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Introduction
In recent years, the pharmaceutical sector has faced a growing imperative to develop treatments targeting

biofilms produced by various bacterial species. It is widely recognised that existing traditional methods for
bacterial biofilm removal, such as antibiotics, exhibit limited efficacy, with the presence of antibiotic resistance
exacerbating this issue [1, 2]. In response to these challenges, researchers have increasingly turned to utilising
various forms of nanoparticle-based therapeutic approaches to combat bacterial biofilms, particularly in the field
of pharmaceutical science [3, 4]. A biofilm is commonly defined as a cooperative assembly of stationary cells that
adhere to each other and the substrate they are affixed to [5-8]. The structure consists of one or more
microorganisms encapsulated within a matrix, known as the extracellular polymeric substance (EPS) or
extracellular polymeric matrix. The interaction between metal and metal oxide nanoparticles (M/MO-NPs) and
biofilm-forming bacteria has garnered significant interest due to its potential to combat microbial resistance and
persistent infections. Nanoparticles, particularly those composed of M/MO-NPs, exhibit remarkable antimicrobial
properties that offer promising avenues for disrupting biofilm structures formed by various bacterial strains
[9, 10].

In recent years, many methods have been developed to introduce nanocomposites consisting of several oxides,
significantly enhancing nanoparticles' antibacterial and antibiofilm properties [11, 12]. However, M/MO-NPs
have been observed to exhibit significant inhibitory effects on the growth of many types of Gram-positive and
Gram-negative bacteria [13, 14]. These options have emerged as promising contenders in addressing the
escalating worldwide concern of antibiotic resistance. Nevertheless, comprehensively understanding the
mechanism of action of nanoparticles and choosing the most promising nanoparticle materials for future clinical
translation persists as challenges due to the inherent variability in nanoparticle manufacturing and testing
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methodologies [9]. To thoroughly evaluate how biofilm-forming bacteria are affected by M/MO-NPs, an
interdisciplinary strategy is essential. Researchers can improve their understanding of the bioactivity and physical
properties of the nanoparticles by incorporating knowledge from materials science [15]. Through this
multidisciplinary effort, we can learn more about how nanoparticles cause ROS, mechanical damage to cell walls,
and metal cation leakage in biofilms. To battle biofilm-related difficulties and antimicrobial resistance, it is vital to
understand the physicochemical interactions between nanoparticles and biofilms and the antibacterial
capabilities of different M/MO-NPs [9]. Moreover, pharmaceutical sciences play a crucial role in evaluating the
therapeutic capacity and compatibility of nanoparticles for use in clinical applications. Nanoparticles, including
silver nanoparticles and gold-coated nanoparticles, have demonstrated substantial antibacterial effectiveness
against many pathogens [16]. These nanoparticles can be customized to engage with bacterial surfaces, disturb
cell membranes, and improve medication delivery [17]. Additionally, researchers have investigated the use of
nanomaterials such as mesoporous silica nanoparticles (MSNPs) for drug delivery systems, showing potential in
improving the effectiveness of drugs and minimizing their harmful effects [18]. Pharmaceutical sciences aid in
comprehending the methods by which drugs work, enhancing the properties of nanoparticles, and ensuring their
safety and efficacy for medical applications, contributing to the advancement of novel antimicrobial treatments
[19]. Considering environmental impacts allows for the evaluation of ecological consequences and the
sustainability of using nanoparticles as antibacterial agents. Such a multidimensional perspective ensures a
thorough understanding of the efficacy, safety, and broader implications of employing nanoparticles in combating
bacterial biofilms [20].

The rapid development of numerous types of M/MO-NPs is currently underway [4]. It is critical to have a solid
grasp of the existing literature on the topic. Furthermore, the efficacy of M/MO-NPs in the fight against bacterial
biofilms is discussed by [6, 21, 22]. Currently, the most effective approach is M/MO-NPs, which can suppress
biofilm development. However, additional research is necessary to fully understand their potential and address
safety concerns. Overall, they show promise in addressing the challenges provided by bacterial biofilms [5, 23].

Systematic Literature Review (SLR) papers are necessary to keep up with the latest updates and identify any
research gaps or unresolved issues on a specific topic. A systematic review offers a thorough and contemporary
synthesis of existing evidence on the influence of nanoparticles on biofilm development in bacteria. This review
facilitates the identification of patterns, deficiencies in knowledge, and domains that require additional
investigation. 

This review offers several noteworthy contributions. Firstly, it delves into the identification of optimal
methodologies and distinct types of nanoparticles with the potential to prevent or eliminate biofilms.
Additionally, the comprehensive understanding of the impacts of nanoparticles on biofilms is highlighted,
presenting opportunities to advance the development of novel antibacterial agents. Furthermore, the review
contributes to the field by creating taxonomies derived from a thorough analysis of the existing literature.

