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INTRODUCTION

Helicobacter pylori is one the most common infections worldwide, eliciting a chronic inflamma-
tion status that triggers the development of several gastric ailments, including gastric cancer1. 
Currently, the gold therapeutic standard for H. pylori infection is the quadruple therapy (2 anti-
biotics + bismuth subcitrate potassium + proton pump inhibitor)2, but the menace of antibiotic 
resistance allied with their low gastric bioavailability and dysbiosis boosted the search for 
alternatives3. Several strategies have been attempted to potentiate antibiotic effectiveness, 
either by replacing the conventional proton pump inhibitors with new acid suppressors (e.g., 
vonoprazan)4,5 or by using probiotics as adjuvants to minimize the antibiotic’s disruption of 
the gut microbiota6. Other strategies focused on the replacement of antibiotics with alterna-
tive antibacterial compounds, such as antimicrobial peptides or phytocompounds7. Still, these 
approaches are also hampered by the harsh gastric environment, demonstrating lower per-
formance than the standard antibiotic-based therapy. In addition, efforts have been made to 
develop vaccines against H. pylori, but until now, no effective vaccine has been available8. 
Thus, the interest in the use of nanosystems to carry and protect antibiotics and/or alternative 
antimicrobials has risen in recent years3. Nanoparticles (<1000 nm; NP) have been developed 
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using different gastric retentive biomaterials, such as chitosan (CS), an FDA-approved polymer 
for oral administration, to act as drug delivery systems3. Strategies based on the production 
of reactive oxygen species (ROS) have also been proposed for H. pylori management with the 
advantage of minimizing the development of bacterial resistance9,10. 

METHODS

In this review, the terms “Nanotherapeutics”, “Nanoparticles”, “Bioengineered”, “Biomateri-
als”, plus “Helicobacter pylori” were searched on PubMed and Scopus. Here, the latest and 
most promising nanotherapeutics, namely with similar/better performance than antibiotics 
or without disruption of gut microbiota and/or reduction of inflammatory markers, are briefly 
described.

ANTIBIOTICS 

Amoxicillin (AMX) was encapsulated onto CS-NP (AMX-CS-NP: ≈ 160 nm) to increase its bio-
availability11. In vitro, AMX encapsulation decreased the minimal inhibitory concentration that 
inhibits 50% (MIC50) of H. pylori ATCC®43504 strain ≈6 times compared to free AMX (13.4 ng/mL 
vs. 76.2 ng/mL). In addition, AMX encapsulation reduced the probability of developing antibiotic 
resistance11. Inulin, a prebiotic beneficial for gut bacteria with anti-inflammatory action12, was 
given in parallel with AMX-CS-NP, protecting the gut microbiota (Lactobacillus casei)11. Clarithro-
mycin (CLR), bismuth (Bi), and zinc peroxide (ZnO2-NP) were encapsulated in liposomes (CLR-
Bi-ZnO2-LP; size: ≈140 nm)13. Bi has an anti-inflammatory effect, being currently used in H. pylori 
quadruple therapy, and ZnO2-NP inhibits urease, both possessing antibacterial activity13. In in 
vivo studies (model: C57BL/6 mice infected with H. pylori standard and multi-drug-resistant strain 
7132), CLR-Bi-ZnO2-LP reduced the H. pylori burden in >5 log colony forming units (CFU)/g, 
while quadruple therapy only reduced 2 log. Additionally, CLR-Bi-ZnO2-LP did not impact gut mi-
crobiota; urease activity significantly diminished (< 20%), and expression of inflammatory factors 
(IL-6, TNF-α, and IL-1β) decreased to basal levels (non-infected mice). Yet, CLR-Bi-ZnO2-LP did 
not achieve H. pylori eradication13.

