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Abstract 
The misuse of antibiotics is a major problem that has caused genetic changes in bacteria, 
and increased their resistance to antibiotics, so interest has increased in using alternatives 
to antibiotics such as nanoparticles. The main mechanisms of resistance to various 
antibiotics by bacteria include horizontal gene transfer, transformation and conjugation, in 
addition to the mechanism of antibiotic-resistant efflux pumps that increase the ability of 
bacteria to adapt and survive after stress. Bacteria also resist antibiotics through the 
formation of biofilms and various chemical and biological pathways. Nanoparticles have 
been used as antimicrobials such as gold, silver and titanium dioxide nanoparticles. 
Nanoparticles have the ability to enhance antibiotics to reduce the minimum inhibitory 
concentration required to inhibit bacterial growth, making antibiotics more effective, or 
they act as strong antimicrobials in themselves. Our research focused on analyzing the 
antimicrobial mechanisms of nanoparticles on general bacteria and antibiotic-resistant 
bacteria and comparing the value of nanoparticles prepared by different functional 
techniques. Considering the potential use of antibacterial agents in medicine, the toxic 
effect of antibacterial agents on eukaryotic mammalian cells is of great importance, and 
this review summarizes the available experiments based on the cytotoxicity data of various 
antibacterial nanoparticles. In conclusion, since each type of nano antibacterial agents has 
a diverse and reliable system for its antibacterial ability, and their shape, size, or surface 
functional groups can be designed and modified at the molecular level, they have currently 
been tested for broad-spectrum antibacterial agents and against various types of bacterial 
applications. This flexibility means that based on the scope of the manufacturing method 
and its anti-infective performance, we can develop a good nano antibacterial agent that is 
more in line with the requirements of the pharmaceutical market development; the final 
application to the patient in the clinic. 
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1. Introduction 

The rapid global spread of antibiotic-resistant bacteria has become a massive public health threat and is considered to be a crisis 

for community and hospital medicine. In particular, the therapeutic measures for antibiotic-resistant bacteria are rarely effective 

or even life-threatening. To address this, researchers are looking for and developing new classes of alternative strategies to 

reduce the death rate from bacterial diseases potentially (Serwecińska, 2020, Aljeldah, 2022) [52, 5]. Although there are many new 

classes, such as antimicrobial peptides, phage therapy, gene therapy, bacteriophage endolysin, and other strategies that can kill 

multi-drug-resistant pathogens, some of them are still in the clinical trials phase, whereas others have not yielded efficacious 

results for therapeutic purposes. Compared to other strategies to develop new alternative treatments, one of the potential sectors 

is nanotechnology, especially the use of nanoparticle technology, which focuses on developing the most effective drugs ever to 

respond to the unique complexities of biological systems and multiple resistant pathogens (Khan et al.2022, Malik et al., 2023, 

Kumar et al., 2020) [28, 40, 30]. Nanoparticles are characterized by unique properties, making them ideal for application in a wide 

range of therapeutic and diagnostic medical activities. Moreover, nanoparticles have stronger antibacterial properties against 

antibiotic-resistant pathogens.  

https://doi.org/10.54660/IJMCR.2024.3.6.38-43
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The following is a systematic review of the potential of the 

use of nanoparticles in several metal oxides or non-metal 

oxides, of the metal nanoparticles that have been proven to 

suppress emerging antibiotic-resistant bacteria and the 

prospect of studies on the use of nanoparticles (Gómez-

Núñez et al. 2020, Essa et al.2022, Kamaruzaman et al. 2022) 
[20, 18, 26]. 

 

2. Understanding Antibiotic Resistance 

Antibiotics are commonly used in many healthcare facilities, 

including hospitals, clinics, and animal healthcare facilities, 

to prevent and cure diseases. However, antibiotic-resistant 

bacteria are having an impact in many areas of healthcare. 

Infections caused by these resistant bacteria cause 

discomfort, increase mortality, and complicate healthcare 

facilities (Serwecińska, 2020, Serra-Burriel et al.2020) [52, 51]. 

Increased cases of multidrug resistance have made it difficult 

to treat and cure infections caused by these resistant 

pathogens. The inappropriate overuse of antibiotics is one of 

the main causes of the development of antibiotic resistance. 

The effect of these resistant bacteria creates a burden on both 

public health and economic sectors. Research is being carried 

out to develop new antibiotic classes or to increase the 

effectiveness of existing antibiotics. Research and 

development of new classes of antibiotics should be carried 

out in the global action plan for controlling antimicrobial 

resistance (Wong et al. 2021, Dache et al., 2021) [65, 41]. The 

causes and consequences of antibiotic resistance are known, 

but the factors that reduce the antimicrobial effect of 

antibiotics are also expected to be addressed. One approach 

to solving this problem is to use metal nanoparticles. In 

addition, metal nanoparticles have been shown to have 

significant antifungal and antiviral effects, although they also 

have high antibacterial and antimicrobial effects, which are 

considered relatively toxic and resistant (Alavi et al.2022, 

Sharmin et al. 2021) [4, 51]. 

