers a ROS storm and a cascade of pro-
inflammatory cytokines, driving macrophages to polarize toward
the M1 phenotype, thereby effectively eliminating intracellular
bacteria. These nanoparticles subsequently present antigens to ac-
tivate T cells, bridging innate and adaptive immunity. This process
reshapes the local immune microenvironment, enabling self-clear-
ance of the infection and preventing recurrence. This approach of-
fers a new paradigm of “cellular immune reprogramming” for the
treatment of deep-seated infections.” In summary, the nanoplat-
form provides a robust cellular basis for the integrated treatment of
H. pylori infection in the “remodeling” phase of the 3R paradigm
through multinode coordinated regulation of “DC-macrophage—
Treg cells”. These studies not only reveal the important role of
nanomaterials in remodeling the immune microenvironment but
also offer new strategies and theoretical foundations for the treat-
ment of H. pylori infection and related diseases.

Inhibiting immune evasion mechanisms

In cancer treatment, inhibiting autophagy can enhance therapeutic
efficacy, but it may upregulate PD-L1, leading to tumor immune
evasion.® However, the H. pylori virulence factor CagA degrades
p53 via multiple pathways, thereby relieving its transcriptional ac-
tivation of miR-34a. This, in turn, inhibits the targeted degradation
of PD-L1 mRNA by miR-34a, leading to significant upregulation
of PD-L1 in gastric cancer cell-derived exosomes.?1:82 These ex-
osomes, enriched with PD-L1, circulate throughout the body and
bind to PD-1 on the surface of CD8" T cells, blocking their prolif-
eration and the secretion of IFN-y, TNF-a, and IL-2. This weakens
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the antitumor immune response and creates a persistent immuno-
suppressive microenvironment, facilitating immune evasion and
the progression of H. pylori-related gastric cancer.®? For S. aureus
infection, the Hb Naf@RBCM nanoparticles disrupted bacterial
immune evasion by simultaneously inhibiting antioxidant pigment
synthesis and eliminating the bacterial H,S shield. Although H.
pylori employs distinct evasion mechanisms (e.g., VacA-medi-
ated Treg induction), this multimodal strategy illustrates how
nanocarriers can concurrently target multiple bacterial survival
pathways—a design principle relevant for developing comprehen-
sive anti-H. pylori platforms.®* In an orthopedic implant infection
model, LAOIR nanoparticles accurately remove biofilms and in-
duce local transient hypoxia by photoexcited singlet oxygen. The
hypoxic microenvironment can inhibit lipoteichoic acid-mediated
immune tolerance and prolong the survival of neutrophils. Oxygen
recovery triggers “immune conversion”, which enhances NETosis,
phagocytosis, and the expression of inflammatory factors (IL-6,
IL-1pB) and chemotactic receptors (CCR2, CXCR2), thereby pro-
moting the recruitment of immune cells. This oxygen-regulated
cycle blocks bacterial immune escape and achieves bacteria—im-
mune synergy. Although the strategy is derived from implanta-
tion-associated infection, it reveals the core mechanism of spati-
otemporal regulation of nanomaterials to dynamically reshape the
infection microenvironment and reprogram the immune response,
which provides an important conceptual framework for the devel-
opment of innovative therapies against H. pylori gastric mucosal
biofilms. However, materials and strategies should be adapted to
the acidic gastric environment and the biological characteristics of
H. pylori.®s

Activating autophagy to clear intracellular bacteria

Intracellular bacteria are among the important factors contributing
to H. pylori resistance.?¢ In traditional antibiotic therapy, the abil-
ity of H. pylori to invade gastric mucosal epithelial cells and form
a protective niche within the cells allows it to evade the bacteri-
cidal effects of antibiotics, making intracellular bacteria challeng-
ing to treat.%” In recent years, novel therapeutic strategies based on
nanomaterials have offered potential solutions to this problem. For
example, the AP@CS@Lip@HKUST-1 platform, with its core
component PA, can induce lysosomal acidification and activate
the host cell autophagy pathway, thereby promoting the clearance
of intracellular H. pylori. Specifically, PA promotes calcium ion
efflux, which activates the conversion of the autophagy-related
protein LC3B, thereby enhancing the formation and degradation
capacity of autophagosomes and achieving precise clearance of in-
tracellular bacteria.*! Similarly, when activated by ultrasound, the
ICG@FCS nanoplatform generates singlet oxygen ('0,), which
not only disrupts the cell wall and membrane structure of H. pylori
but also induces autophagy, thereby increasing the host cell clear-
ance efficiency of intracellular bacteria. Experiments have shown
that after treatment with ICG@FCSs combined with ultrasound,
the expression level of the 16S rDNA of H. pylori significantly de-
creases, and the expression of the autophagy marker protein LC3B-
II increases, further confirming the ability of the platform to clear
intracellular bacteria through autophagy activation.’® The G3M@
GaPP nanoflower dismantles intracellular bacterial immune eva-
sion through a triple strategy: mannose-mediated active uptake by
macrophages and induction of M2 polarization, which increases
phagocytosis and creates an anti-inflammatory environment; a
positively charged shell layer that promotes endosomal rupture
and releases GaPP in acidic compartments, where Ga’" competes
with Fe?" to chelate protoporphyrin IX, blocking bacterial iron me-
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tabolism enzymes and triggering “Trojan horse”-style starvation
death; and laser-activated GaPP that generates ROS for photody-
namic therapy, which directly oxidizes bacterial membranes and
nucleic acids. In vitro and in vivo models have shown that this
platform is more efficient at clearing intracellular drug-resistant
bacteria than free GaPP and antibiotics and is less likely to induce
drug resistance. This provides a new nonantibiotic paradigm for
combating persistent intracellular infections.®® These studies dem-
onstrate that nanomaterials can clear intracellular bacteria by ac-
tivating autophagy mechanisms, providing new therapeutic ideas
for overcoming H. pylori resistance and laying the foundation for
the complete eradication of H. pylori.

