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Abstract: Helicobacter pylori (H. pylori) is an infectious pathogen and the leading cause of gastrointestinal diseases, including 
gastric adenocarcinoma. Currently, bismuth quadruple therapy is the recommended first-line treatment, and it is reported to be highly 
effective, with >90% eradication rates on a consistent basis. However, the overuse of antibiotics causes H. pylori to become 
increasingly resistant to antibiotics, making its eradication unlikely in the foreseeable future. Besides, the effect of antibiotic treatments 
on the gut microbiota also needs to be considered. Therefore, effective, selective, antibiotic-free antibacterial strategies are urgently 
required. Due to their unique physiochemical properties, such as the release of metal ions, the generation of reactive oxygen species, 
and photothermal/photodynamic effects, metal-based nanoparticles have attracted a great deal of interest. In this article, we review 
recent advances in the design, antimicrobial mechanisms and applications of metal-based nanoparticles for the eradication of H. pylori. 
Additionally, we discuss current challenges in this field and future perspectives that may be used in anti-H. pylori strategies. 
Keywords: H. pylori, antimicrobial applications, metal based nanoparticles, antibiotic-free, antimicrobial mechanisms

Introduction
Helicobacter pylori (H. pylori) is a Gram-negative microaerobic bacterium that colonizes the human stomach.1–5 

Accordingly, it has been associated with gastrointestinal diseases including chronic gastritis, peptic ulcer, gastric carci-
noma, and MALT lymphomas.1–5 In addition, numerous studies have confirmed that H. pylori is closely related to the 
occurrence and development of such extra-intestinal diseases as idiopathic thrombocytopenic purpura, unexplained iron 
deficiency anemia and vitamin B12 deficiency.6 Moreover, there is growing evidence that H. pylori infection is associated 
with other diseases, particularly relating to cardiovascular, metabolic, and neurological functions.6 Correspondingly, 
H. pylori was classified as a Group I carcinogen by the International Agency for Research on Cancer as early as 1994. 
By the 15th edition of the US Carcinogen Report in 2021, H. pylori was classified as a definite carcinogen.7 Xie et al 
indicated that H. pylori can contribute to gastric cancer by inhibiting autophagy and promoting DNA damage.8–10 In 
addition, several recent long-term follow-up studies with large samples in regions with a high prevalence of gastric cancer 
have confirmed the long-term benefits of H. pylori eradication in preventing gastric cancer.11–13 Although a recent meta- 
analysis showed that the prevalence of H. pylori in China appears to be on a decreasing trend compared to the past (from 
58.3% during 1983–1994 to 40.0% during 2015–2019),14 it is inevitable that this pathogen will remain increasingly 
resistant to antibiotics and its infection burden will remain high.15,16 This necessitates the development of antibiotic 
alternatives or antibiotic loading systems to mitigate the problem of antibiotic resistance.

In recent years, the research and development of antibacterial materials that can replace antibiotics has become an 
increasingly popular topic.17–20 Accordingly, nanomaterials have garnered increasing attention in the medical field, particularly 
due to their significant advantages in drug delivery, as they can administer poorly soluble drugs, protect them from enzymatic 
reactions, target them to the specific organ to be treated, and diffuse through the biofilm matrix.21 Among these, metals and their 
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metal oxide nanoparticles (NPs) have attracted increasing research interest due to their unique optical properties, such as surface 
plasmon resonance (SPR). Moreover, the use of metals as antibacterial agents dates back to the Edwin Smith Papyrus, an ancient 
Egyptian medical text from 1500 B.P., which describes the use of copper salts as astringents. In addition, over the past two 
centuries, doctors have also used metal oxides such as Te, Mg and As, as well as Cu and Hg salts, to treat tuberculosis, leprosy, 
syphilis, and gonorrhea.22 Although the advent of antibiotics complicated the use of antibacterial metals, but the emergence of 
antibiotic resistance has revived this strategy.22 With the advent of cutting-edge nanotechnology, the work spectrum of metal- 
based NPs has significantly expanded.23 Due to their optical, electrical, and chemical properties, metal-based NPs are widely 
used as contrast agents in imaging to diagnose diseases in diagnostic agents.21,24 In addition, due to their inherent antimicrobial 
activity, metal-based NPs are superior to other nanoparticles.17,18 Accordingly, they can be used as a drug carrier or to synthesize 
composites with related antibacterial agents such as antibiotics, to enhance antibacterial activity.25,26 As with most Gram- 
negative bacteria, metal-based NPs typically kill H. pylori synergistically, in a variety of ways, most notably via direct release of 
metal ions, generation of reactive oxygen species (ROS), and light-induced photothermal/photodynamic effects.22,27–29 For the 
emerging field of metal-based NPs, there is, to our knowledge, no comprehensive and systematic summary of metal-based NPs 
types, modification strategies, and mechanisms of action. However, there are numerous reviews discussing the application of one 
or more biofilm carriers (liposomes, extracellular vesicles, or cell membrane nanocarriers) encapsulated in metal nanocarriers (eg 
inorganic nanocarriers such as silica). Thus, in order to accelerate our understanding of the design, engineering, and application of 
advanced therapies for metal-based NPs, it is necessary to provide a comprehensive summary of research advances, application 
perspectives, and challenges. Accordingly, in this review, we discuss recent developments of metal-based NPs for the treatment 
of H. pylori infections, as metal-based NPs can provide solutions to antibiotic resistance. Additionally, we discuss briefly the 
limitations of the current methods for eradicating H. pylori. Moreover, we review the current research on metal and metal oxide 
NPs for the treatment of H. pylori based on the antibacterial mechanism of metal-based NPs in anticipation of their early clinical 
application. Furthermore, perspectives on the challenges and potential future directions of metal-based NPs in the treatment of 
H. pylori infection have also been provided in this review.