 

2.1. Mechanisms of Antibiotic Resistance 

Antimicrobial resistance represents one of the greatest threats 

of the 21st century. In the evolution of antibiotic resistance, 

there are many cross mutations among bacteria under natural 

selection. The main mechanisms of spreading antibiotic 

resistance include horizontal gene transfer, transformation, 

and conjugation (Saha & Sarkar, 2021, Aljeldah, 2022) [49, 5]. 

There are many resistant genotypes from the ultimate 

parental allele. There are numerous biochemical expression 

pathways or different ways at the regulatory level. The path 

of resistance is divided into specific and non-specific. When 

bacteria experience selection in the environment, non-

specific resistance begins to develop first. However, no 

specific resistance genotypes exist, but when the environment 

of the population inhibits growth, the specific genotype for 

specific resistance significantly arises (Iskandar et al. 2022) 
[25]. 

Multiple efflux pumps exist in different genotypes for the 

affected resistant antibiotics and increase the adaptability and 

survival rate of bacteria after stress. In the prevention of 

bacterial diseases, there are many biofilm formation 

pathogenic factors. Genetic variation and changes in the 

living environment can control biofilm-forming pathogenic 

factors. These allow the pathogenic bacteria to form biofilm-

related phenotypes in the shortest time, to block out antibiotic 

stress, and to improve the hindering effects of antibiotics 

(Roy et al. 2021, Grimsey et al. 2020) [47, 22]. This finding 

provides a theoretical basis for the design of adaptive control 

strategies for gram-negative bacteria in future scientific 

research. In bacteria, the expression of the target genes and 

protein products of the plasmid conjugation transfer function 

is closely related to the living environment. The evolution of 

argK gene-encoded factors leads to the evolution of medical 

microbiological experimental treatments. This discovery 

makes it possible to find that a low amount of inorganic 

nanoparticle carrier can hinder the argK gene. The formation 

of protein-encoded factors can prevent drug resistance from 

transferring effective mechanisms for inhibiting new gene 

solubilization mechanisms (Ebrahimi et al. 2023, Piperno et 

al. 2021) [17, 45]. 

 

3. Nanoparticles as Potential Solutions 

Nanotechnology is an ever-growing field with an array of 

applications. Nanoparticles, specifically, have shown 

promise to bolster antimicrobial strategies. Such interest 

exists because of the unique properties catalytic nanoparticles 

generally possess, such as antimicrobial capabilities and 

surface area. To date, researchers and investigators have 

expressed interest in the antimicrobial potential and synergy 

a few categories of nanoparticles possess: silver, gold, and 

titanium dioxide (Saeed et al. 2023, Bhattacharjee et al. 2023, 

Karnwal et al.2023) [48, 47, 27]. These materials have recently 

been studied for their impact on the growth of antibiotic-

resistant planktonic and/or biofilm bacteria. It has been 

shown that particles are capable of either enhancing 

antibiotics to decrease the minimum inhibitory concentration 

necessary to stop bacterial growth, essentially making the 

antibiotics more effective, or acting as potent antimicrobial 

agents themselves (Skwarczynski et al. 2022, León-Buitimea 

et al. 2020, Vassallo et al. 2020) [55, 31, 62]. 

By making antibiotics more effective, one can reduce the rate 

of bacteria becoming antibiotic-resistant while 

simultaneously lowering the dose of antibiotics used in a 

clinical setting, therefore abating the potential toxicity 

delivered to humans. While during low-level exposure, no 

cytotoxic effects are noted, long-term inhalation or 

consumption of these agents has the potential of conferring 

toxic effects to a human or animal host (Clausen et al. 2020, 

Guo et al. 2021, Miravitlles et al. 2021) [13, 23, 42]. The unique 

antimicrobial properties nanoparticles possess have allowed 

for new diagnostic tools to be developed that can aid in the 

rapid identification of the causative species of a bacterial 

infection. Such strategies include antimicrobial susceptibility 

testing and spectroscopy, as well as utilizing nanoparticles to 

target and kill bacteria in a biofilm. As the field of 

nanotechnology rapidly expands in the direction of solution-

oriented outcomes, it is important to remain informed of other 

attributes such as toxicity and biocompatibility to continue 

the improvement in human health (Staroń and Długosz 2021, 

Zhang et al.2022) [51, 69]. 