Materials and Methods
This research aimed to study the effectiveness of M/MO-NPs in inhibiting biofilm formation in bacteria and to

identify factors influencing bacterial resistance or susceptibility to these treatments. The SLR utilized diverse and
reliable databases rich in high-impact research papers, focusing on keywords such as "Nanoparticles," "Biofilm
inhibition," "Bacterial biofilm," "Biofilm disruption," and "Antibiotic resistance" (Fig. 1). The search covered
publications from January 2015 to September 2023, retrieved 942 articles from Web of Science, PubMed, and
Google Scholar. After filtering duplicates and irrelevant articles, 48 met the inclusion and exclusion criteria. The
review process, guided by PRISMA guidelines and detailed in “Fig. 1”, shows the research question
operationalized using the PICO framework, sources, screening process, inclusion and exclusion criteria, and the
final number of included articles [24]. 

Results
Recent Factors of the Development of Antimicrobial Resistance

Several reviews have addressed recent factors contributing to the emergence of antimicrobial resistance (Fig. 2).
These factors include the excessive prescription and improper utilisation of antibiotics, widespread application
and consumption of antimicrobials, and the presence of potential resistance genes in the environment [25-27].
Additionally, the use of broad-spectrum antibiotics, environmental contamination from the pharmaceutical
sector, and implementation of infection control measures in healthcare facilities should be considered [28].
Plasmid-mediated resistance, particularly extended-spectrum β-lactamases (ESBLs), has been notable in
antibiotic resistance [29]. Combining nanoparticles with targeting strategies has been suggested to deliver high
concentrations of antimicrobial agents to infection sites while minimizing toxicity to non-target cells [30]. The
rapid dissemination of resistant bacteria and genes through horizontal gene transfer, coupled with the limited
research on antimicrobial resistance across various domains, underscores the importance of understanding these
aspects for formulating effective strategies against antibiotic resistance [31]. 

Effectiveness of M/MO-NPs in Inhibiting or Disrupting Biofilm Formation
This section highlights recent review articles focusing on the exploration of nanoparticles’ potential in

combating biofilm-forming bacteria. Various studies evaluating the effectiveness of nanoparticles in inhibiting
the bacterial growth and biofilm formation are summarized in Table 1. These literatures demonstrate the efficacy
of M/MO-NPs in inhibiting or disrupting biofilm formation against multidrug-resistant (MDR) pathogens,
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Fig. 1. PRISMA flow diagram.

Fig. 2. Contemporary factors contributing to the development of antimicrobial resistance.
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Table 1. Summary of the mechanisms and advantages of antibacterial activities of Metal/Metal Oxide Nanoparticles (M/MO-NPs).

Classification Types 
of NPs Mechanisms of antibacterial action Advantages of nanoparticles as 

antibacterial agents Target bacteria Ref

Metal 
Oxide 
NPs

CuO-NPs ● ROS generation
● Release copper ions (Cu2+)
● physical interactions with bacterial cells

● Effectiveness against antibiotic-
resistant bacteria

● Antioxidant properties for health 
benefits

● Environmentally friendly synthesis
● Broad-spectrum antibacterial activity

● MRSA
● E. coli
● Oral bacteria
● Bacillus subtilis

[36, 52, 
53]

Fe3O4-NPs ● ROS Generation by electromagnetic irradiation.
● Penetration and Trojan Horse effect.
● Interaction with biofilm Extracellular Polymeric 

Substances (EPS).
● Mechanical disruption of biofilm structure.

● Catalytic antibacterial activity
● Moderate antibacterial activity
● Antiplanktonic and antibiofilm 

activities

● S. aureus
● E. coli
● P. aeruginosa
● S. epidermidis
● Enterococcus hirae
● Enterococcus 

faecalis

[14, 32, 
36]

TiO2-NPs ● ROS generation under UV exposure.
● Interaction with bacterial cell wall.
● Inhibition of bacterial growth.

● Effective antibacterial activity
● Potential against antibiotic resistance
● Effects on bacteria and adaptation
● Photocatalytic properties for 

enhanced activity

● S. aureus
● P. aeruginosa
● E. coli

[27, 32, 
36]

ZnO-NPs ● Physical damage to bacterial cell membrane.
● ROS production and oxidative stress.
● Inhibition of biofilm formation.

● Antibacterial properties and low 
toxicity

● Suppression of virulence factors and 
biofilm formation

● Synergistic effects with antibacterial 
agents

● Efficiency against human pathogens

● E. coli
● S. pneumoniae
● S. aureus

[32, 33, 
35, 36]

MgO-NPs ● Interaction with spores
● ROS generation and oxidative stress
● Role of defects and vacancies

● Broad bacteriostatic activity
● Effective at low concentrations
● Preferential activity against Gram-

Positive bacteria
● Prolonged antibacterial effect

● E. coli
● K. pneumoniae
● S. aureus
● R. solanacearum

[27, 33, 
36, 52]

Al2O3-NPs ● Interaction with bacterial cell wall and membrane
● Penetration and inhibition of cellular processes
● Oxidative breakdown of cell membrane
● Toxicity towards bacteria

● Broad-Spectrum antibacterial efficacy
● Synergistic effects and MDR
● Diverse applications and desirable 

properties

● E. coli
● P. aeruginosa
● P. putida
● A. hydrophila

[25, 35, 
36, 52]

Si/ SiO2-NPs ● Interactions with Bacterial Cells
● ROS Generation and Disruption of Cell Structures
● Prevention of Biofilm Formation
● Functionalization with Antibiotics

● Minimization of antibiotic side effects 
and enhanced targeted delivery.