BIOACTIVES

Antimicrobial Peptides (AMP)

AMP are low molecular weight cationic peptides with broad antimicrobial activity and a low ten-
dency to induce bacterial resistance14. However, in solution, AMP may undergo proteolysis/ag-
gregation, and high concentrations in vivo are often toxic14,15. To protect AMP from proteases and 
aggregation, the AMP MSI78A was grafted onto CS-NP (MSI78A-NP; ≈115 nm)16. MSI78A-NP 
(1011 NP/mL; ≈ 96 mg/mL MSI78A) were more effective than MSI78A in solution, being bacteri-
cidal after 30 min against H. pylori 26695 and after 24 h for H. pylori J99 (ATCC®700824) strains. 
MSI78A-NP led to bacterial membrane destabilization, formation of extracellular vesicles, and 
release of cytoplasmatic content. MSI78A-NP were cytocompatible16, but to date, no pre-clinical 
validation was reported.

Resveratrol (RESV)

RESV is a flavonoid polyphenol with anti-inflammatory and antimicrobial effects against different 
H. pylori strains by compromising its membrane17,18. To overcome its low water solubility and 
bioavailability (<1%)19, RESV was encapsulated onto CS-NP (RESV-CS-NP) (≈ 150 nm). RESV 
encapsulation reduced its MIC/Minimum Bactericidal Concentration (MBC) more than 30 times 
[3.9 μg/mL vs. 125 μg/mL (free RESV)], increased its antibiofilm performance, and decreased its 
cytotoxicity20. 
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Berberine (BBR)

BBR, a benzylisoquinoline alkaloid active against H. pylori21, was encapsulated in nanomicelles 
of mannosylerythritol (MEL-B; an antimicrobial glycolipid surfactant; BBR-MEL-B-NM; ≈70 nm)22. 
BBR-MEL-B-NM were bactericidal against H. pylori 26695 strain, both in planktonic form and in 
biofilms. In vivo studies (model: C57BL/6N mice infected with H. pylori SS1) showed that the H. 
pylori burden was reduced in 2 log CFU/g after 7 days of oral gavage, while free BBR and triple 
therapy (omeprazole, AMX, CLR; OAC), reduced only 1 log CFU/g. Additionally, BBR-MEL-B-NM 
was anti-inflammatory, diminishing the pro-inflammatory factors IL-1β and TNF-α to basal levels22.

Docosahexaenoic Acid (DHA)

DHA, an omega-3 polyunsaturated fatty acid, is active against H. pylori23, but its free formulation is not 
soluble in water and is easily oxidized24. DHA loaded into nanostructured lipid carriers (DHA-NLC; ≈300 
nm), were bactericidal against several H. pylori strains growing in planktonic24,25 and in biofilms25,26. 
In addition, the development of bacteria resistance to DHA-NLC was not reported25,26. In vivo assays 
(model: C57BL/6 male mice infected with H. pylori SS1), showed that DHA-NLC [2 mg/mL (50 μM 
DHA)], given either by oral gavage or ad libitum for 14 days, decreased the H. pylori burden in 95% (2 
log decrease), eradicated infection in 50% of animals and had no impact on the gut microbiome. In op-
posite, free DHA (50 μM) only reduced 1 log and achieved eradication in 27% of the animals25.

METAL NP

Metallic NP have intrinsic antimicrobial properties, mainly due to the production of ROS, which 
promotes oxidative stress and bacteria membrane disruption9,27.

Copper (Cu)

HKUST-1, a Cu-based metal-organic framework (MOF)-NP, was encapsulated into LP coated with 
CS (CS-LP-HKUST-1-NP; ≈ 274 nm). LP had rhamnolipid (RHL), a glycolipid that disrupts the bio-
film extracellular polymeric substances (EPS)28,29. CS-LP-HKUST-1-NP with RHL were bactericidal 
against H. pylori in planktonic state and organized in biofilm. To improve delivery in H. pylori inflam-
matory sites, CS-LP-HKUST-1-NP were embedded in an inflammatory targeted degradable ascorbyl 
palmitate hydrogel30 (AP-CS-LP-HKUST-1)29. In in vivo assays (model: C57BL/6 mice infected with 
H. pylori PMSS1), AP-CS-LP-HKUST-1-NP reduced bacterial burden in >3 log CFU/mL. Besides, this 
system was safe for the gut microbiota, decreased the expression of pro-inflammatory factors MPO, 
IL-1β, and IL-6 to basal levels, and promoted the expression of anti-inflammatory factor IL-1029.