Current Clinical Strategies for Managing
In the 1990s, Correa proposed the evolution process of intestinal gastric cancer: chronic non-atrophic gastritis → atrophic 
gastritis → intestinal metaplasia → dysplasia → gastric cancer, and suggested that H. pylori played a significant role in the 
initiation of gastric cancer30,31 (Figure 1A). Correspondingly, H. pylori was classified as a class I carcinogen in 1994, and the 
eradication of H. pylori is closely associated with the prevention of gastric cancer.11 In 2015, the Kyoto Global Consensus 
Report defined H. pylori as an infectious pathogen and recommended treatment for all patients.32 Recently, from a 26.5-year 
follow-up of a total of 1630 H. pylori-infected patients in southern China, Yan et al concluded that the eradication of H. pylori 
reduced the incidence of gastric cancer by 43% in the overall population and even 63% in patients without precancerous 
gastric lesions (Figure 1B).13 Evidently, the eradication of H. pylori can significantly reduce the risk of gastric cancer, and 
hence, the eradication of H. pylori from the global population is of critical importance.

Currently, the Maastricht VI/Florence consensus report recommends bismuth quadruple therapy (BQT) [proton pump 
inhibitors (PPIs) + bismuth + two types of antibiotics] as the first-line therapy for H. pylori in regions with high (>15%) or 
unknown rates of clarithromycin resistance; whereas in regions with low clarithromycin resistance (<15%), BQT or clarithro-
mycin-containing triple therapy (PPI + clarithromycin + another antibiotic) are recommended as first-line empiric treatment.33 

Following the failure of the first-line regimen, it is recommended that the patient receive a fluoroquinolone-based treatment or 
undergo susceptibility testing prior to taking further action.34 However, the long-term and excessive use of antibiotics has led to 
the evolution of H. pylori with antibiotic resistance. Correspondingly, the resistance of H. pylori to antibiotics such as 
clarithromycin, metronidazole, and levofloxacin is annually on the increase, thereby decreasing the eradication rate of 
H. pylori and endangering public health (Figure 1C). Savoldi et al conducted a global meta-analysis consisting of 178 studies 
and 66–142 samples (99.5% of endoscopic gastric or duodenal biopsies) from 65 countries, and found that the resistance of 
H. pylori to clarithromycin, metronidazole, and levofloxacin was 15% or higher in most WHO regions and had increased over 
time. Among them, China’s metronidazole and levofloxacin resistance rates are among the highest in the world, at 77% and 33%, 
respectively35 (Figure 1C). To address this challenge, numerous efforts have been made to offer available options to combat 
H. pylori infection and antibiotic resistance, including the discovery of new drugs [such as potassium-competitive acid blockers 
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Figure 1 Schematic representation of H. pylori pathogenic mechanism and the biological attributes of resistance in H. pylori. (A) Role of H. pylori in the pathogenesis of enteric gastric 
cancer; (B) H. pylori eradication reduced the incidence of gastric cancer by 43% in the overall population and even 63% in patients without precancerous gastric lesions; (C) Global trend 
of resistance rates of clarithromycin (a), metronidazole (b) and levofloxacin (c) over time; (D) The diagram shows the biological characteristics of drug resistance in H. pylori (red asterisks 
indicate the potential for drug resistance mutations). It consists mainly of the formation of components that prevent cellular penetration and antibiotic molecular activity by altering drug 
targets (1–3), inhibiting intracellular drug activation (4), biofilm formation (5), increased drug efflux and reduced drug uptake (6), or producing ultrastructural and metabolic changes (7), 
all of which are not mutually exclusive but may co-exist in different strains and together lead to three resistance patterns. Single drug resistance (SDR), multidrug resistance (MDR) and 
heterogeneous resistance (HR). (B) Reprinted from Gastroenterology, 163, Yan L, Chen Y, Chen F, et al. Effect of Helicobacter pylori eradication on gastric cancer prevention: updated 
report from a randomized controlled trial with 26.5 years of follow-up. Copyright 2022, with permission from Elsevier.13 (C) Reproduced with permission from Thung I, Aramin H, 
Vavinskaya V, et al. Review article: the global emergence of Helicobacter pylori antibiotic resistance. Aliment Pharmacol Ther. 2016;43(4):514–533. doi:10.1111/apt.13497. Alimentary 
Pharmacology & Therapeutics published by John Wiley & Sons Ltd.103 (D) Reproduced with permission from Tshibangu-Kabamba E, Yamaoka Y. Helicobacter pylori infection and antibiotic 
resistance - from biology to clinical implications. Nat Rev Gastroenterol Hepatol. 18(9):613–629. doi:10.1038/s41575-021-00449-x. 2021, Springer Nature.1
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(P-CAB); notably, P-CAB are also recommended as an alternative to PPIs; correspondingly, P-CAB-containing regimens have 
been found to be superior in patients with clarithromycin-resistant strains]20,33,36 or the use of different drug combination 
approaches (such as sequential, hybrid, and concomitant therapies).37 However, these methods still involve the use of large 
quantities of antibiotics, which can lead to an increase in H. pylori resistance in the future; consequently, the outcomes will 
continue to deteriorate. Understanding how current antibiotics fail to achieve their intended effects and how resistance develops is 
crucial for the development of innovative and potent antibacterial technologies. From a pathogenic perspective, the mechanisms 
of resistance in H. pylori fall into four main categories: 1) evasion of antibiotic activity via mutations in cellular targets, 2) 
reduction of intracellular accumulation of antibiotic compounds via alterations in efflux systems or cell membrane perme-
ability, 3) inactivation or impairment of antibiotic activity via enzymes or virulence factors, or 4) prevention of antibiotic 
clearance via initiation of resistance escape mechanisms1 (Figure 1D). In addition to antibiotic resistance, factors such as the 
harsh environment of the stomach, which prevents antibiotics from penetrating, as well as the barrier effect of H. pylori biofilm 
comprise persistent obstacles in the eradication of H. pylori.1,38,39 In addition, the extensive use of antibiotics has had an 
irreversible effect on the intestinal microecology of patients.37,40 Therefore, to eradicate H. pylori in the future, the reliance on the 
current antibiotic and the associated treatment protocols present significant risks. Consequently, the search for antibiotic-free 
strategies with high eradication rates, low adverse effects, and high compliance comprise a promising emerging strategy for 
addressing the current anti-H. pylori conundrum. In this regard, the development and use of metal-based nanomaterials is a rising 
star in the fight against H. pylori.