● Specificity in targeting Gram-Positive 
Bacteria.

● Enhanced delivery to infection sites
● Reduced harmful effects through 

specific targeting
● Potential benefits against MDR 

Pathogens

● S. aureus
● E. coli
● Acinetobacter 

baumannii
● Citrobacter 

freundii
● Enterobacter spp
● E. coli
● K. pneumoniae

[6, 17, 
25, 52]

CaO-NPs ● Superoxide generation 
● Induction of oxidative stress and ROS production
● Interaction with bacterial cell membranes
● Changes in cell membrane permeability
● Potential against MDR bacteria

● Enhanced activity with silver doping
● Eco-friendly synthesis methods
● Versatile applications
● Enhanced antibacterial activity from 

actinomycetes synthesis

● E. coli
● S. aureus
● L. monocytogenes
● Salmonella 

typhimurium
● Ralstonia 

solanacearum
● Bacillus cereus

[3, 27, 
36, 52]

Metal 
NPs

Ag-NPs ● Disruption of cellular structures.
● DNA denaturation and inhibition of cellular 

functions
● ROS production and cellular damage
● Interaction with bacterial cell surfaces

● Antibacterial activity across various 
bacteria

● High bactericidal efficiency
● Ease of production and modifiability
● Effetive mechanisms of action
● Integration into materials

● S. epidermidis
● E. coli
● V. cholerae
● S. typhi
● P. aeruginosa
● S. aureus
● B. subtilis
● S. pyogenes

[3, 32, 
37, 52]

Au-NPs ● Interaction with bacterial cell wall and membrane
● ROS generation and oxidative stress
● Interactions with proteins and DNA
● Inhibition of ribosome subunits and ATPase 

activities.

● Broad-Spectrum antibacterial activity
● Effective against MDR Bacteria
● Enhanced wound healing properties
● Stability and industrial potential

● B. subtilis
● MRSA
● E. coli
● P. aeruginosa

[32, 54, 
55]
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including E. coli, K. pneumoniae, P. aeruginosa, A. baumannii, Methicillin-resistant Staphylococcus aureus
(MRSA), and Enterococcus faecalis, using CuO, Fe3O4, TiO2, ZnO, MgO, Al2O3 NPs, Ag-NPs, Au-NPs, Si/ SiO2-
NPs and CaO-NPs [3, 6, 14, 15, 17, 25, 27, 32-38]. CuO-NPs generate ROS, damaging bacterial cell walls and
membranes, inhibiting biofilm formation. Fe3O4-NPs penetrate bacterial cells, disrupting biofilm growth through
ROS production. TiO2-NPs prevent biofilm formation by various bacterial, including S. aureus and P. aeruginosa,
via photocatalytic activity. ZnO-NPs also inhibit biofilm formation by bacteria and fungi. MgO-NPs reduce
bacterial adhesion to surfaces, preventing biofilm formation. Al2O3-NPs are toxic to bacteria, with planktonic cells
being more susceptible than biofilms. Ag-NPs and Au-NPs induce oxidative stress through ROS generation. Si/
SiO2-NPs exhibit antibacterial activity through oxidative stress, bacterial cell damage, and interaction with the
bacterial cell membrane. Their high surface area and interaction with bacteria enhance their antibacterial action.
Additionally, CaO-NPs exhibit antibacterial activity by generation superoxide on surfaces, interacting with
bacterial cell membranes, and potentially leading to bacterial death. However, the effectiveness of these
nanoparticles may vary depending on factors such as biofilm maturity, surface composition, nanoparticle size,
surface charge, and nanoparticles concentration [15, 17, 34].

Factors Influencing Bacterial Resistance to M/MO-NPs Treatments and Strategies for Controlling Antimicrobial
Biofilms

Several factors influence bacterial resistant or susceptibility to nanoparticle treatments. Bacteria can modify
their surface charge to interact with nanoparticles, with Gram-positive bacteria reducing their negative charge
through D-alanine integration, while Gram-negative bacteria repel them [8, 32, 36]. Bacterial efflux mechanisms,
pigments, and biofilms, which act as physical barriers to nanoparticle efficacy. Nanoparticle shape also affects
antimicrobial activity, with triangular shapes causing more damage to bacterial cells than spherical or rod-shaped
nanoparticles [18, 38, 39]. However, the antimicrobial activity of nanoparticles is influenced by various factors
such as composition, size, surface charge, and shape. In a recent review article, the authors briefly discussed the
different control strategies for combating antimicrobial biofilms. These strategies include the use of antibiotics,
medicinal plants, nanoparticles, disinfectants, bacteriophages, bioactive glasses, drugs, purified phytochemicals,
antimicrobial coatings, physical destruction of biofilm structure, inhibition of EPS production or secretion,
degradation of EPS, blocking quorum sensing, and attenuating the production or effectiveness of biofilm
virulence factors [10, 15, 16, 33, 40]. Moreover, additional research has identified other techniques, such as using
antibodies that specifically target biofilm components and applying physics concepts like nanoparticles and low-
intensity electrical current. These tactics aim to prevent the biofilm formation, inhibit bacterial growth, and
enhance the effectiveness of antibiotics in treating biofilm infections [29, 41].