Bismuth (Bi)

Bi-based MOF coated with selenized chitosan (Bi-MOF-CS-Se-NP) was bactericidal at acidic pH 
(pH=2) against different H. pylori strains31. In in vivo (model: C57BL/6 mice infected with H. pylori 
PMSS1), Bi-MOF-CS-Se-NP reduced the H. pylori burden from 3x103 CFU/mg to less than 50 CFU/
mg of stomach, decreased the pro-inflammatory factors IL-1β, IL-6, IL-18 and TNF-α and increased 
the anti-inflammatory IL-1031. Bi-MOF-CS-Se-NP used as adjuvant to the OA therapy (OMZ and 
AMX) achieved eradication, surpassing the performance of OCA therapy but the gut microbiota 
was significantly altered31.

Silver (Ag)

Ag-NP (bactericidal against H. pylori32,33) and epiberberine (EPI, urease inhibitor34) were encapsu-
lated in LP with RHL (EPI-AgNP-RHL-LP)35. Its MIC against H. pylori ATCC® 43504 was equivalent 
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to AMX (1.56 μg/mL) with further H. pylori urease inhibition35. In in vivo (model: BALB/c mice infect-
ed by H. pylori ATCC® 43504), after 5 days of oral gavage with EPI-AgNP-RHL-LP, animals were 
close to full H. pylori eradication and had pro-inflammatory factors IL-6 and TNF-α reduced to basal 
levels, surpassing the OCA therapy (3 log reduction)35.

PHOTODYNAMIC AND SONODYNAMIC THERAPY

Photodynamic and sonodynamic therapy have been studied for the treatment of H. pylori infection 
by the encapsulation of photo/sonosensitizers into NP that will generate ROS after an external 
stimulus, such as a light source or ultrasonication, respectively36-38.

Photodynamic Therapy (PDT)

A new polymer (3PC), composed of the photosensitizer Chlorin e6 [Ce6; FDA approved for clini-
cal PDT and that generates ROS when irradiated by blue (l=405 nm) or red (l=670 nm) lasers39], 
conjugated with a 3’-sialyllactose (specifically binds to H. pylori outer membrane proteins) and 
polyethyleneimine (cationic polymer to increase gastric residence time) was developed40. In vivo 
(model: C57BL/6 mice infected with H. pylori SS1) 3PC reduced 98% of the bacterial burden after 
a single oral dose followed by 200 seconds of irradiation with a red laser tip fixed to the feeding 
needle catheter. OCA therapy achieved similar efficacy (98% reduction) but required 3 days of 
daily administration40. However, Ce6-mediated PDT performance may be limited by the hypox-
ia present in H. pylori environments. Therefore, acid-responsive LP, containing ZnO2 and Ce6 
(ZnO2-Ce6-LP), were developed41. In acidic conditions, ZnO2 has acid neutralizing capacity, cre-
ating bactericidal Zn2+ and H2O2. Photoirradiation (l=460 nm; blue laser) induces the photolysis 
of H2O2, generating active •OH that overcomes the O2 limitation41. In vivo (model: C57BL/6 mice 
infected with H. pylori ATCC®43504 and antibiotic-resistant clinical isolates), a single ZnO2-Ce6-
LP oral dose ≈2 h prior to laser irradiation (4 min) reduced the bacterial burden 5 times more than 
traditional OCA triple therapy (1.5 log CFU/mL vs. 7.4 log CFU/mL). In addition, treatment was 
safe and specific to H. pylori41.