Metal Based Nanoparticles-Based Treatment of H. pylori
Metal-based nanoparticles are substances prepared from metals or their compounds that are less than 100 nm in at least one 
dimension.41,42 Due to their facile preparation, high reactivity, large specific surface area, and ease of surface modification, 
they have been widely used in drug delivery, biosensor, pathogen detection and antibacterial applications.27,43 According to 
the World Health Organization, metal-based nanoparticles have a small size, high penetrability, and selectivity for bacteria in 
addition to their demonstrated efficacy against specific pathogens.44 In addition, their non-specific bacterial toxicity mechan-
ism not only broadens the spectrum of antibacterial activity, but also makes it difficult for bacteria to develop resistance, 
attracting increased interest in the field of antimicrobial research, particularly in antibiotic-free antimicrobial strategies.27,45,46

Normally, a majority of metal ions are present in the human organism in the form of complexes, which are involved in 
tissue composition, growth and development, the metabolism of energy and substances, and the transmission of various 
signals.47–49 For instance, transition metal ions such as iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), cobalt (Co) and 
nickel (Ni) act as key components of enzymes and proteins, catalyze various types of reactions, and regulate the transcription, 
translation and expression of DNA and RNA. When these metal ions are present in excess, however, their effects on cells can 
be fatal.22,47 Conversely, it is due to this lethality, metal ions are capable of killing pathogens; for instance, recent evidence 
suggests that macrophages actually poison pathogens by increasing zinc and copper concentrations in phagosomes.50,51 

Specific metal compounds will distinguish between bacteria and eukaryotic cells, due to their distinct metal transport systems 
and metalloproteins, and toxicity to humans can be avoided by altering the route of administration or confining some toxic 
substances outside the cell membrane.22 This permits metal-based nanomaterials to function as long-lasting antimicrobial 
agents with little or no effect on the host, thereby resolving the issue of antibiotic resistance.52 In parallel, gold, silver, copper, 
iron, and other transition metal-based NPs have attracted a great deal of attention in the field of oncology due to their variable 
size, excellent photoacoustic effects, and ability to precisely target lesions. Accordingly, copper (Cu), silver (Ag), zinc (Zn), 
titanium (Ti), gold (Au), silicon (Si), bismuth (Bi), iron (Fe), and magnesium (Mg) metal and metal oxide NPs comprise the 
predominant antibacterial metal nanoparticles that are currently used (Figure 2A). The antibacterial mechanism of these metal- 
based NPs can be attributed to at least one of the following mechanisms: direct or indirect damage to cell membranes by 
generating free radicals and ROS, inactivation of enzymes, energy imbalance, photocatalysis.52 However, there is limited 
research on metal and metal oxide NPs with anti-H. pylori capabilities. In this regard, three primary mechanisms are involved 
in the killing of H. pylori by metal nanoparticles that have been studied for this purpose: 1) release of metal ions, 2) production 
of ROS, and 3) light-induced photothermal or photodynamic effects.27,53–55 In the following, a comprehensive summary of the 
current research progress on metal-based NPs against H. pylori, as well as metal-based NPs that have the potential to be 
investigated for anti-H. pylori (Table 1).
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Figure 2 Metal-based nanomaterials exert antibacterial action through metal ion release. (A) Schematic diagram of the mechanism of metal ion sterilization released from metal 
nanocarriers; (B) High resolution TEM images of (BiO)2CO3 nanotube bundles (a and b), and their inhibition of bacteria at different concentrations (c); Application of bismuth 
nanoparticles for H. pylori eradication; (C) As acarrier, AgNPs can efficiently transport Ag+ into the cytoplasm and membranes of bacteria and their proton motive force will lower the 
local pH thus enhancing Ag+ release (a); Silver ion release from PEG-AgNPs of different particle sizes (5 nm and 11 nm) under aerobic and anaerobic mitigation (b); Toxicity elimination by 
AgNP synthesis and exposure under anaerobic conditions, thus preventing oxidative Ag+ release (c); (D) Pd(H)@ZIF-8 release zinc ions to kill H. pylori. The antibacterial mechanism 
diagram (a); The scanning electron micrograph of Pd(H)@ZIF-8 (b); The cytotoxicity test of Pd(H)@ZIF-8 (c), and the scanning electron micrographs of different materials after co- 
culture with bacteria (d). (A) Used with permission of Royal Society of Chemistry, from Metal organic framework-based antibacterial agents and their underlying mechanisms. Han D, Liu 
X, Wu S. 51(16), copyright 2022; permission conveyed through Copyright Clearance Center, Inc.53 (B) Used with permission of Royal Society of Chemistry, from Fabrication of bismuth 
subcarbonate nanotube arrays from bismuth citrate, Chen R, So MH, Yang J, Deng F, Che C-M, Sun H Chem, (21), copyright 2006; permission conveyed through Copyright Clearance 
Center, Inc.104, (C) Reprinted with permission from Xiu ZM, Zhang QB, Puppala HL, Colvin VL, Alvarez PJJ. Negligible particle-specific antibacterial activity of silver nanoparticles. Nano 
Lett. 2012;12(8):4271–4275. © 2012 American Chemical Society106, (D) Reproduced with permission from Zhang W, Zhou Y, Fan Y, et al. Metal-organic-framework-based hydrogen- 
release platform for multieffective Helicobacter pylori targeting therapy and intestinal flora protective capabilities. Adv Mater. 2022;34(2):e2105738. doi:10.1002/adma.202105738. © 
2021 Wiley-VCH GmbH.101
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Metal-Based NPs Based on the Release of Metal Ions
A key bactericidal function of metal-based NPs is their ability to release metal ions. Regarding H. pylori, whose outer 
membrane is composed of negatively charged lipopolysaccharide,48 positively charged metal ions can adsorb to negatively 
charged bacterial surfaces, thereby inducing pits and gaps in the bacterial membrane, which leads to cell division.47 On the 
other hand, a strong coordination bond can be formed between metal ions and the N, O, or S atoms of biomolecules,49 and the 
binding of metal ions to these biomolecules alters the function of H. pylori, thereby achieving antibacterial effects. In addition, 
metal ions have been shown to have a variety of other anti-H. pylori mechanisms, such as induction of oxidative stress and 
inhibition of bacterial surface biofilm production. Moreover, certain metal ions can directly interfere with the nickel in 
H. pylori urease, thereby inactivating the enzyme, and these mechanisms are typically synergistic.47,49–51