Classification and Diverse Characteristics of Nanoparticles for Enhanced Biofilm Control
Nanoparticles used for biofilm control can be categorized based on their chemical makeup and inherent

characteristics [8, 21, 38, 42], (Fig. 3). Metal-based nanoparticles (e.g., Au-NPs, Cu-NP, Ag-NP, and Fe-NP), metal
oxide nanoparticles (e.g., TiO2-NPs, ZnO-NP, and MgO-NP), carbon-based nanoparticles (e.g., graphene
nanoparticles and carbon nanotubes), and lipid-based nanoparticles (e.g., solid lipid nanospheres, nanostructured
lipid carriers, liposomes, niosomes, ethosomes, and transfersomes) have shown promise in drug delivery systems
due to their controlled release capabilities. Nanoparticles can also be categorized based on properties such as size,

Fig. 3. Classification of nanoparticles used in biofilm control.



1753 Algadi et al.

J. Microbiol. Biotechnol.

surface area, morphology, net charge, and physicochemical characteristics. The augmentation of antimicrobial
properties has been achieved through the amalgamation of diverse nanoparticles with other substances, leading to
the creation of nanocomposites and nanocarriers [43, 44]. The varied characteristics exhibited by nanoparticles
make them highly attractive for enhancing the effectiveness of antimicrobial drugs in the managing biofilm
infections.

Synergistic and Enhanced Antibacterial Effects of M/MO-NPs against Resistant Bacterial Infections
In the realm of combating resistant bacterial infections, nanoparticles exhibit synergistic effects and enhanced

antibacterial effects when combined with antibiotics. Previous studies suggest that nanoparticles, particularly
when paired with aminoglycoside antibiotics, can significantly boost antimicrobial efficacy [37, 45, 46]. For
instance, study has demonstrated the synergistic effects of Ag-NPs with aminoglycoside, specifically amikacin,
resulting in a notable decrease, 22-fold, in the minimum inhibitory concentration (MIC) of the antibiotic [47].
This combination therapy not only holds promise as a stand-alone antimicrobial treatment but also as an adjunct
for combating bacterial infections resistant to multiple drugs. Moreover, nanoparticle-antibiotic combinations,
specifically Ag-NPs and ampicillin, have shown potential in reducing the dosage of antibiotics required for
treating MRSA infections [47]. This finding suggests the development of novel antimicrobial therapies that are
more effective at lower concentrations, thereby minimizing side effects and treatment costs. Nanoparticles have
demonstrated superior efficacy compared to traditional antibiotics in treating biofilm-forming bacteria due to
their direct interaction with the bacterial cell wall. They disrupt DNA structure, inhibit enzyme function, and
deplet ATP production, all of which contribute to their antimicrobial activity [13, 35, 38]. Further studies explore
innovative strategies to enhance the antimicrobial activity of nanoparticles. For example, utilizing the synergistic
interaction between CuO-NPs and Anthraquinone-2-Carboxylic Acid shows potential in developing combination
therapy for S. aureus infections [48]. Similarly, functionalizing carbon nanoparticles with oxygen-containing
groups and conjugating them with tetracycline has been proposed as a means to construct novel antimicrobial
agents with increased antibacterial activity [49].

Additionally, CeO2-NPs exhibit robust antibacterial properties against ESKAPE pathogens, notorious for their
antibiotic resistance, suggesting their potential as therapeutic agents for infections resistant to conventional
antibiotics [50]. ZnO-NPs have also been shown to effectively inhibit the growth of S. aureus and reduce the
production of enterotoxin A in vitro. Furthermore, exposure to ZnO-NPs has been observed to induce
morphological alterations and shape distortion in S. aureus bacterial cells [46, 51]. This suggests that ZnO-NPs
have a significant impact on the structure and integrity of bacterial cells, potentially disrupting their normal
morphology and function. These findings underscore the potential of nanoparticles in addressing antibiotic-
resistant bacterial infections and offer new avenues for therapeutic intervention.

Discussion and Future Works
The discussion of the effectiveness of M/MO-NPs against biofilm-forming bacteria has gained significant

attention from researchers. Antimicrobial resistance is a complex issue influenced by the overuse and
inappropriate prescription of antibiotics. It accelerates resistance development and compromises treatment
efficacy, as noted in various studies [15, 25, 27]. Excessive antibiotic use, particularly broad-spectrum antibiotics,
contributes significantly to resistance proliferation [28]. Ozdal and Gurkok highlight the significant threat of
ESBLs, which can confer resistance to various antibiotics, complicating treatment strategies [18]. Furthermore,
Alves-Barroco et al, shed light on this phenomenon, emphasizing how this genetic exchange accelerates the
dissemination of resistance traits among different bacterial populations [31]. 