Sonodynamic Therapy (SDT)

SDT antibacterial effect is due to oxidative stress and ultrasonic cavitation induced by an exter-
nal ultrasound device combined with sonodynamic nanotherapeutics42. However, hypoxia in H. 
pylori environment is also a concern for SDT. Therefore, sonodynamic NP was developed by us-
ing 2,2´-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (AIPH) with dopamine-coated PtCu3 
(acoustic sensitizer with efficient ROS generation) that were encapsulated in fucoidan for targeting 
the surface proteins of H. pylori. AIPH can generate oxygen-independent alkyl radicals (R•) and N2 
under ultrasound stimulus43. While R• promotes radical polymerization and oxidative stress reac-
tions, N2 enhances the ultrasonic cavitation effect. In in vivo assays (model: C57BL/6 female mice 
infected with H. pylori BNCC339501), the bacterial load was reduced in ≈ 1 log CFU/g after 7 days 
of oral gavage followed by ultrasound therapy (2 min) but had lower performance than the OAC 
therapy (reduced ≈ 2 log CFU/g)43. Nevertheless, it did not affect the gut microbiota and alleviate 
the inflammatory response by decreasing the levels of IL-1ß and increasing IL-10 expression43.
 

CONCLUSIONS

While some nanotherapeutics strategies still rely on the use of antibiotics, those based on bioac-
tives (such as DHA and BRB) or metallic NP have promising results in pre-clinical settings against 
H. pylori infection. Moreover, they positively modulate the inflammatory response, which is crucial 
to resolve infection. PDT and SDT-based nanotherapeutics are the latest advances with highly 
promising results. Although PDT is an invasive treatment, since photoirradiation requires endosco-
py, this could be overcome by using light-emitting capsules for oral administration that are already 
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in development. All these strategies were safe and innocuous to the gut microbiota and less prone 
to induce bacterial resistance. Yet, antibiotics also benefit from a bioengineered approach, as 
their bioavailability is greatly enhanced and may shield them from the development of resistance. 
Despite encouraging data, the recrudescence of infection after completing treatment and further 
in vivo bioaccumulation testing should be done to further establish these nanotherapeutics as new 
agents for H. pylori infection management.

Conflict of Interest
The authors declare that they have no conflict of interest to declare.

Funding
Project NanoPyl®: nanoparticles to control Helicobacter pylori (CI-0115-2022), Caixa Research Validate, Fundación La 
Caixa. Fundação para a Ciência e Tecnologia for Rute Chitas (SFRH/BD/151081/2021) PhD grant and Paula Parreira 
(CEECIND/01210/2018) Junior Researcher contract. 

Authors’ Contributions
All authors conceptualized the manuscript, wrote the original draft, revised and edited the manuscript. All authors read 
and approved the final manuscript.

ORCID ID
Rute Chitas: 0000-0002-4314-2151
Paula Parreira: 0000-0001-6158-217X
Maria Cristina Lopes Martins: 0000-0002-6574-4794

Ethics Statement
Not applicable due to the type of study.

AI Statement
The authors did not use any type of artificial intelligence during the drafting/conducting of the research.

REFERENCES

  1.	Malfertheiner P, Camargo MC, El-Omar E, Liou JM, Peek R, Schulz C, Smith SI, Suerbaum S. Helicobacter pylori 
infection. Nat Rev Dis Primers 2023; 9: 19.

  2.	Malfertheiner P, Megraud F, Rokkas T, Gisbert JP, Liou JM, Schulz C, Gasbarrini A, Hunt RH, Leja M, O’Morain 
C. Management of Helicobacter pylori infection: the Maastricht VI/Florence consensus report. Gut 2022; 71: 1724-
1762.

  3.	Fonseca DR, Chitas R, Parreira P, Martins MCL. How to manage Helicobacter pylori infection beyond antibiotics: The 
bioengineering quest. Applied Materials Today 2024; 37: 102123.

  4.	Yang H, Zhang M, Ma G, Yang J, Wang K, Jiang S, Dong J, Han Y. Meta‐analysis of Helicobacter pylori eradication 
therapy using vonoprazan as an acid suppressor compared with bismuth quadruple therapy. Helicobacter 2024; 29: 
e13059.