 

3.1. Types of Nanoparticles 

In recent years, due to the changes in human resistance to 

antimicrobial drugs, physical antibacterial agents are 

extremely important. Among them, the use of nanoscale drug 

carrier systems, nano-antibacterial drug films, and nano-

antibacterial solutions shows significant antibacterial effects, 

demonstrating great potential and broad application prospects 

(Osman et al.2022, Zong et al.2022, Vassallo et al.2020) [43, 

69, 62]. At present, nanoparticles that exhibit significant 

antibacterial capabilities mainly include metal-based 
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nanoparticles, metal oxide nanoparticles, and carbon-based 

nanoparticles, among which silver nanoparticles and their 

related functional materials are the most commonly used. In 

addition, other antibacterial nanoparticles also include 

liposome nanoparticles and hormone-based nanoparticles. 

This section summarizes the antibacterial activities of 

commonly used nanoparticles that have been subjected to 

substantial antibacterial activity evaluations (Ayanda et 

al.2024) [7]. 

Our focus is on analyzing the antimicrobial mechanisms of 

nanoparticles on general bacteria and antibiotic-resistant 

bacteria and comparing the value of nanoparticles prepared 

by different functionalization techniques. Considering the 

potential use of bacteriostatic agents in medicine, the 

cytotoxic effect of bacteriostatic agents on eukaryotic 

mammalian cells is critical, and this review also summarizes 

the available experiments based on the cytotoxicity data of 

various antibacterial nanoparticles (Tripathi & Goshisht, 

2022, Makvandi et al.2020, Canta & Cauda, 2020) [61, 38, 11]. 

In conclusion, because each type of nano-antibacterial agent 

has a diverse and reliable system for its antibacterial ability, 

and their shape, size, or surface functional groups can be 

designed and modified at the molecular level, it has currently 

been tested for broad-spectrum antibacterial agents and 

against different types of bacterial applications. This 

versatility means that based on the scope of the 

manufacturing method and its anti-infection performance, we 

can develop a good nano-antibacterial agent that is more in 

line with the development requirements of the drug market; 

the final patient application in the clinic is a long-term 

research competition (Liu et al. 2020, Liu et al., 2020, 

Ahmad, 2021) [33, 34, 1]. 

 

4. Inhibitory Mechanisms of Nanoparticles on Bacteria 

The possible inhibitory mechanisms of nanoparticles on 

bacteria can be summarized as follows: nanoparticles mainly 

damage the structure and function of key components of 

bacterial cells (including the double layer of the cell 

membrane, the cell wall, the genes, the enzymes, and the 

structural proteins), which leads to the loss of material and 

energy metabolism, catalyst poison, and the obstruction of 

bacteria in combination with antibiotics. Moreover, other 

inhibitory mechanisms are involved in the oxidative stress 

caused by the generation of reactive oxygen radicals and the 

changes in membrane potential, in which the former and the 

latter probably trigger the apoptosis of bacteria and induce 

reproductive dysfunction, respectively (Godoy-Gallardo et 

al. 2021, Shkodenko et al., 2020, Linklater et al. 2020, Díez-

Pascual, 2020) [19, 54, 32, 16]. 

When nanoparticles destruct the bacterial cell membrane, 

ions and low-molecular substances in the bacterial cell will 

outflow; however, the macromolecules, such as DNA, RNA, 

proteins, and other cytoplasmic nutrients, will also be 

outflowed, communicating the disruption of bacterial 

metabolism, which will result in the efflux of protons and 

oxidative phosphorylation, thereby leading to the depression 

of energy (Ahmed et al.2020, Khorsandi et al. 2021, Wang et 

al. 2023) [3, 29, 63]. Then, metal ions or other cationic 

nanoparticles will couple with the energy-producing 

respiratory chain of all bacterial cells and cause uncoupling. 

At the same time, chemical materials generated from metal 

nanoparticles' function can enhance cellular metabolism 

disorder, increase the concentration of reactive oxygen 

radicals, and aggravate pathogenic conditions. For instance, 

imaging showed that the damage to the double layer of cells 

has been detected after the treatment with zinc oxide 

nanoparticles, as these cells release a large amount of nucleic 

acid matter (Canaparo et al., 2020, Horie & Tabei, 2021, 

Makhdoumi et al. 2020) [10, 24, 36]. 

 

4.1. Cell Membrane Disruption 

Cell Membrane Disruption. The antibacterial action of 

nanoparticles has been closely linked to the ability to localize 

and penetrate bacterial cell membranes. In Gram-negative 

bacteria, the cell envelope consists of an outer membrane 

containing a lipid A layer on the external side and an 

underlying peptidoglycan layer covalently linked to 

lipoproteins. The underlying cytoplasmic peptidoglycan 

layer is present. In Gram-positive bacteria, the cell envelope 

contains only a peptidoglycan layer. (Linklater et al. 2020, 

Yin et al. 2020, Chandrasekaran et al., 2020) [32, 67, 12]. 