Review articles demonstrate that M/MO-NPs effectively inhibit biofilm formation and exhibit antibacterial
activities against MDR pathogens. Various types of M/MO-NPs, including CuO, Fe3O4, TiO2, ZnO, MgO, Al2O3,
Ag-NPs, Au-NPs, Si/SiO2-NPs, and CaO-NPs, have shown efficacy across a broad spectrum of pathogens, making
them promising agents for combating biofilm-related infections [3, 6, 14, 15, 17, 25, 27, 32-38]. Each type of M/
MO-NPs exhibits unique characteristics and mechanisms contributing to hindering or disrupting biofilm growth
in diverse ways. Additionally, CuO-NPs and Fe3O4-NPs exhibit antibacterial effects by generating ROS [36, 52,
53]. While CuO-NPs primarily damage bacterial cell walls and membranes, inhibiting biofilm formation, Fe3O4-
NPs penetrate bacterial cells, disrupting biofilm growth through ROS production [14, 32]. 

The study by Hochvaldová et al., found that TiO2-NPs, prevent biofilm formation in S. aureus and P. aeruginosa
through their photocatalytic activity [27]. Moreover, studies have demonstrated conducted that ZnO- NPs and
MgO-NPs both exhibit inhibitory effects on biofilm formation. ZnO-NPs demonstrate inhibitory effects on both
bacteria and fungi, whereas MgO-NPs reduce bacterial adhesion to surfaces, thus preventing biofilm formation
[27, 33, 35]. Additionally, Al2O3-NP exhibit toxicity towards bacteria, particularly planktonic cells [25]. This
research also found that Ag-NPs and Au-NPs induce oxidative stress, generating ROS, thereby exhibiting
antimicrobial effects [32]. Furthermore, other studies indicate that Si/SiO2-NPs exhibit antibacterial properties
through oxidative stress, cell damage, and interaction with bacterial membranes, with their high surface area and
interaction enhancing their effectiveness [6, 17, 52].

Furthermore, CaO-NPs have antibacterial properties by producing superoxide and interacting with bacterial
cell membranes, potentially causing bacterial death due to their negatively charged surfaces [3]. The efficacy of M/
MO-NPs against MDR pathogens has been well-documented, highlighting their broad spectrum of antibacterial
properties. This suggests that they have the potential to be useful in tackling the difficulties presented by the
creation of persistent biofilms. The aforementioned results underscore the potential efficacy of nanoparticle-
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based approaches in addressing antibiotic resistance and persistent biofilm-associated illnesses in diverse
bacterial strains.

These studies, provide comprehensive insights into the multifaceted nature of bacterial resistance to
nanoparticle treatments and the factors influencing the efficacy of these treatments. They highlight the
complexity of bacterial resistance to nanoparticles, including the diverse mechanisms used by different bacteria,
such as altering their surface charge [8, 32, 36]. This distinction in surface charge alteration showcases the varied
responses of different bacterial types, influencing their susceptibility to nanoparticle treatments. Research
findings also indicate a reciprocal connection between bacterial cells and nanoparticles, resulting in
modifications to the features of both entities and influencing the effectiveness of antibacterial measures. These
observations emphasise the complex and interconnected nature of interactions between nanoparticles and
bacteria. Furthermore, the findings of these studies suggest that shape-specific interactions between
nanoparticles and bacterial cells may offer insights for the design and development of more targeted and efficient
antimicrobial strategies [18, 38].

The comprehensive analyses conducted by many studies, offer valuable insights into various approaches
employed to address antibacterial biofilms. These strategies comprise a wide range of treatments that aim to target
various components of biofilm development, maintenance, and rupture, thereby highlighting the intricate nature
of addressing biofilm-related challenges in microbial infections [10, 15, 16, 33]. As discussed by Luo, the study
introduces innovative strategies involving physics principles, such as the use of low-intensity electrical currents,
and the employment of antibodies specifically designed to target biofilm components. These unconventional
approaches highlight the exploration of non-traditional methods to combat biofilm-associated infections [29].

The extensive classification and understanding of nanoparticles for biofilm control provide a foundation for the
design and development of tailored antimicrobial agents. This comprehensive approach allows researchers and
developers to fine-tune nanoparticle characteristics and combinations to optimize their effectiveness against
biofilms, paving the way for innovative and multifaceted strategies in combating biofilm-related infections [8, 21,
38, 42].

Overall, these studies, collectively demonstrate the promising role of nanoparticles, such as Ag-NPs, CuO-NPs,
CeO2-NPs, and ZnO-NPs, either alone or in combination with antibiotics or other agents, in overcoming
antibiotic resistance, disrupting biofilms, and providing new avenues for effective antimicrobial therapy against
challenging bacterial infections. These findings highlight the potential of these M/MO-NPs in targeting specific
bacterial strains and disrupting their virulence factors [13, 35, 37, 38, 45, 46, 51].

Future studies can leverage the capabilities of M/MO-NPs to address the issue of antimicrobial resistance,
hinder the formation of biofilms, and offer innovative approaches for successful antimicrobial treatment against
difficult bacterial illnesses. These endeavours exhibit the potential to facilitate the transition of nanoparticle-
based methodologies from controlled laboratory environments to real-world clinical settings, hence enhancing
patient outcomes and enabling the efficient control of biofilm-associated illnesses.