Repair the gastrointestinal tract

Inrecent years, nanomaterials have shown unique advantages in the
field of gastrointestinal protection, especially in achieving signifi-
cant progress in the treatment of inflammatory bowel disease. The
multifunctional nanocomposites represented by YMD@MPDA
can synergistically alleviate intestinal inflammation and restore
tissue function through five major mechanisms: antioxidant stress
(MnO, nanozymes clear ROS), immune regulation (H,S induces
M2 polarization of macrophages), barrier repair (upregulation of
tight junction proteins), targeted delivery (yeast cell wall-mediated
enrichment at inflamed sites), and microbiota reshaping (inhibi-
tion of harmful bacteria and promotion of probiotic growth).”
Nanomaterials are emerging as cutting-edge tools in gastrointes-
tinal protection research. They function through multiple syner-
gistic mechanisms: first, direct antibacterial activity, where metal-
lic and nonmetallic nanoparticles can disrupt pathogenic bacterial
membranes or induce oxidative stress; second, intelligent delivery
systems, which protect drugs and probiotics for stable release in
the gastrointestinal environment; third, responsive release, which
precisely controls the release of active components on the basis of
changes in pH, enzymes, or temperature; and fourth, the modu-
lation of the gut microbiota, which promotes the colonization of
beneficial bacteria, inhibits the proliferation of pathogenic bac-
teria, and enhances barrier function. Despite challenges related
to stability and safety, nanotechnology shows broad prospects in
gastrointestinal disease intervention, with the potential to realize
personalized and precise therapeutic strategies in the future.”! In
terms of modulating the gut microbiota, nanomaterials can release
short-chain fatty acids to provide nutrients for beneficial bacte-
ria while inhibiting the growth of H. pylori, thereby restoring the
balance of the gut microbiota and maintaining intestinal health.
Yogurt-derived hybrid membrane vesicles exert gastrointestinal
protective effects through a four-pronged mechanism of “antiad-
hesion, barrier repair, immune regulation, and microbiota reshap-
ing.” These vesicles fuse bacterial outer membrane vesicles with
milk fat globule membrane vesicles, competitively blocking the
adhesion of H. pylori, upregulating ZO-1 and lipid rafts to increase
epithelial integrity, inhibiting IL-8 release, reducing neutrophil in-
filtration, and promoting macrophage clearance of apoptotic cells
to rapidly repair mucosal damage. Moreover, hybrid membrane
vesicles enrich beneficial bacteria such as Blautia, maintaining
the homeostasis of the gastric microbiota.”? In the field of skin
care, CH. PYLORIS hydrogel combined with polyacrylamide and
sodium alginate, loaded with Chlorella, provides mechanical sup-
port and a proliferative microenvironment, significantly promoting
wound healing and tissue repair.®® The bioactivity of NV released
from NV@BSA-GEL hydrogel leads to effective ROS scavenging
and good immune regulatory activity and promotes cell prolifera-
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tion and migration of fibroblasts and vascular endothelial cells.**
This nanotechnology strategy overcomes the bottleneck of antibi-
otic resistance and provides a new paradigm for the precise inter-
vention of gastrointestinal infections and barrier dysfunction.