Membrane penetrations involve two related processes, 

including membrane destabilization and the formation of 

small nanoscopic channels, which tend to possess 

overlapping characteristics. Once very large lesions have 

formed, continued membrane disruption facilitates bacterial 

cell lysis. However, the ability of the nanoparticles to create 

small nanoscopic nanochannels permits cytoplasmic proton 

flow, selectively causing only the bacterial inner membrane 

to depolarize (Pagnout et al.2021, Malhotra et al.2023, 

Makvandi et al. 2023) [44, 39, 37]. This results in the termination 

of ATP production and ion transport, subsequently leading to 

cell death. Importantly, many developed bacterial resistance 

mechanisms against existing antibiotics may not work against 

the action of nanoparticles on bacterial membranes. Both the 

destabilization and small nanochannels were strongly 

influenced by the nanoparticle size, shape, surface chemistry, 

solution ionic strength, and charges on the bacterial cell. 

Thus, both small particles that only disrupted the membrane 

and large particles that also caused cell lysis can be used to 

combat bacterial infection (Amaro et al. 2021, Mba & 

Nweze, 2021, Makabenta et al. 2021) [6, 41, 35]. 

 

5. Applications and Future Perspectives 

5.1. Wound Healing 

Efficacy of the nano antimicrobial agents: Before, the gold 

standard of wound therapy was treatment with zinc, but today 

there are many successes in the use of metal compounds 

(Gowda et al.2023) [21]. 

 

5.2. Coating of Medical Devices 

Nanomaterials in the existing market for medical devices: 

There are many companies that sell coatings containing 

amorphous iron, composed of micron or nano particles. A 

scan showed microparticles with nano clusters ranging in size 

from 200 to 300 nm. Some of the other fines are also used for 

the purpose of antimicrobial sterilization and strategies. For 

long-term implants, it is more thermo-tolerant and can 

especially be used in urinary catheters to prevent biofilm. 

Nanoparticles of titanium dioxide and silver were used in 

polysulfone and cathrami coated membranes to prevent 

bacterial membrane formation ex vivo. Chronic systemic 

medication of patients in immunocompromised or 

hemodialysis patients was taking systemic medications 

(Samree et al.2020, Soo et al., 2020) [50, 56]. 

 

5.3. Systemic Therapy 

The significant decline in antibiotic effectiveness over time 
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has led to the development of many strategies to address 

gram-positive and gram-negative pathogens. Strategies like 

phage therapy, antimicrobial peptides, and nanomaterials 

have shown promise in the laboratory, and some of them are 

up to first tests in humans. Nanomaterials combined with heat 

can also be utilized in these fields. It is recommended to 

accelerate the transition of these potential candidates for 

human use. A better understanding can help to promote 

innovation in this field. This success and the ability to push 

more nanoparticles into the clinic can continue in the longer 

term. Requirement: There is a need for major 

communication, cooperation, and authorship of the findings 

in the area where scientists, medical experts, and laboratory 

authorization must be implemented as policy makers and 

regulators, in terms of translation of disease and disease 

areas, particularly in the field at risk of comprehensive 

infection. A collaborative strategy can increase decisions 

with a short lifespan in the next 3–4 years. Startup approval 

for human trials can be obtained within this time frame. Key 

opinion leaders and governance support are needed sooner 

rather than in 2–3 years (Barani et al.2021)(Tavares et 

al.2020, Ahmad et al., 2020) [2, 56]. 

 

6. Conclusion 

Even in the current age of antibiotics, the development of 

antibiotic-resistant bacteria has led to appalling 

consequences, reinforcing the demand for innovation and the 

need to find alternative solutions. In this review, we have 

summarized a wide range of research demonstrating that the 

use of nanoparticles to fight multidrug-resistant bacteria can 

be an effective strategy for reducing, and sometimes 

completely eradicating, resistant strains. Nanoparticles can 

exhibit antimicrobial properties via various mechanisms, 

such as the permeabilization and disruption of the bacterial 

membrane, the generation of reactive oxygen species, the 

induction of genotoxicity through DNA damage, the 

interference with electron transport chains, and by affecting 

chromosome dynamics and ribosomal subunits. In vivo 

animal studies have shown promising results following 

intravenous and inhaled application of nanoparticles, and 

further research into the anticipated use of metals could 

reveal their practical application and pharmacological 

properties in clinical settings. While a dedicated review of 

regulations and approval processes for nanoparticle 

application in healthcare scenarios would undoubtedly be 

fruitful, current antimicrobial stewardship strategies are 

hindered by the emergence of new resistant strains after 

antibiotic use, so we anticipate that research in this field will 

pave the way to novel antimicrobial compounds and 

materials with the potential to significantly enhance public 

health. 

With a growing number of studies indicating that 

antimicrobial conjugated nanoparticles have the potential to 

reduce the levels of multidrug-resistant bacteria not only in 

environmental settings but also in in vivo preclinical models, 

the field of materials science is in the position to develop new 

drug products that could effectively combat severe infections. 