Conclusion
The comprehensive investigation into the effects of M/MO-NPs against biofilm-forming bacteria through this

systematic review illuminates a promising landscape for combating persistent bacterial infections and addressing
antimicrobial resistance. This review contributes to a comprehensive analysis of the efficacy of several types of M/
MO-NPs in their ability to inhibit or disrupt the production of biofilms by diverse bacterial species. The review
elucidates the optimal strategies and most auspicious nanoparticles for preventing and eradicating biofilms.
Furthermore, it highlights the potential of nanoparticles as a viable substitute for conventional antibiotics in
healthcare environments and in addressing the issue of antibiotic resistance. The collective evidence gleaned from
this systematic review underscores the significant potential of M/MO-NPs whether used alone or in combination
with antibiotics or other agents, in overcoming antibiotic resistance, disrupting biofilms, and providing new
horizons for effective antimicrobial therapy against challenging bacterial infections. These findings collectively
suggest a promising future for applying M/MO-NPs in targeting specific bacterial strains and disrupting virulence
factors, indicating a substantial step forward in combatting microbial infections.

Acknowledgments
We express our heartfelt appreciation to the Management and Science University for the steadfast support

throughout the process of completing this systematic review article. The university library staff played a crucial
role in facilitating access to scholarly resources, enhancing the depth of our literature review. We also acknowledge
the collaborative efforts of our colleagues and the unwavering support of friends and family, all of which
collectively contributed to the successful completion of this article.

Funding 
This review article is part of the funded project by Grant ID SG-003-012023-SGS from the Management and

Science University (MSU). We acknowledge the financial support provided by MSU for the successful completion
of this work. It is important to note that the funder, MSU, had no role in influencing the results or decisions made
during the project. 



1755 Algadi et al.

J. Microbiol. Biotechnol.

Authors’ Contributions 
HA, MAA, ARA, and NP collaboratively contributed to the conceptualization, design, and implementation of

the systematic review described herein. All authors critically evaluated and refined the manuscript, providing
intellectual contributions to ensure the coherence and integrity of the final review article.

HA played a pivotal role in the initial conceptualization and design, including the selection of studies,
refinement of inclusion and exclusion criteria, synthesis and interpretation of results, and Writing – Original
Draft Preparation of the manuscript.

MAA played the leadership role in executing the systematic review, encompassing the development of the
review protocol, ensuring methodological rigor and relevance to the research question, overseeing the screening
process, and contributing to manuscript drafting.

ARA undertook the role of assessing study quality and risk of bias in the selected articles, resolving
discrepancies, and ensuring the accuracy of the extracted data.

NP participated in the study selection process, resolved discrepancies, and contributed to the assessment of
study quality.

Conflict of Interest
The authors have no financial conflicts of interest to declare. 

References
1. Ciofu O, Rojo‐Molinero E, Macià MD, Oliver A. 2017. Antibiotic treatment of biofilm infections. APMIS 125: 304-319.
2. Kaźmierczak N, Grygorcewicz B, Roszak M, Bochentyn B, Piechowicz L. 2022. Comparative assessment of bacteriophage and

antibiotic activity against multidrug-resistant Staphylococcus aureus biofilms. Int. J. Mol. Sci. 23: 1274.
3. Hetta HF, Ramadan YN, Al-Harbi AI, A Ahmed E, Battah B, Abd Ellah NH, et al. 2023. Nanotechnology as a promising approach to

combat multidrug resistant bacteria: a comprehensive review and future perspectives. Biomedicines 11: 413.
4. Kaur R, Kaur K, Alyami MH, Lang DK, Saini B, Bayan MF, et al. 2023. Combating microbial infections using metal-based

nanoparticles as potential therapeutic alternatives. Antibiotics (Basel) 12: 909.
5. Fulaz S, Vitale S, Quinn L, Casey E. 2019. Nanoparticle–biofilm interactions: the role of the EPS matrix. Trends Microbiol. 27: 915-926.
6. Mukherjee A, Bose S, Shaoo A, Das SK. 2023. Nanotechnology based therapeutic approaches: an advanced strategy to target the

biofilm of ESKAPE pathogens. Mater. Adv. 4: 2544-2572.
7. Shatila F, Yalçin T, hsa Y. 2019. Insight on microbial biofilms and recent antibiofilm approaches. Acta Biol. Turcica 32: 220-235.
8. Sheng Y, Chen Z, Wu W, Lu Y. 2023. Engineered organic nanoparticles to combat biofilms. Drug Discov. Today 28: 103455.
9. Kadiyala U, Kotov NA, Vanepps JS. 2018. Antibacterial metal oxide nanoparticles: challenges in interpreting the literature. Curr.

Pharm. Des. 24: 896-903.
10. Muteeb G. 2023. Nanotechnology-a light of hope for combating antibiotic resistance. Microorganisms 11: 1489.
11. Masri A, Brown DM, Smith DGE, Stone V, Johnston HJ. 2022. Comparison of in vitro approaches to assess the antibacterial effects of

nanomaterials. J. Funct. Biomater. 13: 255.
12. Santhosh S, Kalathilparambil, Sarojini S, Umesh M. 2021. Anti-biofilm activities of nanocomposites: current scopes and limitations,

pp. 83-94. Bio-manufactured Nanomaterials, Ed. Springer International Publishing.
13. Natan M, Banin E. 2017. From Nano to Micro: using nanotechnology to combat microorganisms and their multidrug resistance.