Mechanisms of local sterilization and targeted therapy

The targeting property of nanomaterials is reflected mainly in
their ability to actively recognize H. pylori, which is due to the
specific ligands or materials modified on their surface.** Nano-
materials achieve local sterilization and targeted therapy in the
stomach through a dual mechanism of “carrier localization + ac-
tive release”: organic pH-sensitive liposomes and chitosan nano-
particles can control the release of antibiotics in the gastric acid
microenvironment, protecting drugs and reducing off-target ef-
fects. Inorganic metal particles such as silver and gold can generate
ROS through surface plasmon resonance or ion release, disrupt-
ing bacterial membranes and still possessing bactericidal power
against drug-resistant strains. If further conjugated with antibodies
or ligands, they can recognize H. pylori precisely, achieving high-
concentration enrichment at the infection site and significantly re-
ducing interference with the intestinal microbiota, providing a new
strategy to overcome antibiotic resistance.®’

The Pd(H)@ZIF-8@AP nanoplatform achieves local steriliza-
tion and targeted therapy through multiple mechanisms. First, the
negatively charged AP hydrogel on the outer layer can be elec-
trostatically adsorbed to the inflamed site and degraded by highly
expressed MMPs, achieving targeted release at the site of inflam-
mation. The released Pd(H)@ZIF-8 degrades in the acidic envi-
ronment of the stomach to release Zn>* and hydrogen gas. Zn>*
disrupts the membrane structure of H. pylori and inhibits its urease
activity, enhancing the sterilization effect of gastric acid. Hydro-
gen gas, on the other hand, modulates the immune response and re-
duces oxidative damage. This material acts precisely at the site of
infection, killing H. pylori while significantly reducing the impact
on the gut microbiota, demonstrating good targeting ability and
biocompatibility.>* For example, a team led by Professor Jianjun
Dai from China Pharmaceutical University developed the proto-
natable metal-based nanodrug ZnO-Ag-mercaptoacetamide@chi-
tosan (ZAN@CS MNDs). Through the protonation charge reversal
mechanism, it achieves active targeting and local sterilization in
the gastric acid environment. The surface coating of chitosan en-
dows it with the ability to penetrate the gastric mucosal barrier.
Once in the acidic microenvironment, the ZAN core protonates
and becomes positively charged, which electrostatically adsorbs to
the negatively charged H. pylori, enhancing local retention. ZAN
subsequently releases Zn?", Ag*, and ROS, which disrupt bacte-
rial membrane structures and degrade biofilm components (such
as polysaccharides, proteins, and DNA), resulting in efficient steri-
lization. Moreover, the activity of the chitosan coating is reduced
in the neutral environment of the intestine, avoiding interference
with the gut microbiota and ensuring the targeting and safety of
the treatment.** PtCo@G@H2A, as a novel cascade nanozyme,
has demonstrated excellent local sterilization and targeted thera-
peutic capabilities in the treatment of H. pylori infections. This
nanozyme achieves precise localization through a dual-targeting
strategy: on the one hand, it utilizes the specific binding of heme
to the HugZ protein on the surface of H. pylori; on the other hand,
it relies on the charge reversal mechanism in the gastric acid en-
vironment, which makes its surface positively charged and allows
it to electrostatically adsorb to the negatively charged bacterial
membrane, enhancing retention and enrichment at the site of in-
fection. Once in the acidic microenvironment, PtCo@G@H2A ac-
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tivates peroxidase-like activity, catalytically generating ROS and
further oxidizing L-arginine to release nitric oxide, which disrupts
the bacterial membrane structure and induces bacterial death. This
mechanism does not rely on antibiotics and thus holds promise
for effectively circumventing antibiotic resistance. Additionally,
the material can rapidly regain its negative charge in the neutral
intestinal environment, avoiding interference with the gut micro-
biota, thereby demonstrating good targeting ability and biocompat-
ibility and providing strong support for the development of new
anti-infection strategies.”® Owing to their precise local sterilization
and targeted therapeutic mechanisms, nanomaterials represent a
promising therapeutic advancement in the treatment of H. pylori
infections. They can serve as intelligent carriers for antibacterial
agents or functional molecules, responding to the acidic gastric
microenvironment and achieving site-specific enrichment for ef-
ficient bacterial clearance. This approach significantly reduces re-
liance on traditional antibiotics and helps circumvent the risk of
drug resistance. Moreover, nanosystems exhibit marked microbial
selectivity. They can effectively clear H. pylori while largely spar-
ing beneficial gut microbiota, which helps preserve ecological bal-
ance and reduce treatment-related adverse effects. This targeted
strategy thus enhances both the safety and efficacy of treatment
while also furnishing crucial technological underpinnings for fu-
ture integrated therapies against H. pylori.