Despite the need for a better understanding of how 

nanoparticles work in the human body and the potential 

challenges for their development and approval, we believe 

that these new tools might represent a viable alternative to 

tackle pathogens that are difficult to treat in critically ill 

patients. 

 

7. References 

1. Ahmad H. Celluloses as support materials for 

antibacterial agents: a review. Cellulose. 2021. Available 

from: [HTML] 

2. Ahmad NS, Abdullah N, Yasin FM. Toxicity assessment 

of reduced graphene oxide and titanium dioxide 

nanomaterials on gram-positive and gram-negative 

bacteria under normal laboratory conditions. Toxicology 

Reports. 2020. Available from: sciencedirect.com 

3. Ahmed B, Ameen F, Rizvi A, Ali K, Sonbol H, Zaidi A, 

et al. Destruction of cell topography, morphology, 

membrane, inhibition of respiration, biofilm formation, 

and bioactive molecule production by nanoparticles of 

Ag, ZnO, CuO, TiO2, and Al2O3 toward beneficial soil 

bacteria. ACS Omega. 2020;5(14):7861–76. Available 

from: acs.org 

4. Alavi M, Kamarasu P, McClements DJ, Moore MD. 

Metal and metal oxide-based antiviral nanoparticles: 

properties, mechanisms of action, and applications. 

Advances in Colloid and Interface Science. 

2022;306:102726. Available from: [HTML] 

5. Aljeldah MM. Antimicrobial resistance and its spread is 

a global threat. Antibiotics. 2022. Available from: 

mdpi.com 

6. Amaro F, Morón Á, Díaz S, Martín-González A, 

Gutiérrez JC. Metallic nanoparticles—friends or foes in 

the battle against antibiotic-resistant bacteria? 

Microorganisms. 2021;9(2):364. Available from: 

mdpi.com 

7. Ayanda OS, Mmuoegbulam AO, Okezie O, Durumin Iya 

NI, Mohammed SAE, James PH, et al. Recent progress 

in carbon-based nanomaterials: critical review. Journal 

of Nanoparticle Research. 2024;26(5):1–42. Available 

from: [HTML] 

8. Barani M, Zeeshan M, Kalantar-Neyestanaki D, Farooq 

MA, Rahdar A, Jha NK, et al. Nanomaterials in the 

management of gram-negative bacterial infections. 

Nanomaterials. 2021;11(10):2535. Available from: 

mdpi.com 

9. Bhattacharjee R, Negi A, Bhattacharya B, Dey T, Mitra 

P, Preetam S, et al. Nanotheranostics to target antibiotic-

resistant bacteria: strategies and applications. 

OpenNano. 2023;11:100138. Available from: 

sciencedirect.com 

10. Canaparo R, Foglietta F, Limongi T, Serpe L. 

Biomedical applications of reactive oxygen species 

generation by metal nanoparticles. Materials. 2020. 

Available from: mdpi.com 

11. Canta M, Cauda V. The investigation of the parameters 

affecting the ZnO nanoparticle cytotoxicity behaviour: a 

tutorial review. Biomaterials Science. 2020. Available 

from: nih.gov 

12. Chandrasekaran M, Kim KD, Chun SC. Antibacterial 

activity of chitosan nanoparticles: a review. Processes. 

2020. Available from: mdpi.com 

13. Clausen PA, Frederiksen M, Sejbæk CS, Sørli JB, 

Hougaard KS, Frydendall KB, et al. Chemicals inhaled 

from spray cleaning and disinfection products and their 

respiratory effects: a comprehensive review. 

International Journal of Hygiene and Environmental 

Health. 2020;229:113592. Available from: 

sciencedirect.com 

14. Dache A, Dona A, Ejeso A. Inappropriate use of 

antibiotics, its reasons, and contributing factors among 



 International Journal of Multidisciplinary Comprehensive Research www.multispecialityjournal.com 

 
    42 | P a g e  

 

communities of Yirgalem town, Sidama regional state, 

Ethiopia: a cross-sectional study. SAGE Open Medicine. 

2021. Available from: sagepub.com 

15. De Ste Croix M, Holmes J, Wanford JJ, Moxon ER, 

Oggioni MR, Bayliss CD. Selective and non‐selective 

bottlenecks as drivers of the evolution of hypermutable 

bacterial loci. Molecular Microbiology. 

2020;113(3):672–81. Available from: wiley.com 

16. Díez-Pascual AM. Antibacterial action of nanoparticle-

loaded nanocomposites based on graphene and its 

derivatives: a mini-review. International Journal of 

Molecular Sciences. 2020. Available from: mdpi.com 

17. Ebrahimi N, Manavi MS, Nazari A, Momayezi A, 

Faghihkhorasani F, Abdulwahid AHRR, et al. Nano-

scale delivery systems for siRNA delivery in cancer 

therapy: new era of gene therapy empowered by 

nanotechnology. Environmental Research. 2023. 