FEMS Microbiol. Rev. 41: 302-322.
14. Xiu W, Shan J, Yang K, Xiao H, Yuwen L, Wang L. 2020. Recent development of nanomedicine for the treatment of bacterial biofilm

infections. View 2. 2020065.
15. Mishra S, Gupta A, Upadhye V, Singh SC, Sinha RP, Häder D-P. 2023. Therapeutic strategies against biofilm infections. Life (Basel)

13: 172.
16. Munir MU, Ahmad MM. 2022. Nanomaterials aiming to tackle antibiotic-resistant bacteria. Pharmaceutics 14: 582.
17. Zhang Y, Lin S, Fu J, Zhang W, Shu G, Lin J, et al. 2022. Nanocarriers for combating biofilms: Advantages and challenges. J. Appl.

Microbiol. 133: 1273-1287.
18. Ozdal M, Gurkok S. 2022. Recent advances in nanoparticles as antibacterial agent. ADMET DMPK 10: 115-129.
19. Hj Y, Kulkarni GS, Shetty A, Paarakh PM. 2022. Nanoparticles in pharmaceutical science. J. Commun. Pharm. Pract. 2. DOI: https://

doi.org/10.55529/jcpp.25.6.17.
20. Liew KB, Janakiraman AK, Sundarapandian R, Khalid SH, Razzaq FA, Ming LC, et al. 2022. A review and revisit of nanoparticles for

antimicrobial drug delivery. J. Med. Life 15: 328-335.
21. Mahamuni-Badiger PP, Patil PM, Badiger MV, Patel PR, Thorat- Gadgil BS, Pandit A, et al. 2020. Biofilm formation to inhibition:

Role of zinc oxide-based nanoparticles. Mater. Sci. Eng. C. 108: 110319.
22. Munir MU, Ahmed A, Usman M, Salman S. 2020. Recent advances in nanotechnology-aided materials in combating microbial

resistance and functioning as antibiotics substitutes. Int. J. Nanomed. 15: 7329-7358.
23. Di Somma A, Moretta A, Canè C, Cirillo A, Duilio A. 2020. Inhibition of Bacterial Biofilm Formation, Bacterial Biofilms, Ed.

IntechOpen.
24. Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. 2021. PRISMA 2020 explanation and elaboration:

updated guidance and exemplars for reporting systematic reviews. BMJ 372: n160-n160.
25. Balderrama-González AS, Piñón-Castillo HA, Ramírez-Valdespino CA, Landeros-Martínez LL, Orrantia-Borunda E, Esparza-

Ponce HE. 2021. Antimicrobial resistance and inorganic nanoparticles. Int. J. Mol. Sci. 22: 12890.
26. Harris M, Fasolino T, Ivankovic D, Davis NJ, Brownlee N. 2023. Genetic factors that contribute to antibiotic resistance through

intrinsic and acquired bacterial genes in urinary tract infections. Microorganisms 11: 1407.
27. Hochvaldová L, Večeřová R, Kolář M, Prucek R, Kvítek L, Lapčík L, et al. 2022. Antibacterial nanomaterials: upcoming hope to

overcome antibiotic resistance crisis. Nanotechnol. Rev. 11: 1115-1142.
28. Alqahtani FA, Almustafa HI, Alshehri RS, Alanazi SO, Khalifa AY. 2022. Combating antibiotic resistance in bacteria: the

development of novel therapeutic strategies. J. Pure Appl. Microbiol. 16: 2201-2224.
29. Luo Y, Yang Q, Zhang D, Yan W. 2021. Mechanisms and control strategies of antibiotic resistance in pathological biofilms. J.

Microbiol. Biotechnol. 31: 1-7.
30. Andrade S, Ramalho MJ, Santos SB, Melo LDR, Santos RS, Guimarães N, et al. 2023. Fighting methicillin-resistant Staphylococcus

aureus with targeted nanoparticles. Int. J. Mol. Sci. 24: 9030.

I·



Metal & Metal Oxide Nanoparticles in Biofilm Control 1756

September 2024Vol. 34No. 9

31. Alves-Barroco C, Rivas-García L, Fernandes AR, Baptista PV. 2020. Tackling multidrug resistance in streptococci - from novel
biotherapeutic strategies to nanomedicines. Front. Microbiol. 11: 579916-579916.

32. Franco D, Calabrese G, Guglielmino SPP, Conoci S. 2022. Metal-based nanoparticles: antibacterial mechanisms and biomedical
application. Microorganisms 10: 1778.

33. Hamdan HF, Zulkiply N, Yahya MFZR. 2023. Control strategies of Staphylococcus aureus and methicillin-resistant Staphylococcus
aureus (MRSA) biofilms: a review. Sci. Lett. 17: 33-49.

34. Han C, Romero N, Fischer S, Dookran J, Berger A, Doiron AL. 2017. Recent developments in the use of nanoparticles for treatment
of biofilms. Nanotechnol. Rev. 6: 383-404.