Mucus barrier enhancement mechanism

H. pylori infection initially disrupts the gastric mucus layer, lead-
ing to the reverse diffusion of hydrogen ions, inflammatory infiltra-
tion, and epithelial damage.?” In recent years, nanomaterials have
achieved reconstruction of mucus barrier function on the basis of
the 3R concept through a cascade strategy of “penetration-adhe-
sion-construction.” The gastric mucus layer is approximately 500
um thick, with pores smaller than 200 nm, and traditional drugs
have a retention time of only 15 min. Nanomaterials achieve re-
construction of mucus barrier function through the following three
stages: (1) Penetration: Shu et al.*® developed a Cu-MOF@NF
platform in which surface modification with fucoidan conferred
a weak negative charge and hydrophilicity to the nanoparticles.
This significantly reduced electrostatic interactions with the gas-
tric mucus layer, thereby enabling efficient mucus penetration. (2)
Adhesion: Cu-MOF@NF self-assembles into positively charged
nanobrushes in gastric acid, competitively blocking the Lewis
b-binding domain on H. pylori flagella and reducing adhesion
by 82%. Moreover, its fucoidan component activates the EGFR-
PI3K-AKT pathway, stimulating MUCS5AC secretion and restor-
ing mucus thickness to 91%. Concurrently, released Cu®>* pene-
trates the mucus, degrades biofilm polysaccharides, and disrupts
the planktonic—biofilm cycle to prevent recurrence. Together, these
actions reconstruct the mucosal barrier and establish an antibiotic-
free strategy for effective H. pylori clearance.”®* (3) Reconstruc-
tion: Sonosensitive ICG@FCS generates ROS under ultrasound
activation, efficiently disrupting the biofilm structure of H. pylori
(extracellular polymeric substances) and eliminating its destruc-
tive effect on the epithelial barrier. The treatment significantly up-
regulated the expression of the tight junction proteins claudin-1
and occludin by 2.3-fold and 1.9-fold, respectively, restoring the
integrity of intercellular connections. Moreover, the permeability
of FITC-dextran was significantly reduced from 35.2% to 5.7%,
indicating a substantial decrease in barrier permeability. This pro-
cess, by clearing pathogens, inhibiting inflammation, and activat-
ing cellular repair pathways, reshapes the structure and function of
the gastric mucosal barrier, achieving a transition from “destruc-
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tion-repair” to “enhancement-homeostasis” and providing a new
strategy for enhancing the mechanism of the mucus.%8

Antioxidant and anti-inflammatory mechanisms

Nanomaterials exhibit both anti-inflammatory and antioxidant ef-
fects in combating H. pylori infection. Metallic nanoparticles (Ag,
Au, and ZnO) achieve antibacterial effects by disrupting the bacte-
rial membrane, releasing metal ions, and inducing the generation
of ROS.® Moreover, nanocarriers such as chitosan and liposomes
can deliver anti-inflammatory components, inhibit the activation
of NF-«kB, reduce the levels of proinflammatory factors such as
IL-8 and TNF-a, block neutrophil infiltration, and alleviate in-
flammatory responses.'?” Nanozymes exhibit peroxidase-like ac-
tivity in gastric acid, where hydrogen peroxide (H,O,) generates
hydroxyl radicals (-OH). These radicals directly kill bacteria, de-
grade bacterial cell wall polysaccharides, and reduce the release of
endotoxins, thereby achieving a triple synergistic effect of antibac-
terial, anti-inflammatory, and antioxidant actions.!’! In a gastric
acid environment, the FPB-Co-Ch cascade nanozyme effectively
alleviates oxidative stress by activating SOD/CAT/POD activity
to convert bacteria-derived ROS into oxygen. The oxygen-rich
environment inhibits the growth of microaerophilic H. pylori, re-
duces the release of its virulence factor VacA, blocks the NF-kB
signaling pathway, downregulates the proinflammatory factors IL-
1B and IL-6, and upregulates the anti-inflammatory factor TGF-f,
thereby exerting a significant anti-inflammatory effect. Addition-
ally, this nanozyme reduces apoptosis in GES-1 cells, restores the
expression of the tight junction proteins ZO-1 and occludin, and
promotes gastric mucosal repair. This “ROS clearance-inflamma-
tion inhibition-repair promotion” cascade reaction is confined to
the stomach, avoids interference from the intestinal microbiota,
and provides a novel, antibiotic-free, and microbiota-friendly ther-
apeutic strategy for drug-resistant H. pylori infections.'"? H. pylori
infection activates the NF-xB and AP-1 pathways, thereby induc-
ing the expression of proinflammatory cytokines such as IL-8 and
TNF-o. Simultaneously, this bacterium secretes antioxidant en-
zymes such as catalase and superoxide dismutase to eliminate ROS
produced by the host, increasing its ability to resist host oxidative
killing. This mechanism allows it to maintain long-term coloniza-
tion and promote the progression of gastric diseases.3® Additional-
ly, H. pylori can induce the activation of the Nrf2 pathway, thereby
enhancing the cellular antioxidant defense capacity and alleviating
inflammatory damage, thus promoting its long-term colonization
of the stomach as well as its participation in the occurrence and
development of gastric diseases.!??