Available from: sciencedirect.com 

18. Essa EE, Hamza D, Khalil MM, Zaher H, Salah D, 

Alnemari AM, et al. The antibacterial activity of 

Egyptian wasp chitosan-based nanoparticles against 

important antibiotic-resistant pathogens. Molecules. 

2022;27(21):7189. Available from: mdpi.com 

19. Godoy-Gallardo M, Eckhard U, Delgado LM, de Roo 

Puente YJ, Hoyos-Nogués M, Gil FJ, et al. Antibacterial 

approaches in tissue engineering using metal ions and 

nanoparticles: from mechanisms to applications. 

Bioactive Materials. 2021;6(12):4470–90. Available 

from: sciencedirect.com 

20. Gómez-Núñez MF, Castillo-López M, Sevilla-Castillo 

F, Roque-Reyes OJ, Romero-Lechuga F, Medina-Santos 

DI, et al. Nanoparticle-based devices in the control of 

antibiotic-resistant bacteria. Frontiers in Microbiology. 

2020;11:563821. Available from: frontiersin.org 

21. Gowda BHJ, Mohanto S, Singh A, Bhunia A, 

Abdelgawad MA, Ghosh S, et al. Nanoparticle-based 

therapeutic approaches for wound healing: a review of 

the state-of-the-art. Materials Today Chemistry. 

2023;27:101319. Available from: [HTML] 

22. Grimsey EM, Weston N, Ricci V, Stone JW, Piddock LJ. 

Overexpression of RamA, which regulates production of 

the multidrug resistance efflux pump AcrAB-TolC, 

increases mutation rate and influences drug resistance 

phenotype. Antimicrobial Agents and Chemotherapy. 

2020;64(4):10–1128. Available from: asm.org 

23. Guo Y, Bera H, Shi C, Zhang L, Cun D, Yang M. 

Pharmaceutical strategies to extend pulmonary exposure 

of inhaled medicines. Acta Pharmaceutica Sinica B. 

2021;11(8):2565–84. Available from: sciencedirect.com 

24. Horie M, Tabei Y. Role of oxidative stress in 

nanoparticles toxicity. Free Radical Research. 2021. 

Available from: [HTML] 

25. Iskandar K, Murugaiyan J, Hammoudi Halat D, Hage 

SE, Chibabhai V, Adukkadukkam S, et al. Antibiotic 

discovery and resistance: the chase and the race. 

Antibiotics. 2022;11(2):182. Available from: mdpi.com 

26. Kamaruzaman NH, Noor NNM, Mohamed RMSR, Al-

Gheethi A, Ponnusamy SK, Sharma A, Vo DVN. 

Applicability of bio-synthesized nanoparticles in fungal 

secondary metabolites products and plant extracts for 

eliminating antibiotic-resistant bacteria risks in non-

clinical environments. Environmental Research. 

2022;209:112831. 

27. Karnwal A, Kumar G, Pant G, Hossain K, Ahmad A, 

Alshammari MB. Perspectives on usage of functional 

nanomaterials in antimicrobial therapy for antibiotic-

resistant bacterial infections. ACS Omega. 

2023;8(15):13492–13508. 

28. Khan Y, Sadia H, Ali Shah SZ, Khan MN, Shah AA, 

Ullah N, et al. Classification, synthetic, and 

characterization approaches to nanoparticles, and their 

applications in various fields of nanotechnology: A 

review. Catalysts. 2022;12(11):1386. 

29. Khorsandi K, Keyvani-Ghamsari S, Khatibi Shahidi F, 

Hosseinzadeh R, Kanwal S. A mechanistic perspective 

on targeting bacterial drug resistance with nanoparticles. 

Journal of Drug Targeting. 2021;29(9):941–959. 

30. Kumar P, Mahajan P, Kaur R, Gautam S. 

Nanotechnology and its challenges in the food sector: A 

review. Materials Today Chemistry. 2020. 

31. León-Buitimea A, Garza-Cárdenas CR, Garza-

Cervantes JA, Lerma-Escalera JA, Morones-Ramírez 

JR. The demand for new antibiotics: antimicrobial 

peptides, nanoparticles, and combinatorial therapies as 

future strategies in antibacterial agent design. Frontiers 

in Microbiology. 2020;11:1669. 

32. Linklater DP, Baulin VA, Le Guével X, Fleury JB, 

Hanssen E, Nguyen THP, et al. Antibacterial action of 

nanoparticles by lethal stretching of bacterial cell 

membranes. Advanced Materials. 2020;32(52):2005679. 

33. Liu J, Liu J, Attarilar S, Wang C, Tamaddon M, Yang C, 

et al. Nano-modified titanium implant materials: a way 

toward improved antibacterial properties. Frontiers in 

Bioengineering and Biotechnology. 2020;8:576969. 