Organic salts of bismuth (ie, bismuth salicylate, bismuth subcitrate, and bismuth subnitrate) have been used to treat 
various gastrointestinal disorders since the early 19th century.56,57 Bismuth exists in two primary oxidation states, 
trivalent and pentavalent, with trivalent being the most common and stable form and Bi(III) having a high affinity for 
sulfur, nitrogen and oxygen ligands.58,59 Li et al demonstrated that colloidal bismuth subcitrate (CBS) inhibits several 
major antioxidant enzymes and urease produced by H. pylori to varying degrees, validating the key biological pathways 
(oxidative stress defense system and pH buffering system) of H. pylori that are disrupted by bismuth-based drugs.58 

Similarly, this provides a rationale for the release of Bi(III) in anti-H. pylori mechanisms of bismuth nanomaterials. For 

Table 1 Typical Examples of Metal-Based Nanoparticles as Anti-H. pylori Agents

Mechanisms Nanoparticles Examples Reference

Metal ions release ((BiO)2CO3) NPs Fabrication of bismuth subcarbonate nanotube arrays from bismuth citrate. [104]
Bismuth subcarbonate nanoparticles fabricated by water-in-oil microemulsion- 

assisted hydrothermal process exhibit anti-Helicobacter pylori properties.

[60]

Bi NPs The antimicrobial effects and metabolomic footprinting of carboxyl-capped bismuth 
nanoparticles against Helicobacter pylori.

[61]

Ag NPs Green synthesis of silver nanoparticles through reduction with Solanum 

xanthocarpum L.berry extract: characterization, antimicrobial and urease inhibitory 
activities against Helicobacter pylori.

[64]

Green Synthesis of Silver Nanoparticles: Structural Features and In Vivo and In Vitro 

Therapeutic Effects against Helicobacter pylori Induced Gastritis.

[65]

Multidimensional effects of biologically synthesized silver nanoparticles in Helicobacter 
pylori, Helicobacter felis, and human lung (L132) and lung carcinoma A549 cells.

[66]

SUNCs Antimicrobial and Antibiofilm Activities of New Synthesized Silver Ultra- 

NanoClusters (SUNCs) Against.

[67]

ZnO NPs Synergistic Effect between Amoxicillin and Zinc Oxide Nanoparticles Reduced by 
Oak Gall Extract against.

[100]

Pd(H)@ZIF-8@AP Metal-Organic-Framework-Based Hydrogen-Release Platform for Multi-effective 

Helicobacter pylori Targeting Therapy and Intestinal Flora Protective Capabilities.

[101]

ROS generation ZnO-PEI NPs The molecular basis of inactivation of metronidazole-resistant Helicobacter pylori using 

polyethyleneimine functionalized zinc oxide nanoparticles.

[105]

ZnO NPs Green synthesis of anisotropic zinc oxide nanoparticles with antibacterial and cyto- 
friendly properties.

[102]

ZnO NPs Synergistic Effect between Amoxicillin and Zinc Oxide Nanoparticles Reduced by 

Oak Gall Extract against.

[100]

Pd(H)@ZIF-8@AP Metal-Organic-Framework-Based Hydrogen-Release Platform for Multi-effective 

Helicobacter pylori Targeting Therapy and Intestinal Flora Protective Capabilities.

[101]

Ag NPs Multidimensional effects of biologically synthesized silver nanoparticles in Helicobacter 
pylori, Helicobacter felis, and human lung (L132) and lung carcinoma A549 cells.

[66]

Photothermal/ 

photodynamic 
effects

GNS@Ab 

nanoprobe

Oral pH sensitive GNS@Ab nanoprobes for targeted therapy of Helicobacter pylori 
without disturbance gut microbiome.