Mechanisms of microbial community regulation

H. pylori infection can significantly disrupt the gastrointestinal
microbiota, reduce microbial diversity, increase the abundance
of potentially pathogenic bacteria such as Proteobacteria, and de-
crease the levels of beneficial bacteria such as Bifidobacterium and
Lachnospiraceae, which are known to produce short-chain fatty
acids.!%195 Eradication therapy for H. pylori further exacerbates
dysbiosis, which is characterized by a reduction in commensal
bacteria and an expansion of opportunistic pathogens. These alter-
ations in microbial communities may modulate the host’s inflam-
matory response and metabolic homeostasis through the regulation
of metabolic products such as short-chain fatty acids and lipopoly-
saccharide.'% The latest systematic reviews further highlight that
while eradication therapy effectively eliminates the pathogen, it
significantly exacerbates microbial dysbiosis, characterized by de-
creased a diversity and altered B diversity, indicating the broad
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impact of antibiotics on commensal bacteria. The concurrent use
of probiotics has been shown to effectively mitigate treatment-
related microbial disturbances, promote the recovery of beneficial
bacteria, inhibit the overgrowth of pathogenic bacteria, improve
gastrointestinal symptoms, and increase the eradication rate. These
findings underscore the critical role of microbiota modulation in
the management of H. pylori infection.!’” Nanomaterials precisely
modulate H. pylori communities through multiple mechanisms:
metal nanoparticles release silver/gold ions to trigger oxidative
stress and damage bacterial membranes; liposomes encapsulating
linoleic acid disrupt membrane structures; and pH-responsive car-
riers enable targeted drug release in the gastric acid environment,
minimizing off-target effects. Additionally, nanocarriers protect
probiotics against gastric acid, facilitating their colonization and
competitive inhibition of pathogens, thereby restoring the gastric
microbiota balance.’! Studies have revealed that gastric-derived
Lactobacillus plantarum XB7 exerts its effects through the secre-
tion of bioactive factors. These factors inhibit the activation of the
NF-kB and c-Jun signaling pathways induced by H. pylori, down-
regulate the expression of IL-8, and reduce neutrophil infiltration,
thereby regulating interbacterial interactions. XB7 delays the colo-
nization of H. pylori and decreases local and systemic levels of
TNF-a and CINC-1, improving tissue pathology. These findings
suggest that XB7 modulates microbial communities and immune
homeostasis in a bidirectional manner by targeting the host inflam-
matory network and competing for ecological niches.!%%

Mechanisms of tissue repair and regeneration

Nanomaterials reconstruct tissue microstructures and restore
physiological functions through multiscale and multimodal syn-
ergistic actions. As a new type of biomedical material, microalgae
can significantly promote the regeneration of various tissues and
organs.!?” Recent studies have revealed that the key mechanisms
involve three main aspects: the regulation of cell fate, the remod-
eling of the immune microenvironment, and the precise activation
of signaling pathways.!"*-12 [norganic nanomaterials leverage the
electrical conductivity, antibacterial properties, and magnetic re-
sponsiveness of metals and carbon nanotubes to increase cell adhe-
sion and protein adsorption, release bioactive ions to stimulate dif-
ferentiation, and promote angiogenesis and collagen remodeling
through photothermal stimulation. Magnetic targeting improves
the homing of stem cells, thereby synergistically driving the repair
and functional regeneration of soft tissues such as the skin, nerve,
and myocardium.!3 Taking titanium dioxide nanotubes as an ex-
ample, their nanoscale surface topography induces mesenchymal
stem cells to form elongated pseudopodia that align in parallel.
This activates mechanotransduction mediated by Yes-associated
protein, which significantly upregulates the expression of alkaline
phosphatase, osteocalcin, and osteopontin, thereby accelerating
osseointegration.!'* Bioactive materials can target the delivery of
drugs, control their release, and eliminate biofilms, thereby block-
ing the proinflammatory factors of H. pylori and reducing gastric
mucosal damage. They also modulate immune responses and ROS
levels, promoting epithelial repair and angiogenesis. This enables
gastric tissue regeneration and microbiota reconstruction, provid-
ing a new strategy for combined anti-infection and tissue repair
therapy.''S The Fu-GaLip@KP nanocapsules restore lysosomal
acidification and enhance autophagy to clear intracellular bacte-
ria, block the CagA-NF-«kB pathway, and inhibit ROS as well as
inflammatory factors such as IL-8 and TNF-a, thereby reducing
oxidative stress and mucosal damage. They also reshape the bal-
ance of the gut microbiota and promote the morphological repair
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of gastric epithelial cells, achieving multidimensional regeneration
of gastric tissue and microbiota reconstruction following H. pylori
infection.!® Nanomaterials can also promote tissue regeneration
by remodeling the immune microenvironment. For example, the
graphene-chitosan-PDA (5QCS-1GO-PDA) multifunctional nano-
hybrid coating can release ROS in a sustained manner, suppress
proinflammatory M1-type macrophages, induce M2-type polari-
zation, and significantly upregulate IL-10, thereby creating an im-
mune microenvironment conducive to tissue regeneration.!” To
address the clinically severe issue of methicillin-resistant Staph-
ylococcus aureus infection in wounds, Xiao et al.''® designed a
PCL@Cu2+-PDA nanofiber dressing that leverages the low pH in
the early stages of infection to trigger the release of Cu?*, which
rapidly eradicates Staphylococcus aureus and activates M1 mac-
rophages for antibacterial activity. The resulting increase in ROS
prompts PDA to scavenge free radicals, inducing M1-to-M2 po-
larization and sustainably upregulating IL-10. This remodeling
of the immune microenvironment accelerates infection clearance,
collagen deposition, and angiogenesis, achieving synergistic repair
that inhibits bacterial growth, resolves inflammation, and regener-
ates tissue.