  5.	Fallone CA. The current role of vonoprazan in Helicobacter pylori treatment. Gastroenterology 2022; 163: 572-574.
  6.	Mestre A, Narayanan RS, Rivas D, John J, Abdulqader MA, Khanna T, Chakinala RC, Gupta S. Role of Probiotics in 

the Management of Helicobacter pylori. Cureus 2022; 14: e26463.
  7.	 Al-Fakhrany OM, Elekhnawy E. Helicobacter pylori in the post-antibiotics era: from virulence factors to new drug 

targets and therapeutic agents. Arch Microbiol 2023; 205: 301.
  8.	Li S, Zhao W, Xia L, Kong L, Yang L. How long will it take to launch an effective Helicobacter pylori vaccine for hu-

mans? Infect Drug Resist 2023: 3787-3805.
  9.	Yin X, Lai Y, Du Y, Zhang T, Gao J, Li Z. Metal-Based Nanoparticles: A Prospective Strategy for Helicobacter pylori 

Treatment. Int J Nanomedicine 2023: 2413-2429.
10.	Xu PY, Kankala RK, Wang SB, Chen AZ. Sonodynamic therapy-based nanoplatforms for combating bacterial infec-

tions. Ultrason Sonochem 2023: 100: 106617.



R. Chitas, P. Parreira, M.C.L. Martins

6

11.	Fayed B, Jagal J, Cagliani R, Kedia RA, Elsherbeny A, Bayraktutan H, Khoder G, Haider M. Co-administration of 
amoxicillin-loaded chitosan nanoparticles and inulin: A novel strategy for mitigating antibiotic resistance and preserv-
ing microbiota balance in Helicobacter pylori treatment. Int J Biol Macromol 2023; 253: 126706.

12.	Akram W, Pandey V, Sharma R, Joshi R, Mishra N, Garud N, Haider T. Inulin: Unveiling its potential as a multifaceted 
biopolymer in prebiotics, drug delivery, and therapeutics. Int J Biol Macromol 2024: 259: 129131.

13.	Sun C, Huang J, Guo X, Zhang C, Wei L, Wong KI, Yang Z, Zhao G, Lu M, Yao W. An all-in-one therapeutic platform 
for the treatment of resistant Helicobacter pylori infection. Biomaterials 2024; 308: 122540.

14.	Zhang QY, Yan ZB, Meng YM, Hong XY, Shao G, Ma JJ, Cheng XR, Liu J, Kang J, Fu CY. Antimicrobial peptides: 
mechanism of action, activity and clinical potential. Mil Med Res 2021; 8: 1-25.

15.	Alves PM, Barrias CC, Gomes P, Martins MCL. How can biomaterial-conjugated antimicrobial peptides fight bacteria 
and be protected from degradation? Acta Biomater 2024; 181: 98-116.

16.	Fonseca DR, Alves PM, Neto E, Custódio B, Guimarães S, Moura D, Annis F, Martins M, Gomes A, Teixeira C. One-
Pot Microfluidics to Engineer Chitosan Nanoparticles Conjugated with Antimicrobial Peptides Using “Photoclick” 
Chemistry: Validation Using the Gastric Bacterium Helicobacter pylori. ACS Appl Mater Interfaces 2024; 16: 14533-
14547.

17.	 Zulueta A, Caretti A, Signorelli P, Ghidoni R. Resveratrol: A potential challenger against gastric cancer. World J Gas-
troenterol 2015; 21: 10636-10643.

18.	Zhang X, Jiang A, Qi B, Ma Z, Xiong Y, Dou J, Wang J. Resveratrol protects against Helicobacter pylori-associated 
gastritis by combating oxidative stress. Int J Mol Sci 2015; 16: 27757-27769.