[91]
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instance, Chen et al56 synthesized the first bismuth carbonate (BiO)2CO3 nanotubes (Figure 2B), and the group 
subsequently synthesized well-crystallized bismuth carbonate (BiO)2CO3 NPs with an average particle size of 9.2 nm 
via the water-in-oil (w/o) microemulsion-assisted hydrothermal method.60 Both (BiO)2CO3 nanomaterials were found to 
inhibit H. pylori in relation to the bismuth concentration, with the inhibition being greater for nanoparticles (>85%) than 
for nanotubes (>80%) at 80 μg/mL. Furthermore, the antibacterial activity of these materials was found to be in the 
following order: (BiO)2CO3 NPs > CBS > bulk (BiO)2CO3 > Bi2O3 NPs. Other than that, Nazari et al produced less than 
5 nm Bi NPs and evaluated their antibacterial activity against various clinical isolates and standard H. pylori strains using 
a serial solid agar dilution method, which demonstrated excellent antibacterial activity against all H. pylori strains tested. 
The minimum inhibitory concentration (MIC) of bismuth subnitrate against H. pylori (>200 μg/mL) was significantly 
higher than the MIC of Bi NPs (up to 100 μg/mL).61 Based on the above findings, we can speculate that the antibacterial 
effect of bismuth in the form of NPs is greater than that of bismuth ions against H. pylori, or that elemental bismuth in 
the form of NPs enriches the mechanism by which bismuth alone acts on the pathogen, resulting in increased bactericidal 
efficacy. Although the exact mechanism has not been elucidated, its great potential to combat H. pylori has been 
demonstrated, and these studies may serve as a foundation for the future development of multiple treatments for H. pylori 
infection or new nanomedicines.

Due to the large surface area with which silver nanoparticles come into contact with bacteria, these nanoparticles have 
demonstrated highly effective antibacterial properties. Numerous studies have demonstrated that silver and its oxide 
nanoparticles release Ag+ in aqueous solution, thereby increasing their bactericidal activity.62,63,106 Xiu et al discovered 
that Ag NPs could release Ag+ under aerobic conditions, resulting in a significant reduction of bacteria. However, Ag NPs 
under anaerobic conditions exhibited no bactericidal activity, indicating that antibacterial activity was related to Ag+ release106 

(Figure 2C). Based on H. pylori strains, certain of these studies have demonstrated antibacterial activity. For instance, Amin 
et al successively used methanol extract from Solanum xanthocarpum64 and P. harmala seeds extract65 as a reducing and 
capping agent to synthesize and reduce silver nanoparticles. It was discovered that Ag NPs had greater antibacterial potency 
than several antibiotics used to eradicate H. pylori, and it was surprising to find that it also had antibacterial activity against 
strains exhibiting double and triple resistance. Additionally, Ag NPs with an average size of 20 nm produced by Gurunathan 
et al,66 and Silver Ultra-NanoClusters (SUNCs) with an average size of less than 5 nm produced by Grande et al,67 

demonstrated that silver nanomaterials have anti-biofilm properties and can effectively eradicate mature biofilms produced 
by H. pylori. It is well known that biofilms can protect H. pylori from the harsh environment in the stomach39,68; therefore, 
inhibiting the growth of biofilms or eradicating them is advantageous to the eradication of pathogens, which also supports the 
notion that Ag NPs may function as antibacterial agents for H. pylori. On the other hand, it has been reported that the continued 
use of Ag NPs as antibacterial agents does not bode well due to genetic alterations in the bacteria;69 however, it will be 
necessary to conduct additional research in the future to confirm this.

Zinc is an essential trace element whose role in wound healing67 is well-established. Due to this property of zinc and 
its relatively low toxicity, the FDA (Food and Drug Administration) has approved zinc oxide nanoparticles (ZnO NPs) as 
a biocompatible antimicrobial agent. Consequently, in the field of anti-H. pylori research, numerous researchers have 
created new anti-H. pylori complexes by complexing zinc ions with H receptor blockers or antibiotics used to eradicate 
H. pylori, utilizing the inhibitory effect of zinc on urease. For instance, Amin et al studied a novel zinc(II)-famotidine 
anti-H. pylori complex, which was found to be nearly as effective against antibiotic-resistant strains of H. pylori as 
antibiotic-sensitive strains, and its toxicity was significantly lower than that of the parent drug.68 The complex inhibited 
urease significantly, although the underlying mechanism is unknown. Moreover, the synthesis of ZnO NPs based on Oak 
galls extract(OGE) by Attia et al,69 as well as the first combination of metal-organic framework and hydrogen therapy for 
the treatment of H. pylori by Zhang et al, wherein, he designed a metal-organic framework hydrogen production system 
(Pd(H)@ZIF-8@AP),70 exploited the significant inhibitory effect of zinc ions on urease, thereby resulting in excellent 
anti-H. pylori activity (Figure 2D). These Zn+-based nanomaterials could, therefore, serve as a safer and more effective 
alternative drug for treating H. pylori infections in the near future.

Due to H. pylori’s high demand for active urease and the close association of nickel ions with the active site of 
urease,70,71 nickel accumulation is essential for the organism’s survival in the gastric environment. In addition, the 
presence of nickel inhibited cobalt (Co) activity in a dose-dependent manner. Sylvaine et al found that cobalt chloride not 
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only had significant anti-H. pylori activity, but also acted specifically against H. pylori.72 In addition, the authors 
identified a potential mechanism by which cobalt ions inhibit the growth of H. pylori by competing with nickel ions 
for the active metal binding site of urease or the nickel transport system specific to H. pylori, rather than by mediating 
toxicity in a urease-dependent manner.72 Although Co NPs have not been investigated in the eradication of H. pylori, 
their anti-gastric cancer properties have been demonstrated. For instance, Jarestan et al synthesized Co3O4@Glu/TSC 
NPs via co-condensation reaction and discovered that the complex inhibited the growth of AGS cells and induced 
apoptosis with its anti-cancer activity.73 Furthermore, a gastric nano-heater iron cobalt alloy shielded with graphitic shells 
(FeCo@G) was developed to antagonize H. pylori infection using magnetothermal therapy, providing an avenue for the 
treatment of H. pylori.74 However, the synthesis and mechanism of action of this material are beyond the scope of this 
review and will not be discussed here.