34. Liu Y, Li Q, Zhang H, Yu S, Zhang L, Yang Y. Research 

progress on the use of micro/nano carbon materials for 

antibacterial dressings. New Carbon Materials. 2020. 

35. Makabenta JMV, Nabawy A, Li CH, Schmidt-Malan S, 

Patel R, Rotello VM. Nanomaterial-based therapeutics 

for antibiotic-resistant bacterial infections. Nature 

Reviews Microbiology. 2021;19(1):23–36. 

36. Makhdoumi P, Karimi H, Khazaei M. Review on metal-

based nanoparticles: role of reactive oxygen species in 

renal toxicity. Chemical Research in Toxicology. 

2020;33(10):2503–2514. 

37. Makvandi P, Song H, Yiu CK, Sartorius R, Zare EN, 

Rabiee N, et al. Bioengineered materials with selective 

antimicrobial toxicity in biomedicine. Military Medical 

Research. 2023;10(1):8. 

38. Makvandi P, Wang CY, Zare EN, Borzacchiello A, Niu 

LN, Tay FR. Metal‐based nanomaterials in biomedical 

applications: antimicrobial activity and cytotoxicity 

aspects. Advanced Functional Materials. 

2020;30(22):1910021. 

39. Malhotra K, Hrovat D, Kumar B, Qu G, Houten JV, 

Ahmed R, et al. Lanthanide-doped upconversion 

nanoparticles: Exploring a treasure trove of NIR-

mediated emerging applications. ACS Applied Materials 

& Interfaces. 2023;15(2):2499–2528. 

40. Malik S, Muhammad K, Waheed Y. Nanotechnology: A 

revolution in modern industry. Molecules. 2023. 

41. Mba IE, Nweze EI. Nanoparticles as therapeutic options 

for treating multidrug-resistant bacteria: research 

progress, challenges, and prospects. World Journal of 

Microbiology and Biotechnology. 2021. 

42. Miravitlles M, Auladell-Rispau A, Monteagudo M, 

Vázquez-Niebla JC, Mohammed J, Nuñez A, et al. 

Systematic review on long-term adverse effects of 



 International Journal of Multidisciplinary Comprehensive Research www.multispecialityjournal.com 

 
    43 | P a g e  

 

inhaled corticosteroids in the treatment of COPD. 

European Respiratory Review. 2021;30(160). 

43. Osman N, Devnarain N, Omolo CA, Fasiku V, Jaglal Y, 

Govender T. Surface modification of nano‐drug delivery 

systems for enhancing antibiotic delivery and activity. 

Wiley Interdisciplinary Reviews: Nanomedicine and 

Nanobiotechnology. 2022;14(1):e1758. 

44. Pagnout C, Razafitianamaharavo A, Sohm B, Caillet C, 

Beaussart A, Delatour E, et al. Osmotic stress and 

vesiculation as key mechanisms controlling bacterial 

sensitivity and resistance to TiO2 nanoparticles. 

Communications Biology. 2021;4(1):678. 

45. Piperno A, Sciortino MT, Giusto E, Montesi M, Panseri 

S, Scala A. Recent advances and challenges in gene 

delivery mediated by polyester-based nanoparticles. 

International Journal of Nanomedicine. 2021;5981–

6002. 

46. Ren R, Lim C, Li S, Wang Y, Song J, Lin TW, et al. 

Recent advances in the development of lipid-, metal-, 

carbon-, and polymer-based nanomaterials for 

antibacterial applications. Nanomaterials. 

2022;12(21):3855. 

47. Roy S, Chatterjee S, Bhattacharjee A, Chattopadhyay P, 

Saha B, Dutta S, et al. Overexpression of efflux pumps, 

mutations in the pumps’ regulators, chromosomal 

mutations, and AAC (6′)-Ib-cr are associated with 

fluoroquinolone resistance in diverse sequence types of 

neonatal Septicaemic Acinetobacter baumannii: a 7-year 

single Center study. Frontiers in Microbiology. 

2021;12:602724. 

48. Saeed U, Insaf RA, Piracha ZZ, Tariq MN, Sohail A, 

Abbasi UA, et al. Crisis averted: a world united against 

the menace of multiple drug-resistant superbugs-

pioneering anti-AMR vaccines, RNA interference, 

nanomedicine, CRISPR-based antimicrobials, 

bacteriophage therapies, and clinical artificial 

intelligence strategies to safeguard global antimicrobial 

arsenal. Frontiers in Microbiology. 2023;14:1270018. 

49. Saha M, Sarkar A. Review on multiple facets of drug 

resistance: a rising challenge in the 21st century. Journal 

of Xenobiotics. 2021. 

50. Samree K, Srithai PU, Kotchaplai P, Thuptimdang P, 

Painmanakul P, Hunsom M, Sairiam S. Enhancing the 

antibacterial properties of PVDF membrane by 

hydrophilic surface modification using titanium dioxide 

and silver nanoparticles. Membranes. 2020;10(10):289. 