3R integration strategy

Nanomaterials demonstrate significant advantages in the treatment
of gastrointestinal inflammation through the “3R integration”
strategy—removal, remodeling, and repair.!’®!2* For example,
the protonated composite nanomedicine ZAN@CS can target and
eradicate H. pylori in a gastric acid environment with a 100% steri-
lization rate. It achieves precise antibacterial activity by disrupting
biofilm structures while avoiding interference with the gut micro-
biota.*’ Second, in the mechanisms of immune regulation and in-
flammation remodeling, nanomaterials achieve the reconstruction
of immune homeostasis by modulating macrophage polarization
and inhibiting inflammatory pathways such as the NF-«B path-
way.!21-123 For example, the YMD@MPDA nanocomposite clears
ROS and releases H,S through MnO,, inhibits the NOX4 and p38
MAPK pathways, and promotes the polarization of macrophages
toward the M2 phenotype, thereby alleviating inflammation and
remodeling the immune microenvironment.”” Finally, in terms of
gastric mucosal repair and intestinal microbiota protection mecha-
nisms, nanomaterials can serve as carriers for growth factors or
form protective gel layers to promote the proliferation and migra-
tion of epithelial cells, thereby accelerating mucosal repair. For ex-
ample, nanomaterials can target the delivery of epidermal growth
factor and other factors to promote the proliferation and migration
of gastric mucosal epithelial cells, accelerating gastric mucosal
repair. Moreover, their pH-responsive release characteristics can
minimize interference with the intestinal microbiota, maintain-
ing microbial homeostasis and achieving synergistic regulation of
gastric mucosal protection and the microbiota.!?* In addition, cer-
tain nanodelivery systems can achieve targeted drug release in the
stomach through pH-responsive or enzyme-triggered mechanisms,
avoiding disruption of the intestinal microbiota and thereby pro-
tecting microbial homeostasis.'?’

Targeted elimination mechanism

In inflammatory or tumor microenvironments, excessive ROS, cel-
lular debris, and proinflammatory factors pose significant barriers
to remodeling and repair. Nanomaterials overcome these obstacles
through a three-step targeted elimination mechanism: “recogni-
tion—capture—catalysis”. First, recognition is the key to targeted
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elimination by nanomaterials. Through surface modification with
antibodies, peptides, or glycoproteins, nanocarriers can actively
recognize and bind to receptors such as ICAM-1 and CD44 that are
highly expressed in the lesion area, achieving active targeting.!2®
@ Capture: Nanoparticles achieve targeted bacterial capture
through surface functionalization. Cationic modifications utilize
the negative charge of bacterial membranes to generate electro-
static adsorption. Ligands such as vancomycin and nucleic acid
aptamers can specifically bind to bacterial wall glycoproteins or
toxins. Antibody—antibiotic conjugates leverage the complemen-
tary structure of antigen—antibody interactions to achieve high-af-
finity capture. Additionally, coating nanoparticles with neutrophil
or platelet membranes endows them with biomimetic properties,
prolonging circulation time and enabling active recognition of
inflammatory sites, thereby significantly increasing capture ef-
ficiency and targeting accuracy.!?’ (3) Catalysis: HCeOx-D@PM
utilizes a hollow mesoporous ceria core to scavenge ROS cata-
lytically and suppress inflammation. The platelet membrane shell
targets damaged alveoli, achieving efficient catalytic clearance in
high-ROS-load areas.!?8