Metal-Based NPs Based on ROS Generation
In our biological systems, reactive oxygen species (ROS) are produced when electrons leak out of the respiratory chain and 
consume a small amount of oxygen before being delivered to the terminal oxidase. They are a natural byproduct of the oxygen 
metabolism process, consisting primarily of superoxide anions (O2

•-), hydrogen peroxide (H2O2), singlet oxygen (1O2) and 
hydroxyl radicals (•OH).75,76 ROS play a crucial role in normal cell function and are involved in a variety of biological 
processes, including cell signaling and homeostasis76,77 (Figure 3A). In the H. pylori-infected stomach, neutrophils ingest 
bacteria and transform into phagosomes, where they kill invading pathogens via ROS production catalyzed by NADPH 
oxidase (NOx) on the phagosome.76,78–82 Similarly, metal nanoparticles use the principle that ROS can cause oxidative stress 
in cells to damage cell membranes, DNA, and mitochondria in order to kill bacteria83 (Figure 3B). This section will 
concentrate on metal-based NPs whose primary role is to produce ROS against H. pylori.

The anticancer and antibacterial activity of ZnO nanoparticles is correlated with their capacity to generate ROS and induce 
apoptosis.84 After treating H. pylori with polyethyleneimine-functionalized zinc oxide nanoparticles (ZnO-PEI NP), 
Chakraborti et al observed a rapid increase in intracellular ROS production; the amount of ROS generated was proportional 
to the concentration of ZnO-PEI NP used, and the amount of ROS produced by ZnO NP at similar concentrations was 
significantly less. Notably, the developed system demonstrated synergistic activity when combined with ampicillin, suggest-
ing that it could be used in conjunction with therapeutic subdoses of antibiotics for the treatment of H. pylori infection85 

(Figure 3C). Moreover, Saravanan et al86 and Attia et al69 also demonstrated that the toxicity of biogenic ZnO NPs is primarily 
a result of oxidative stress. It is well known that the H. pylori-mediated inflammatory response results in excessive ROS 
production and damage to normal gastric epithelial cells (Figure 3D and E). Therefore, theoretically preventing inflammatory 
cells from producing excessive ROS can prevent damage to normal epithelial cells, and based on this, Zhang et al developed 
a novel anti-H. pylori product, Pd(H)@ZIF-8@AP, which the authors assessed to be resistant to oxidative stress using 
malondialdehyde (MDA) and superoxide dismutase (SOD).70 Whether the objective is to use ROS production to sterilize or to 
prevent bacteria from producing ROS to damage normal gastric cells, the end goal of both approaches is to protect the gastric 
mucosa from bacteria. In addition to ZnO NPs, which have been extensively studied for their antimicrobial activity via the 
release of ROS, Gurunathan et al discovered that biogenic Ag NPs were also effective inducers of ROS and that the production 
of ROS could ultimately result in cellular DNA breakage.106

In fact, in addition to the above-mentioned metal nanoparticles that have been investigated for anti-H. pylori activity, 
there are numerous metal nanoparticles, such as Ni, Cu, and Ti NPs, with antibacterial potential against H. pylori 
primarily via oxidative stress mechanisms. Nickel nanoparticles synthesized with Ocimum sanctum leaf extract (NiGs) 
were found to be more sensitive to pathogenic Gram-negative bacteria than Gram-positive bacteria, and NiGs-induced 
formation of ROS disrupted microbial cell membranes and their permeability, resulting in growth inhibition and cell 
death.84 Additionally, studies have demonstrated that CuO NPs85 and TiO2 NPs86 possess antibacterial properties against 
both Gram-negative and Gram-positive bacteria, and that these properties are influenced by the particle size, morphology, 
and chemical composition of the materials. Overall, the production of ROS by metal-based NPs is a crucial mechanism 
for their antimicrobial activity. ROS-generated metal-based NPs are nevertheless non-selectively toxic, and antibacterial 
NPs based on this mechanism may also be harmful to mammalian cells. In selecting metal-based nanoparticles with anti- 
H. pylori potential, therefore, the toxicity of these nanoparticles is unquestionably a factor that cannot be neglected.
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Figure 3 Metal-based nanomaterials exert antibacterial action through ROS generation. (A) The mechanism of antibacterial activity of ZnO PEI NP; (B) Function of ROS in 
normal cells; (C) Growth of H. pylori after treatment with different concentrations of ZnO-PEI NP (a); Staining of living and dead bacteria (b) and quantitative analysis of ATP 
(c) after incubation of ZnO PEI NP (100mg/mL) with bacteria for 3 hours; (D) Electron microscope scan of zinc-based nanoparticles; (E) Electron microscope scan of zinc- 
based nanoparticles killing H. pylori through damaging the membrane. (A) Reprinted from from Molecular Cell, 81/18, Lennicke C, Cochemé HM. Redox metabolism: ROS as 
specific molecular regulators of cell signaling and function, 3691–3707 Copyright 2021, with permission from Elsevier.107 © 2021 Elsevier Inc. (B) and (C) Reproduced from 
Chakraborti S, Bhattacharya S, Chowdhury R, Chakrabarti P. The molecular basis of inactivation of metronidazole-resistant Helicobacter pylori using polyethyleneimine 
functionalized zinc oxide nanoparticles. PLoS One. 2013;8(8):e70776. doi:10.1371/journal.pone.0070776105 (D) and (E) Reprinted from Microbial Pathogenesis, 115, 
Saravanan M, Gopinath V, Chaurasia MK, Syed A, Ameen F, Purushothaman N. Green synthesis of anisotropic zinc oxide nanoparticles with antibacterial and cytofriendly 
properties. Microb Pathog. 57–63, Copyright 2018, with permission from Elsevier.102
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Metal-Based NPs Based on Photothermal/Photodynamic Effects
Metal nanoparticle-based phototherapy, including photothermal therapy (PTT) and photodynamic therapy (PDT). PTT 
refers to the ability of some metallic nanomaterials to kill bacteria by converting light energy into heat and powerfully 
penetrating the gastric mucosal tissue under the conditions of a near infrared (NIR) laser as a light source. In addition to 
this, other advantages include locally targeted drug delivery, targeted molecularly modified nanoparticles for drug or 
nucleic acid delivery, etc. (Figure 4A).55,87 Metal nanoparticle-based PDT is a novel therapeutic approach that employs 
metal nanoparticles as carriers or photosensitizers (PS). PDT relies on the enhancement of ROS production from metal- 
based NPs through light irradiation. Light absorption promotes electrons into the high-energy band, where they can 
readily react with water or oxygen to generate ROS, leading to apoptosis and/or necrosis in bacterial cells.27,75,87 Both 
therapeutic approaches offer the benefits of minimal invasiveness, low toxicity, good selectivity, and reproducibility, and 
are promising candidates for the treatment of H. pylori. This section discusses recent advances in anti-H. pylori metal 
NPs with photothermal/photodynamic effects.