19.	Salla M, Karaki N, El Kaderi B, Ayoub AJ, Younes S, Abou Chahla MN, Baksh S, El Khatib S. Enhancing the Bioavail-
ability of Resveratrol: Combine It, Derivatize It, or Encapsulate It? Pharmaceutics 2024; 16: 569.

20.	Spósito L, Fonseca D, Carvalho SG, Sábio RM, Marena GD, Bauab TM, Meneguin AB, Parreira P, Martins MCL, 
Chorilli M. Engineering resveratrol-loaded chitosan nanoparticles for potential use against Helicobacter pylori infec-
tion. Eur J Pharm Biopharm 2024; 199: 114280.

21.	Lin YH, Lin JH, Chou SC, Chang SJ, Chung CC, Chen YS, Chang CH. Berberine-loaded targeted nanoparticles as 
specific Helicobacter pylori eradication therapy: in vitro and in vivo study. Nanomedicine 2015; 10: 57-71.

22.	Cheng X, Geng J, Wang L, Ma X, Su Y, Arif M, Liu C. Berberine-loaded mannosylerythritol lipid-B nanomicelles as 
drug delivery carriers for the treatment of Helicobacter pylori biofilms in vivo. Eur J Pharm Bipharm 2023; 193: 105-
118.

23.	Correia M, Michel V, Matos AA, Carvalho P, Oliveira MJ, Ferreira RM, Dillies M-A, Huerre M, Seruca R, Figueiredo C. 
Docosahexaenoic acid inhibits Helicobacter pylori growth in vitro and mice gastric mucosa colonization. PLoS One 
2012; 7: e35072.

24.	Seabra CL, Nunes C, Gomez-Lazaro M, Correia M, Machado JC, Gonçalves IC, Reis CA, Reis S, Martins MCL. 
Docosahexaenoic acid loaded lipid nanoparticles with bactericidal activity against Helicobacter pylori. Int J Pharm 
2017; 519: 128-137.

25.	Seabra CL, Pinho AS, Nunes C, Amorim I, Pedro N, Henriques P, Monteiro C, Gomes J, Machado C, Gartner F. 
Paving the way for a non‐antibiotic and microbiota friendly therapy for Helicobacter pylori: In vitro and in vivo perfor-
mance of lipid nanoparticles. Helicobacter 2024; 29: e13050.

26.	Pinho AS, Seabra CL, Nunes C, Reis S, Martins MCL, Parreira P. Helicobacter pylori biofilms are disrupted by nano-
structured lipid carriers: A path to eradication? J Control Release 2022; 348: 489-498.

27.	Wahab S, Salman A, Khan Z, Khan S, Krishnaraj C, Yun SI. Metallic nanoparticles: a promising arsenal against 
antimicrobial resistance—unraveling mechanisms and enhancing medication efficacy. Int J Mol Sci 2023; 24: 
14897.

28.	Thakur P, Saini NK, Thakur VK, Gupta VK, Saini RV, Saini AK. Rhamnolipid the Glycolipid Biosurfactant: Emerging 
trends and promising strategies in the field of biotechnology and biomedicine. Microb Cell Fact 2021; 20: 1-15.

29.	Lai Y, Zhang T, Yin X, Zhu C, Du Y, Li Z, Gao J. An antibiotic-free platform for eliminating persistent Helicobacter 
pylori infection without disrupting gut microbiota. Acta Pharmaceutica Sinica B 2024; 14: 3184-3204.

30.	Zhang S, Ermann J, Succi MD, Zhou A, Hamilton MJ, Cao B, Korzenik JR, Glickman JN, Vemula PK, Glimcher LH. 
An inflammation-targeting hydrogel for local drug delivery in inflammatory bowel disease. Sci Transl Med 2015; 7: 
300ra128-300ra128.

31.	Zhou Y, Zhang W, He C, Shu C, Xu X, Wang H, Fei X, Li N, Hu Y, Xie C. Metal‐Organic Framework Based Mucoad-
hesive Nanodrugs for Multifunction Helicobacter Pylori Targeted Eradication, Inflammation Regulation and Gut Flora 
Protection. Small 2024; 20: 2308286.