Immune regulation and inflammation remodeling mechanisms

Nanomaterials can precisely regulate innate and adaptive immu-
nity in spatiotemporal dimensions through their size, morphology,
surface chemistry, and responsiveness to the microenvironment,
thereby achieving “inflammatory remodeling.” The core mecha-
nisms include ROS neutralization and immune cell phenotype
conversion.'?? For example, nanomaterials such as polydopamine,
melanin-like particles, and CeO, are rich in phenolic hydroxyl
groups or oxygen vacancies, which can effectively scavenge ex-
cessive ROS, block the NF-kB/NLRP3 inflammasome signaling
pathway, and promote the polarization of macrophages from the
proinflammatory M1 phenotype to the reparative M2 phenotype.
This helps alleviate chronic inflammation in conditions such as
colitis and diabetic wounds.''” The NLRP3 inflammasome is a
multiprotein complex in the cytoplasm and an important com-
ponent of the innate immune system. Carboxylated multiwalled
carbon nanotubes block the assembly of the NLRP3 inflamma-
some through their surface negative charge, reducing the release
of IL-1B and IL-18 and inhibiting ischemia—reperfusion neuroin-
flammation. This achieves “blocking”-level immune regulation
and inflammation remodeling.!3’ Metal ions such as Cu?* and Sr>*
activate HIF-1o and upregulate VEGF/IL-4, inducing the polari-
zation of macrophages toward the M2 phenotype while inhibit-
ing NF-kB-mediated inflammatory signaling. This reshapes the
bone immune microenvironment into a pro-repair state, achieving
“reprogramming”-level immune regulation and defect repair.!3! In
summary, nanomaterials reshape the inflammatory microenviron-
ment through a three-tier mechanism of “clearance—blocking—re-
programming”, providing precise therapeutic strategies for cancer,
metabolic inflammation, and tissue regeneration.

Mechanisms of gastric mucosal repair and intestinal microbiota
protection

In recent years, significant progress has been made in research on
gastric mucosal repair and intestinal microbiota protection via na-
nomaterials, providing a new paradigm for the precise intervention
of gastrointestinal diseases. The Pd(H)@ZIF-8 nanoplatform re-
leases hydrogen and Zn?* in the acidic environment of the stomach,
which synergistically disrupts the membrane structure of H. pylori
and inhibits urease activity, achieving precise antibacterial effects.
Moreover, hydrogen scavenges ROS, downregulates the NF-kB
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signaling pathway, promotes the proliferation of GES-1 cells, and
upregulates ZO-1 and occludin-1, thereby repairing the gastric mu-
cosal barrier. 16S rRNA sequencing revealed that, after treatment,
the intestinal o diversity and microbial structure of the mice were
not significantly different from those of the antibiotic-treated mice,
confirming the ability of the former to maintain intestinal micro-
biota homeostasis while eradicating pathogens. The BiG@MC
microcapsules, with a shell composed of gallic acid-Billl metal
phenolic networks, disintegrate in gastric acid to release bismuth
ions and natural polyphenols. This action synergistically eradicates
H. pylori and forms a protective film on the ulcer surface. The mi-
crocapsules significantly downregulated inflammatory factors and
promoted CD31-positive angiogenesis, thereby accelerating gas-
tric mucosal repair. Both in vitro and in vivo experiments revealed
no significant changes in the o diversity or community structure of
the gut microbiota, indicating the dual goals of targeted antibacte-
rial activity and protection of microbial homeostasis.!3* Inspired
by octopus suckers, suction-cup-like hydrogel micromotors con-
tinuously generate hydrogen in gastric acid to drive autonomous
migration and firmly adhere to the ulcer surface. They release
drugs to repair the gastric mucosa, significantly downregulating
IL-6 and TNF-a while upregulating IL-10, thereby reducing in-
flammation and promoting healing. Their micrometer-scale size
and negatively charged surface reduce intestinal exposure, avoid-
ing microbial disturbance and achieving the dual goals of antibac-
terial activity and microbiota protection.'33 Through the aforemen-
tioned mechanisms, nanomaterials can achieve 3R integration of
pathogen elimination, microenvironment remodeling, and tissue
repair, providing a novel integrated prevention and treatment para-
digm for H. pylori infection.

In summary, the independent roles of nanomaterials in patho-
gen removal, microenvironment remodeling, and tissue repair
have been elaborated. However, their true therapeutic poten-
tial lies in the synergistic integration of these three components
into a coherent paradigm. To clarify the conceptual progress and
unique advantages of this integrated 3R strategy compared with

traditional methods, we provide a comparative analysis in Table
9 5,7,8,10,21,22,24,25,40-42,92,134-155

From “strategy comparison” to “paradigm shift”: The irreplace-
ability of 3R integrative therapy

Table 2 systematically compares conventional antibiotics, probi-
otic adjunctive therapy, and 3R nanotechnology across six dimen-
sions: core strategy, targets of action, drug resistance risk, immune
regulation, microbiota impact, and tissue repair. However, con-
cluding merely that “3R therapy outperforms the others across all
dimensions” would obscure its most fundamental paradigm shift—
namely, that the 3R strategy redefines the therapeutic endpoint of
H. pylori management from “bacterial negativity” to “gastrointes-
tinal functional homeostasis.”