Due to their exceptional ability to convert light energy into thermal energy, noble metals such as gold and silver are 
often regarded as promising candidates for antimicrobial nanomaterials. Their exceptional localized surface plasmon 
resonance (LSPR) properties are the primary reason for the photothermal effect.88,89 In most instances, Au is the material 
of choice for designing photothermal antimicrobial agents.90 For clinical applications, the physical photothermal effect 
based on gold nanoparticles (GNPs) has advantages in preventing bacterial drug resistance. Due to their higher 
absorption to scattering ratio in the near infrared (NIR) spectral region and the presence of more “hot spots” at the 
branch tips, gold nanostars (GNS) have greater potential for phototherapeutic applications than other GNPs.91–93 It has 
been reported that a star with eight points can generate 10 times the temperature of a spherical particle.94 Thus, Zhi et al 
used the photothermal effect of GNS to prepare pH-sensitive gold nanostars@H. pylori-antibodies nanoprobes 
(GNS@Ab) against H. pylori. They discovered that in gastric tissues containing H. pylori, the oral GNS@Ab nanoprobe 
captured live H. pylori and retained it for longer, with excess GNS@Ab nanoprobe being quickly removed. In contrast, 
the oral GNS@Ab nanoprobe was rapidly cleared in gastric tissue devoid of H. pylori. It is reassuring that low power 
NIR laser irradiation is non-invasive to gastric tissue, that all GNS@Ab nanoprobes can be eliminated from the intestine 
within 7 days after oral administration, and that the therapeutic dose of GNS@Ab nanoprobes does not disturb the 
intestinal bacterial balance, making it a safe treatment with great clinical translation potential (Figure 4B).91

The photodynamic effect of metal-based NPs can increase the oxidative stress induced by ROS production, thereby 
increasing their antibacterial activity, as described in the preceding section and not repeated here. No studies have been 
published on the use of MNPs photodynamic effects against H. pylori. However, the use of photodynamic effects against 
H. pylori has been partially demonstrated to be effective, eg, Im et al utilized multiple 3′-sialyllactose (3SL)-conjugated, 
poly-L-lysine-based photosensitizer (p3SLP) to promote H. pylori-targeting PDT by selectively identifying sialic acid- 
binding adhesin (SabA) in the H. pylori membrane via 3SL. p3SLP is administered orally to mice infected with H. pylori 
and irradiated with an endoscopic laser system, resulting in ROS-induced DNA and cell membrane damage. The results 
display that p3SLP exhibits comparable antimicrobial therapeutic effects to antibiotic-based treatments, with no adverse 
effects on normal tissues and intestinal flora, and because PDT is unlikely to induce resistance, it is a potential alternative 
strategy for treating antibiotic-resistant bacteria (Figure 4C).95 In addition, some studies have demonstrated that the 
combination of PDT and antibiotics has antibacterial synergistic effects without causing significant toxicity96 Although 
there is a lack of research on the photodynamic effect of MNPs against H. pylori, there have been numerous studies 
utilizing this effect against other strains of bacteria. Photothermal and photodynamic therapy studies utilizing MNPs for 
the eradication of H. pylori are expected to increase in the future.