51. Serra-Burriel M, Keys M, Campillo-Artero C, Agodi A, 

Barchitta M, Gikas A, et al. Impact of multi-drug 

resistant bacteria on economic and clinical outcomes of 

healthcare-associated infections in adults: Systematic 

review and meta-analysis. PLOS ONE. 

2020;15(1):e0227139. 

52. Serwecińska L. Antimicrobials and antibiotic-resistant 

bacteria: A risk to the environment and to public health. 

Water. 2020. 

53. Sharmin S, Rahaman MM, Sarkar C, Atolani O, Islam 

MT, Adeyemi OS. Nanoparticles as antimicrobial and 

antiviral agents: A literature-based perspective study. 

Heliyon. 2021;7(3):e06430. 

54. Shkodenko L, Kassirov I, Koshel E. Metal oxide 

nanoparticles against bacterial biofilms: Perspectives 

and limitations. Microorganisms. 2020;8(10):1545. 

55. Skwarczynski M, Bashiri S, Yuan Y, Ziora ZM, Nabil O, 

Masuda K, et al. Antimicrobial activity enhancers: 

Towards smart delivery of antimicrobial agents. 

Antibiotics. 2022;11(3):412. 

56. Soo JZ, Chai LC, Ang BC, Ong BH. Enhancing the 

antibacterial performance of titanium dioxide nanofibers 

by coating with silver nanoparticles. ACS Applied Nano 

Materials. 2020;3(5):4414–22. 

57. Staroń A, Długosz O. Antimicrobial properties of 

nanoparticles in the context of advantages and potential 

risks of their use. Journal of Environmental Science and 

Health, Part A. 2021;56(6):680–93. 

58. Su C, Huang K, Li HH, Lu YG, Zheng DL. Antibacterial 

properties of functionalized gold nanoparticles and their 

application in oral biology. Journal of Nanomaterials. 

2020;2020(1):5616379. 

59. Tan L, Liao F, Lei L, Duan D, Wang A. CRISPR/Cas9-

mediated genome editing: Current status. In: Handbook 

of Molecular Biotechnology. CRC Press; p. 81–91. 

60. Tavares TD, Antunes JC, Padrão J, Ribeiro AI, Zille A, 

Amorim MTP, et al. Activity of specialized 

biomolecules against gram-positive and gram-negative 

bacteria. Antibiotics. 2020;9(6):314. 

61. Tripathi N, Goshisht MK. Recent advances and 

mechanistic insights into antibacterial activity, 

antibiofilm activity, and cytotoxicity of silver 

nanoparticles. ACS Applied Bio Materials. 

2022;5(10):4844–60. 

62. Vassallo A, Silletti MF, Faraone I, Milella L. 

Nanoparticulate antibiotic systems as antibacterial 

agents and antibiotic delivery platforms to fight 

infections. Journal of Nanomaterials. 

2020;2020(1):6905631. 

63. Wang X, Xia Z, Wang H, Wang D, Sun T, Hossain E, et 

al. Cell-membrane-coated nanoparticles for the fight 

against pathogenic bacteria, toxins, and inflammatory 

cytokines associated with sepsis. Theranostics. 

2023;13(10):3224–42. 

64. Wang Y, Zhang M, Yan Z, Ji S, Xiao S, Gao J. Metal 

nanoparticle hybrid hydrogels: The state-of-the-art of 

combining hard and soft materials to promote wound 

healing. Theranostics. 2024. 

65. Wong LP, Alias H, Husin SA, Ali ZB, Sim B, 

Ponnampalavanar SSLS. Factors influencing 

inappropriate use of antibiotics: Findings from a 

nationwide survey of the general public in Malaysia. 

PLOS ONE. 2021;16(10):e0258698. 

66. Ye L, Cao Z, Liu X, Cui Z, Li Z, Liang Y, et al. Noble 

metal-based nanomaterials as antibacterial agents. 

Journal of Alloys and Compounds. 2022;904:164091. 

67. Yin IX, Zhang J, Zhao IS, Mei ML, Li Q, Chu CH. The 

antibacterial mechanism of silver nanoparticles and its 

application in dentistry. International Journal of 

Nanomedicine. 2020;15:2555–62. 

68. Zhang S, Lin L, Huang X, Lu YG, Zheng DL, Feng Y. 

Antimicrobial properties of metal nanoparticles and their 

oxide materials and their applications in oral biology. 

Journal of Nanomaterials. 2022;2022(1):2063265. 

69. Zong TX, Silveira AP, Morais JAV, Sampaio MC, 

Muehlmann LA, Zhang J, et al. Recent advances in 

antimicrobial nano-drug delivery systems. 

Nanomaterials. 2022;12(11):1855. 