The fundamental limitation of conventional antibiotic therapy
lies not in its inability to kill bacteria, but in the fact that its chain of
action terminates upon bacterial death. Probiotic adjunctive thera-
py, while attempting to mitigate microbiota injury, represents pas-
sive, post hoc repair. By contrast, the 3R nanotherapeutic strategy
achieves the following: In the temporal dimension: sequential in-
tervention of “eradication—-remodeling—repair”, rather than a single
time-point strike; In the spatial dimension: expansion of the thera-
peutic battlefield from “the pathogen alone” to the “pathogen—host
interface—microenvironment” tripartite system; In the biological
dimension: a transition from “exogenous drug intervention” to
“reactivation of the host’s intrinsic repair capacity”. Based on
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the above analysis, we propose the following tiered prioritization
framework for 3R strategies: First-line priority strategy: Nanoplat-
forms possessing dual functionality of self-responsive eradication
and immune remodeling, with well-defined oral bioavailability
(e.g., AP@CS@Lip@HKUST-1).*! These systems offer integrated
therapeutic benefit without escalating systemic complexity. Syn-
ergistic/adjunctive strategy: VacA-adsorbing nanomaterials (e.g.,
Ver PLGA@Lec) deployed in combination with standard regimens
to reverse localized immunosuppression.*? This approach is par-
ticularly indicated for patients infected with VacA-high-expressing
strains or those presenting with severe active gastritis. Reserve/
exploratory strategy: Tissue-regenerative nanomaterials (e.g., Fu
GaLip@KP)."¢ Current evidence is primarily derived from mu-
rine models. Advancement to clinical trials should be contingent
upon the establishment of mucosal repair kinetic profiles in large-
animal models.

Based on the above analysis, the fundamental contribution of
3R integrative therapy lies not in incremental optimization, but in
reframing the core problem and efficacy paradigm of H. pylori in-
tervention. The essence of this paradigm shift is the elevation of
therapeutic goals from the singular task of “pathogen eradication”
to the systems-level endeavor of “host homeostasis reconstruc-
tion.” Accordingly, strategy prioritization must transition from a
hierarchy based on “technical complexity” to a tiered framework
anchored by the dual benchmarks of “translational cost-effective-
ness” and “evidence maturity.” Only by completing this cognitive
leap—from strategy comparison to paradigm shift—can 3R nano-
technology truly transcend the conceptual constraints of conven-
tional antibiotics and advance from proof of concept toward clini-
cal practice.

Conclusions

Gastric cancer remains a major global health challenge, largely at-
tributable to persistent H. pylori infection. Traditional antibiotic-
based therapies face increasing limitations due to drug resistance,
microbiota disruption, and the lack of mucosal repair mechanisms.
This review proposes a nanomaterial-mediated 3R integrated strat-
egy, which offers a multidimensional approach for the systematic
management of H. pylori infection. As Table 2 demonstrates, this
paradigm shifts the therapeutic endpoint from bacterial eradication
alone to gastrointestinal functional restoration—a distinction that
separates 3R nanotherapeutics from both antibiotics and probiotic
adjuncts.

The Remove phase leverages nanomaterials for precise patho-
gen clearance through targeted, stimuli-responsive mechanisms—
such as pH-, enzyme-, light-, or magnetic-activated mechanisms—
that enhance bactericidal efficacy while minimizing off-target
effects and preserving the gut microbiota.

In the Remodel phase, nanomaterials actively reshape the gas-
tric immune microenvironment by neutralizing virulence factors,
modulating immune cell functions, and countering bacterial im-
mune evasion, thereby creating a conducive setting for tissue re-
covery.

The Repair phase employs nanocarriers to restore mucosal in-
tegrity, alleviate oxidative stress and inflammation, regulate mi-
crobial communities, and promote tissue regeneration, collectively
supporting gastrointestinal homeostasis.

By integrating these three dimensions, the 3R nanotherapeutic
paradigm shifts from empirical antibiotic use toward precision-
integrated intervention. However, its clinical translation remains
at an early stage, with current evidence primarily derived from cel-
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lular and animal models. Future efforts should focus on optimizing
nanomaterial biocompatibility, elucidating material-host—patho-
gen interactions, and advancing preclinical validation through
large-animal studies and prospective clinical trials. Through inter-
disciplinary collaboration, this approach holds promise for over-
coming antibiotic resistance and microbiota disruption, ultimately
contributing to safer and more effective strategies for H. pylori
management within an integrative medical framework.
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