Summary and Perspectives
According to the 15th edition of the carcinogen report in the United States,97,98 H. pylori infection is a global health 
concern and a known carcinogen. In addition, according to the H. pylori Taipei Global Consensus, the majority of 
gastric cancers can be avoided if H. pylori infection is eradicated from the population.99 Therefore, the global 
eradication of H. pylori is of great clinical importance, particularly in regions with a high incidence of gastric 
cancer. Currently, the anti-H. pylori agents rely primarily on the combination of two antibiotics, which is reported to 
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Figure 4 Metal-based nanomaterials exert antibacterial action through photothermal/photodynamic effects. (A) Schematic illustration of the photothermal conversion and antibacterial 
mechanism. Electromagnetic fields cause rapid oscillations of electrons in the conduction band on the surface of metallic nanomaterials, creating a fast-moving electron cloud. This 
absorbed energy causes vibrations in the metal lattice through electron-phonon coupling, which are subsequently converted into thermal energy, leading to a local temperature increase 
around the nanomaterial, which leads to cell death through a series of actions. Top right are scanning electron micrographs of E. coli cells before (left) and after (right) treatment with 
photothermal nanomaterials; (B) The chemical diagram of gold nanostars modified with antibodies and schematic representation of targeted imaging and photothermal treatment of 
H. pylori in vivo; (C) Schematic illustration of multiple 3SL conjugated PheoA photosensitizers (p3SLP) against H. pylori by an endoscopic laser system. 3SL binds specifically to SabA on the 
membrane of H. pylori and PheoA produces ROS to inactivate H. pylori using laser irradiation. And the histogram of cytotoxicity and antibacterial activity of different materials at different 
concentrations (a–c). (A) Reproduced from Cheeseman S, Christofferson AJ, Kariuki R, et al. Antimicrobial metal nanomaterials: from passive to stimuli-activated applications. Adv Sci. 
2020;7(10):1902913. doi:10.1002/advs.201902913. © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.55 (B) Reproduced from Nenomedicine: 
Nanotechnology, Biology and Medicine, 20, Zhi X, Liu Y, Lin L, et al. Oral pH sensitive GNS@ab nanoprobes for targeted therapy of Helicobacter pylori without disturbance gut 
microbiome. Copyright 2019, with permission from Elsevier.91 (C) Reproduced from Biomaterials, 271, Im BN, Shin H, Lim B, et al. Helicobacter pylori-targeting multiligand 
photosensitizer for effective antibacterial endoscopic photodynamic therapy. Biomaterials. Copyright 2021, with permission from Elsevier.95
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be highly effective with >90% eradication rates.33 However, the prolonged and excessive use of antibiotics has 
facilitated the emergence of H. pylori with antibiotic resistance. In addition, the potential impact of widespread 
antibiotic use on gut microecology raises additional concerns regarding the eradication of H. pylori. Therefore, it is 
becoming increasingly risky to rely solely on antibiotics and related methods in the future to eradicate H. pylori. 
Accordingly, an urgent demand exists for new antibiotic-independent strategies that can maintain the ecological 
homeostasis of the gut ecosystem. In this review, we the current therapeutic strategies for H. pylori and the metal- 
based nanocarriers designed for the treatment of H. pylori infection, as well as a forecast of the potential future 
metal-based nanocarriers for the treatment of H. pylori. Summarizing, as a new strategy to eradicate H. pylori, the 
eradication mechanism of metal-based nanoparticles for H. pylori mainly includes the following aspects (Figure 5): 
(1) Metal ion release; (2) ROS production; (3) Photothermal and photodynamic effects. In addition, metal-based NPs 
can be prepared as a multifunctional platform with two or more H. pylori-killing capabilities due to their high 
surface-to-volume ratio, inherent positive charge, and amenability to surface modification. Moreover, the different 
chemical composition, size, and morphology of metal-based NPs can affect their antimicrobial efficacy and spectrum 
of action; these findings will likely contribute to the development of effective antimicrobial agents that do not 
develop resistance, thereby replacing current multidrug-resistant antibiotic therapies. Nevertheless, despite the 
proposition that metal-based NPs can be used for the detection and treatment of bacteria is undeniable, there are 
still hurdles to cross before these NPs can be applied as clinical anti-H. pylori agents: (1) Limited stability. Although 

Figure 5 Schematic representation of the mechanism of metal-based nanoparticles. (1) Metal ion release, killing H. pylori through inhibition of enzyme activity, nucleic acid 
degradation and ROS production. (2) ROS generation, killing H. pylori through lethal stress response, nucleic acid degradation and protein denaturation; (3) Photothermal/ 
photodynamic effects, killing H. pylori through cell membrane disruption, protein denaturation and induction of heat shock proteins. Created with BioRender.com.
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it has been demonstrated that metal-based NPs exhibit potent antibacterial activity, their stability in the ambient 
environment, particularly in the harsh acidic environment of the stomach, may pose challenges for their future 
applications. Therefore, the greatest challenge for the future application of metal-based nanoparticles for the 
eradication of H. pylori is to determine how to improve their stability in the stomach; (2) Toxicity to cells. 
Cytotoxicity is an unavoidable aspect of nanoparticle design involving metals. Metal-based nanoparticles can be 
biologically toxic while killing H. pylori, so their second challenge is to reduce their toxic effects on cells. Copper 
ions, for instance, have a potent bactericidal effect; however, excessive copper can result in copper poisoning, which 
can cause spasms, neurodegenerative diseases, and even death. However, the risk of copper toxicity can be mitigated 
by the slow release of copper ions. Therefore, slowing the release of metal particles is an essential strategy for 
overcoming this challenge; (3) In vivo retention effect. The use of metal-based NPs for the eradication of H. pylori 
usually requires increasing the retention time of the drug at the site of H. pylori colonisation to achieve better 
bactericidal effects, but the long-term retention of nanomaterials in the human body would significantly compromise 
their biosafety. Thereby, a metal with enhanced biocompatibility, such as zinc, could be chosen as the core 
component of anti-H. pylori materials. In addition, some studies have combined metal nanoparticles and physio-
chemical therapies to produce synergistic effects and thus enhance the killing of H. pylori; (4) High cost. Gold and 
silver have high antimicrobial activity and a long history as antimicrobial materials, making them the material of 
choice for anti-H. pylori nanoparticle design. However, the use of gold and silver in clinical translation for mass 
production is frequently unrealistic. In designing H. pylori-resistant metal-based nanoparticles, we can therefore use 
inexpensive metals or investigate simple and inexpensive synthesis techniques.

The ultimate goal of scientific research is the successful clinical translation of study designs from the laboratory to the 
patient’s bedside. Moreover, in order to achieve clinical translation, the design of metal-based nanocarriers requires 
considerable attention. Firstly, the designed metal-based NPs must be highly effective against H. pylori and stable in the 
harsh acidic environment of the stomach. Secondly, to maintain the stability of the gastrointestinal microecology after 
H. pylori eradication, the formulation design should incorporate the ability of pathogenic microorganism selectivity or 
localizability to target infected areas. Last but not least, cost-effectiveness and mass production are the most important 
factors in achieving eventual clinical translation; additionally, a simple and relevant method of administration in clinical 
settings must be considered.

By meeting these criteria and through continuous innovation, metal nanomaterial-based strategies demonstrate great 
potential as antimicrobial technologies of the next generation for H. pylori treatment. Thus, we are confident that metal- 
based nanoparticles will help us achieve our ultimate goal of eradicating H. pylori in the near future.
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