32.	Amin M, Hameed S, Ali A, Anwar F, Shahid SA, Shakir I, Yaqoob A, Hasan S, Khan SA. Green synthesis of silver 
nanoparticles: structural features and in vivo and in vitro therapeutic effects against Helicobacter pylori induced 
gastritis. Bioinorg Chem Appl 2014; 2014: 135824.

33.	Pop R, Tăbăran A-F, Ungur AP, Negoescu A, Cătoi C. Helicobacter Pylori-induced gastric infections: from pathogen-
esis to novel therapeutic approaches using silver nanoparticles. Pharmaceutics 2022; 14: 1463.

34.	Wu H, Xie X, Tang Q, Huang T, Tang X, Jiao B, Wang R, Zhu X, Ye X, Ma H, Li X. Epiberberine inhibits Helicobacter 
pylori and reduces host apoptosis and inflammatory damage by down-regulating urease expression. J Ethnophar-
macol 2024; 318: 117046.

35.	Zhao L, Liao W, Lin G, Yang J, Shi X, Zheng Y. Rubropunctatin-silver composite nanoliposomes for eradicating He-
licobacter pylori in vitro and in vivo. Int J Pharm 2024; 649: 123655.

36.	Zhang L, Ji L, Lin M, Liu R, Yang H, Zhao J, Zhao S. Hollow versatile Ag@Pt alloy nanoparticles with nanozyme 
activity for detection and photothermal sterilization of Helicobacter pylori. Mikrochim Acta 2024; 191: 330.

37.	Yu J, Guo Z, Yan J, Bu C, Peng C, Li C, Mao R, Zhang J, Wang Z, Chen S, Yao M, Xie Z, Yang C, Yang YY, Yuan P, 
Ding X. Gastric Acid-Responsive ROS Nanogenerators for Effective Treatment of Helicobacter pylori Infection with-
out Disrupting Homeostasis of Intestinal Flora. Adv Sci (Weinh) 2023; 10: e2206957.



7

REVIEW: TRENDS IN NANOTHERAPEUTICS TO MANAGE HELICOBACTER PYLORI

38.	Liu T, Chai S, Li M, Chen X, Xie Y, Zhao Z, Xie J, Yu Y, Gao F, Zhu F. A nanoparticle-based sonodynamic therapy 
reduces Helicobacter pylori infection in mouse without disrupting gut microbiota. Nat Commun 2024; 15: 844.

39.	Hak A, Ali MS, Sankaranarayanan SA, Shinde VR, Rengan AK. Chlorin e6: A Promising Photosensitizer in Pho-
to-Based Cancer Nanomedicine. ACS Appl Bio Mater 2023; 6: 349-364.

40.	Lim B, Kim KS, Ahn JY, Na K. Overcoming antibiotic resistance caused by genetic mutations of Helicobacter pylori 
with mucin adhesive polymer-based therapeutics. Biomaterials 2024; 308: 122541.

41.	Wong KI, Wang S, Li M, Zhao G, Wang C, Wu L, Fan H, Yao M, Lu M. Combating drug-resistant helicobacter pylori 
infection with zinc peroxide-based nanoparticles: a ROS reservoir via photochemical reaction. Chemical Engineer-
ing Journal 2024; 483: 149287.

42.	Fan L, Muhammad AI, Ismail BB, Liu D. Sonodynamic antimicrobial chemotherapy: An emerging alternative strategy 
for microbial inactivation. Ultrason Sonochem 2021; 75: 105591.

43.	Fan J, Dong Y, Sun Y, Ji Y, Feng J, Yan P, Zhu Y. Mucus and Biofilm Penetrating Nanoplatform as an Ultrasound‐
Induced Free Radical Initiator for Targeted Treatment of Helicobacter pylori Infection. Adv Healthc Mater 2024: 
e2400363. doi: 10.1002/adhm.202400363. Online ahead of print.