35. Hemeg HA. 2022. Combatting persisted and biofilm antimicrobial resistant bacterial by using nanoparticles. Z. Naturforsch. C. J.
Biosci. 77: 365-378.

36. Shkodenko L, Kassirov I, Koshel E. 2020. Metal oxide nanoparticles against bacterial biofilms: perspectives and limitations.
Microorganisms 8: 1545.

37. Swolana D, Kępa M, Idzik D, Dziedzic A, Kabała-Dzik A, Wąsik TJ, et al. 2020. The antibacterial effect of silver nanoparticles on
Staphylococcus epidermidis strains with different biofilm-forming ability. Nanomaterials (Basel) 10: 1010.

38. Thambirajoo M, Maarof M, Lokanathan Y, Katas H, Ghazalli NF, Tabata Y, et al. 2021. Potential of nanoparticles integrated with
antibacterial properties in preventing biofilm and antibiotic resistance. Antibiotics (Basel) 10: 1338.

39. Menichetti A, Mavridi-Printezi A, Mordini D, Montalti M. 2023. Effect of size, shape and surface functionalization on the
antibacterial activity of silver nanoparticles. J. Funct. Biomater. 14: 244.

40. Pothineni BK, Keller A. 2023. Nanoparticle‐based formulations of glycopeptide antibiotics: a means for overcoming vancomycin
resistance in bacterial pathogens? Adv. NanoBiomed Res. 3. DOI: 10.1002/anbr.202200134.

41. Rao H, Choo S, Rajeswari Mahalingam SR, Adisuri DS, Madhavan P, Md Akim A, et al. 2021. Approaches for mitigating microbial
biofilm-related drug resistance: A focus on micro- and nanotechnologies. Molecules 26: 1870.

42. Asma ST, Imre K, Morar A, Herman V, Acaroz U, Mukhtar H, et al. 2022. An overview of biofilm formation-combating strategies and
mechanisms of action of antibiofilm agents. Life (Basel) 12: 1110.

43. Mcneilly O, Mann R, Hamidian M, Gunawan C. 2021. Emerging concern for silver nanoparticle resistance in Acinetobacter
baumannii and other bacteria. Front. Microbiol. 12: 652863-652863.

44. Muzammil S, Hayat S, Fakhar-E-Alam M, Aslam B, Siddique MH, Nisar MA, et al. 2018. Nanoantibiotics: future nanotechnologies
to combat antibiotic resistance. Front. Biosci. 10: 352-374.

45. Dove AS, Dzurny DI, Dees WR, Qin N, Nunez Rodriguez CC, Alt LA, et al. 2023. Silver nanoparticles enhance the efficacy of
aminoglycosides against antibiotic-resistant bacteria. Front. Microbiol. 13: 1064095-1064095.

46. Kareem PA, Salh KK, Ali FA. 2021. ZnO, TiO2 and Ag nanoparticles impact against some species of pathogenic bacteria and yeast.
Cell. Mol. Biol. 67: 24-34.

47. Surwade P, Ghildyal C, Weikel C, Luxton T, Peloquin D, Fan X, et al. 2019. Augmented antibacterial activity of ampicillin with silver
nanoparticles against methicillin-resistant Staphylococcus aureus (MRSA). J. Antibiot (Tokyo) 72: 50-53.

48. Srivastava P, Kim Y, Cho H, Kim KS. 2023. Synergistic action between Copper Oxide (CuO) Nanoparticles and Anthraquinone-2-
Carboxylic Acid (AQ) against Staphylococcus aureus. J. Compos. Sci. 7: 135.

49. Kim TH, Raiz A, Unni AD, Murhekar S, Donose BC, Floetenmeyer M, et al. 2020. Combating antibiotic‐resistant gram‐negative
bacteria strains with tetracycline‐conjugated carbon nanoparticles. Adv. Biosyst. 4: e2000074.

50. Dar M, Gul R, Karuppiah P, Al-Dhabi N, Alfadda A. 2022. Antibacterial activity of cerium oxide nanoparticles against ESKAPE
pathogens. Crystals 12: 179.

51. El-Masry RM, Talat D, Hassoubah SA, Zabermawi NM, Eleiwa NZ, Sherif RM, et al. 2022. Evaluation of the antimicrobial activity of
ZnO nanoparticles against enterotoxigenic Staphylococcus aureus. Life (Basel) 12: 1662.

52. Naskar A, Kim K-S. 2019. Nanomaterials as delivery vehicles and components of new strategies to combat bacterial infections:
Advantages and limitations. Microorganisms 7: 356.

53. Yang X, Chung E, Johnston I, Ren G, Cheong Y-K. 2021. Exploitation of antimicrobial nanoparticles and their applications in
biomedical engineering. Appl. Sci. 11: 4520.

54. Joshi AS, Singh P, Mijakovic I. 2020. Interactions of gold and silver nanoparticles with bacterial biofilms: molecular interactions
behind Inhibition and resistance. Int. J. Mol. Sci. 21: 7658.

55. Rana R, Awasthi R, Sharma B, Kulkarni GT. 2020. Nanoantibiotic formulations to combat antibiotic resistance - old wine in a new
bottle. Recent Pat. Drug Deliv. Formul. 13: 174-183.




